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Original research or treatment paper

Degradation of collagen in parchment under
the influence of heat-induced oxidation:
Preliminary study of changes at macroscopic,
microscopic, and molecular levels
Kathleen Mühlen Axelsson, René Larsen, Dorte V.P. Sommer, Rikke Melin

School of Conservation, The Royal Danish Academy of Fine Arts, Schools of Architecture, Design and
Conservation, Copenhagen, Denmark

This paper examines the impact of heat-induced oxidation for new and historical parchment with the purpose
of improving diagnostic tools for use in practical parchment conservation. Oxidation was generated by heat
aging at 120°C in a dry oven for 24, 48, and 96 hours, respectively. The degradation was assessed on all
samples at macrolevel by measuring color changes, at microlevel by measuring the shrinkage
temperature as well as by performing a visual assessment of the fibers’ morphology and determining the
amount of damaged fibers, and finally, at molecular level where amino acid analysis was used to reveal
changes in the oxidized collagen. The study shows that the heat-induced oxidation leads to significant
color changes, decrease in hydrothermal stability, as well as changes in the amino acid composition.
Surprisingly, the results show that the historical parchment is more sensitive towards dry heat oxidation on
a molecular level than is the new parchment. Furthermore, for the first time, we can show that physical
damage reflected in the morphological characteristics of fibers can be attributed to oxidation by dry heat.

Keywords: Parchment, Collagen, Oxidation, Amino acids, Shrinkage temperature, Fiber morphology

Introduction
Parchment (normally from calf, goat, or sheep) is a
material that has been used for several thousand
years for cultural artifacts and household objects
(Ryder, 1964; Reed, 1975). Foremost, it has been the
dominating material used for book bindings and
support for illuminations and texts before handmade
rag paper took over as the major writing and printing
support (Ryder, 1964; Rück, 1991). As such, parch-
ment is a cultural heritage material that can be
found in large quantities in museums, libraries, and
archives. Although it can be argued that this protei-
nous material is quite stable when preserved correctly,
the collagen may degrade under unsuitable conditions
and inappropriate handling. Therefore, knowledge of
the deterioration mechanisms plays a crucial role in
preserving collections of parchment, and methods for
diagnosis and damage assessment on different levels
in order to meet these preservation challenges are

necessary (Larsen et al., 2011). One of the major diag-
nostic thermoanalytical methods used for parchment
is measurement of the shrinkage temperature at micro-
scopic level. Today, this method is increasingly used by
conservator–restorers when assessing the degradation
level of the collagen, especially prior to any intended
restoration treatment involving humidity. Knowledge
on the type of deterioration and the behavior of the
deteriorated material is an essential basis for any
optimal active or preventive conservation action,
especially in the case of parchment, which is a material
extremely sensitive towards changes in storage
environment and any moist treatment. As a basis for
conservation planning and any direct actions, practical
parchment conservation is strongly dependent on
simple reliable micro and non-destructive diagnostic
tools providing precise information on the material
condition including type and extent of deterioration.
Only a few tools, e.g. measurement of shrinkage temp-
erature, meet these criteria whereas other complemen-
tary methods, e.g. fiber assessment, still need to be
developed to give a more detailed information on the
type and extent of degradation of the collagen fibers
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forming the major fibrillar material constituent of
parchment. So far, it has not been possible to dis-
tinguish between morphological damage character-
istics of microscopic collagen fibers in parchment
caused by acid hydrolysis and oxidation. However,
the present paper shows for the first time evidence
for morphological characteristics and behaviors of
fibers in water which can be attributed to oxidation
caused by dry heat. The microscopic methods of deter-
mining the shrinkage temperature and assessment of
the fiber morphology and amount of fiber damage
combined with amino acid analysis at molecular
level and color measurements at the macrolevel give
a relatively complete picture of the deterioration
level of the collagen exposed to oxidative degradation
by heat aging.
The main collagen types in parchment are collagen

(I) bound together by intermolecular crosslinks with
around 5–40% of collagen type (III), with the pro-
portion being dependent on age and structural depth
in dermis (Henkel & Glanville, 1982; Ramshaw,
1986; Bailey & Paul, 1998). Collagen of type (I) is a
heterotrimeric molecule consisting of three polypep-
tide chains, namely two α1(I) chains and one α2(I)
chain whereas collagen type (III) is a homotrimeric
molecule consisting of three α1(III) chains (Fessas

et al., 2000). Each polypeptide chain has the repetitive
sequence Gly–X–Y (full names of abbreviated amino
acids are presented in Table 1), with Pro most often
found in the X-position and Hyp in the Y-position
(Piez & Trus, 1978). Together these polypeptide
chains form a right-handed triple helix that is held
together by hydrogen bonds (Ramachandran, 1967)
and covalent bonds (Bailey & Paul, 1998). Breaking
of these bonds during degradation may lead to irre-
versible changes of the structure, unfolding of the
helix, gelatinization, physical brittleness, etc. (Larsen
et al., 2005). These chemical and physical degradation
features may with different analytical techniques be
detected on all levels, from molecular to nano and
microlevels as well as macrolevel, at which point the
degradation of the object can be recognized with the
naked eye.
The main degradation mechanisms for collagen are

hydrolysis and oxidation. Oxidative degradation of
parchment in general has been the subject of several
research studies (Budrugeac et al., 2003, 2004;
Meghea et al., 2004; Budrugeac & Miu, 2008a,
2008b; Budrugeac, 2009; Strlič et al., 2009; Možir
et al., 2010; Cucos et al., 2011). Focus in this study
has been on the oxidative degradation provoked by
accelerated heat aging. Previous research of heat-aged
parchment for 48 hours in a dry oven has shown that
before any denaturation of the collagen can be detected
temperatures of 100°C or above are needed (Fessas
et al., 2006) and artificial aging of parchment at
120°C causes breakdown and crosslinks in the material
(Juchauld & Chahine, 2002). When studying the col-
lagen on a nano/mesoscopic level with small-angle
X-ray scattering, it has been shown that for thermally
aged parchment, most reduction of the D-banding is
provoked at a temperature of 120°C or more (Fessas
et al., 2006). This is in line with Wess and Orgel’s
research of dehydrothermally treated collagen, where
their X-ray diffraction analysis showed a shortening
of the axial D repeat periodicity from 64.5 to
60.0 nm when treated at 120°C for 24 hours. Further
dehydrothermal treatment did not cause a significant
additional decrease of the D-banding (Wess & Orgel,
2000). Oxidative degradation of collagen may lead to
cleavage of the chain into smaller fragments and cross-
linking between the molecules as well as alterations of
the amino acid content which in turn alters the charge
balance (Larsen et al., 2002b). The study of Gorham
et al. (1992) of dehydrothermally treated collagen col-
lagen (120°C for 24 hours) showed extensive cleavage
of peptide bonds, crosslinking, significant increase of
denaturation, as well as a change in morphology of
fibrils at mesoscopic level.
In this study, we have analyzed the oxidative degra-

dation effects of new and historical parchment by
aging samples at 120°C for 24, 48, and 96 hours.

Table 1 Full name of abbreviated amino acids mentioned in
the study

Three letter symbol Amino acid

Abu (α-Abu) α-aminobutyric acid

Ada (α-Ada) α-aminoadipic acid

Ala Alanine

Arg Arginine

Asp Aspartic acid

4Abu (γ-Abu) γ-aminobutyric acid

6Aha 6-aminohexanoic acid

bAla (β-Ala) β-alanine

Glu Glutamic acid

Gly Glycine

His Histidine

Hyl Hydroxylysine

Hyp Hydroxyproline

Ile Isoleucine

Leu Leucine

Lys Lysine

Met Methionine

Orn Ornithine

Phe Phenylalanine

Pro Proline

Ser Serine

Thr Threonine

TPCys Thiopropionyl-cysteine

Tyr Tyrosine

Val Valine

Mühlen Axelsson et al. Degradation of collagen in parchment under heat-induced oxidation

Studies in Conservation 2016 VOL. 61 NO. 1 47

D
ow

nl
oa

de
d 

by
 [

In
tl 

In
st

itu
te

 f
or

 th
e 

C
on

se
rv

at
io

n 
of

 A
rt

is
tic

 a
nd

 H
is

to
ri

c 
W

or
ks

 (
II

C
)]

, [
M

r 
G

ra
ha

m
 V

oc
e]

 a
t 0

8:
32

 0
8 

Ju
ne

 2
01

6 



Materials and methods
Samples from a new calf parchment (p) and a histori-
cal parchment (hp) were subjected to heat aging in a
dry (0% relative humidity) and ventilated oven
(Memmert U, Strues KEBO Lab A/S, Albertslund,
Denmark) at 120°C for 24, 48, and 96 hours, respect-
ively. Each sample was cut with the size 30 mm ×
70 mm and divided into two pieces where one half
was heat-aged and one half was kept as unaged refer-
ence. For (p), the samples were cut from the hide with
the short side transversal to the backbone and the long
side parallel with the backbone. For (hp), it was not
possible to determine the direction of the spine.
The new calf parchment (p) was produced by

Pergamena Parchment, Montgomery, NY, USA, and
was dehaired in a traditional manner with calcium
hydroxide with an addition of sodium hydrosulfide
to speed up the dehairing process. A full-sized histori-
cal parchment (hp), presumably produced in the UK,
was donated by The National Archives in Kew. The
exact date of (hp) is unknown but the year 1848 is
written on the document. This parchment has solely
been stored for more than 150 years and has never
been used for writing, illustrations, binding purposes,
or been through any conservation or restoration treat-
ments. This makes (hp) an important source material
representative for a historical parchment. With no
hair holes left on (hp), animal type was not possible
to identify by hair hole pattern. However, the parch-
ment has been identified with the ZooMS technique
(Collins et al., 2010) as being sheep.
Due to the inhomogeneous character of parchment,

it is important that all analyses to be correlated are
performed within a well-defined and small area as poss-
ible. Here, all analyses have been performed within a
specific area with a maximum diameter of 20 mm
located in the middle of each undivided sample. For
(p), the two different sides are identified as grain and
flesh, respectively. For (hp), no distinction between
grain or flesh was possible and differentiation between
the two sides was made by labeling the side with date
and surface dirt recto and the opposite side verso.

Color measurement
Color measurements were performed in the CIE
L*a*b* system with L* defining lightness with a max-
imum value of 100 for white and a minimum value of 0
for black. a* is the coordinate of green (negative
values) and red (positive values) and b* is the coordi-
nate of blue (negative values) and yellow (positive
values). Valuation of color differences were deter-
mined by using the CIE 1976 L*a*b* color difference
formula of ΔE∗

ab =
����������������������������
(ΔL∗2) + (Δa∗2) + (Δb∗2)

√
(Hunt,

1995; Hill et al., 1997). ΔL*, Δa*, and Δb* were calcu-
lated as aged sample minus its unaged reference. ΔE*ab
expresses the size of color difference between the aged

and the unaged samples but the direction of this color
difference for ΔE*ab is unknown, whereas for ΔL*,
Δa*, and Δb* not only the difference between the two
samples is given as a value but also information to
which direction the deviation has moved.

The measurements were performed with a spectro-
photometer (Minolta CM-2600d) with the following
settings: geometry d/8, SCE (specular component
excluded), 8 mmdiameter spot size,UV100% included,
CIE 10° observer, light source D65 (daylight 6500 K).
Both sides of each sample were measured with the
average of three measurements reported. A specially
made card in the color NCS 5000-N (gloss 7) was
used as an underlay during the measurements and an
average of three measurements of this card gave the
values of L* 57.36 (±0.021), a* −0.06 (±0.012), and
b* −0.05 (±0.010).

Shrinkage temperature
Several examples of the use of microthermal chemical
methods in the characterization of degradation of
parchment can be found in previous studies
(Chahine, 2000; Cohen et al., 2000; Odlyha et al.,
2003, 2007; de Groot et al., 2005; Badea et al.,
2012a, 2012b; Mühlen Axelsson et al., 2012). In this
research, we focused on studying the hydrothermal
stability of the collagen at microscopic level with the
so called micro hot table method (MHT) technique
as described by Mühlen Axelsson et al. (2012). Start
temperature was ambient room temperature around
25°C and end temperature was 100°C.

When collagen fibers soaked in water are thermally
influenced, breaking of the bonds that are holding the
structure together will eventually occur. With increas-
ing temperature, normally three well-defined intervals
can be seen in a shrinkage process. Interval A is
characterized by shrinkage activity in individual
fibers, one fiber at a time and with pause in between
the individual movements. When shrinkage activity
in one fiber is immediately followed by shrinkage
activity in another fiber without pause, interval B is
reached. Interval C, also known as the main shrinkage
interval, is defined as at least two fibers shrinking sim-
ultaneously and continuously. Tfirst and Tlast are
defined as the temperatures at which the first and
last shrinkage activity of the fibers is observed. Ts

and Tend refer to the start and the end temperature
of the main shrinkage interval. ΔT (Tend− Ts) corre-
sponds to the length of C-interval. Finally, the total
length of the shrinkage process is expressed as ΔTtotal

(Tlast− Tfirst) (Larsen et al., 1993).

Assessment of fiber morphology and amount of
fiber damage
The assessment of the fiber morphology at micro-
scopic level was performed on fibers immersed in
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water at ambient room temperature. Description of the
preparation is reported by Mühlen Axelsson et al.
(2012). Around ten well separated fibers from at least
five different areas on each microscope slide were
documented by digital photographs.
The assessment for evaluating the type of mor-

phology of the fibers is based on approaches used
within the IDAP project (Improved Damage
Assessment of Parchment) (‘IDAP Helpfile –

Parchment Assessment Report’ available through corre-
sponding author). So far, eight morphologies have been
identified as damage characteristics for parchment
fibers at microscopic level: fraying, splitting, flat
fibers, cracks, ‘pearls on a string’ with swollen and
twisted areas, bundles of fibers, a gel-like fiber structure,
and as a final degradation level, dissolving fibers. A
ninth morphology, the intact and undamaged fiber, is
characterized by helical twists appearing regularly in
the firm structure (Larsen, 2007). One fiber may
display more than one of these morphologies along its
length. By determining the different morphologies
along each and every single fiber in the photos, a degra-
dation level of the length of the fibers is calculated in
percent. In this study, the IDAP method was further
developed by using the digital program Studio
Measure 4.0.1. (Studio86Designs, Lutterworth,
Leicestershire, UK) in which the length of each
damage characteristic was measured in micrometers.
This method of calculating the amount of physical
damage is exemplified in Fig. 1.

Amino acid analyses
Collagen fibers were taken out with tweezers under a
stereo microscope and weighed on a microscale.
Between 80 and 120 μg of collagen fibers from each
sample were collected. Only fibers from the corium
were sampled, avoiding contamination from elastin
and keratin in the epidermis layer. For each sample,
two sub-samples of collagen fibers were collected
and these were consecutively run with two different

injection volumes (40.0 and 10.0 μl) in the amino acid
analysis.
The method for amino acid analyses, as described

by Larsen et al. (2007), was performed with some
minor differences: solution used was 100 μl 6 M redis-
tilled HCl, 5 μl 2% 3,3′-dithiodipropionic acid in
0.2 M NaOH, and 5 μl 1% phenol in water. The
amino acids were separated with two Waters high
pressure pumps, equipped with high sensitivity pulse
dampers and microflow modules, Waters M 717,
refrigerated auto sampler, two Reagent Manager
pumps, and a column oven. Separation took place
on a 15 × 0.40 steel column and the detector was a
Waters M 474 fluorescence detector.
The amino acids were identified and quantified on

the basis of an external standard mixture of amino
acids Beckman no 33 1018, added Hyp, Hyl, and the
possible degradation products α-Ada, α-Abu, β-Ala,
γ-Abu, 6-Aha, and Orn. Furthermore, TPCys was
added as this amino acid may reveal unwanted contents
of keratin from hairs, hair follicles, and/or epidermis in
the sample. To avoid contamination from previous ana-
lyses, the standard mixture was run between the refer-
ences of each parchment type as well as between the
aged samples of (p) and the aged samples of (hp).
Amino acid analyses were performed by Enzyme

and Protein Chemistry, Department of Systems
Biology at the Technical University of Denmark.
In Table 1, full names of all amino acids abbreviated

in the paper are listed.

Results
Color measurement
Table 2 presents the measured L*, a*, and b* values on
both sides for all samples together with the calculated
ΔL*, Δa*, Δb*, and ΔE*ab for the accelerated aged
samples. The latter color difference values are further-
more visualized in Figs. 2–5.

Shrinkage temperature
In Table 3, results from the shrinkage temperature
measurements are presented. Result for each reference
is based on an average of two measurements from each
unaged sample, i.e. six observations (n) in total.
Average result for each aged sample is based on two
measurements. All results have an acceptable tolerance
of deviation of ±2°C for Ts. In Fig. 6, shrinkage inter-
vals for the samples are shown.

Fiber morphology and amount of fiber damage
In Table 4, the visual assessment of the fiber mor-
phology is reported with (n) indicating the number of
photos used in assessment. Around ten fibers from
each photo were assessed. All unaged samples were
used in the results for the references. Figs. 7 and 8

Figure 1 Parchment fibers at 100× magnification. Method of
measurement of different morphologies (white: undamaged;
red: pearls; yellow: flat).
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show examples of fibers for (p) and (hp) before aging
as well as after 96 hours of heat aging.

Amino acid analysis
Result of the amino acid analysis reported as % mol
for all samples is presented in Table 5. As for oxidized
leather, oxidation of parchment leads to a decrease of
the basic amino acids Arg, Hyl, and Lys. In addition
to this, oxidation of parchment normally leads to a
decrease of the amino acids His and Tyr (Larsen
et al., 2007). The sum of these five amino acids is
also reported in Table 5. Reference for each parchment
is based on two analyses of all unaged samples,
respectively.

Discussion
Color measurement
In general a minimum value of 0.2 for ΔE*ab is required
to be noticed as a color change for human perception.
Very noticeable color differences visible for the human
eye lies in the range of a ΔE*ab value between 1.2 and
3.0, and a value of >3.0 for ΔE*ab is considered to be
a very strong color change for the human perception
(Jensen, 2008). As can be seen from Table 2 and
Fig. 5, the ΔE*ab values show significant color
changes for all samples after heat aging with the
grain side of (p) being the most sensitive of all.

Deterioration of parchment is often observed as
darkening as well as color changes towards more

Table 2 Measured L*, a*, and b* values for all samples and calculated ΔL*, Δa*, Δb*, and ΔE*ab values for aged samples

Sample n L*(D65) a*(D65) b*(D65) ΔL* Δa* Δb* ΔE*ab

p_24h_ref_grain 3 79.52 ±0.100 −1.43 ±0.026 17.00 ±0.030

p_24h_after_grain 3 73.49 ±0.026 2.46 ±0.038 30.51 ±0.115 −6.03 3.89 13.51 15.30

p_48h_ref_grain 3 78.65 ±0.120 −0.12 ±0.025 24.02 ±0.148

p_48h_after_grain 3 66.06 ±0.046 8.77 ±0.030 37.34 ±0.047 −12.58 8.89 13.31 20.36

p_96h_ref_grain 3 77.83 ±0.156 −0.74 ±0.010 20.51 ±0.214

p_96h_after_grain 3 65.66 ±0.241 8.58 ±0.029 36.58 ±0.076 −12.17 9.32 16.07 22.21

p_24h_ref_flesh 3 82.84 ±0.193 −0.50 ±0.035 5.10 ±0.206

p_24h_after_flesh 3 82.10 ±0.164 0.03 ±0.006 7.50 ±0.115 −0.74 0.52 2.40 2.56

p_48h_ref_flesh 3 85.10 ±0.021 −0.26 ±0.006 5.87 ±0.015

p_48h_after_flesh 3 82.43 ±0.142 0.38 ±0.012 8.74 ±0.136 −2.67 0.64 2.87 3.97

p_96h_ref_flesh 3 83.10 ±0.204 −0.36 ±0.046 6.29 ±0.035

p_96h_after_flesh 3 81.32 ±0.066 0.46 ±0.012 10.04 ±0.067 −1.78 0.82 3.75 4.24

hp_24h_ref_recto 3 56.15 ±1.091 1.23 ±0.092 12.85 ±0.080

hp_24h_after_recto 3 55.08 ±0.714 1.45 ±0.030 13.74 ±0.157 −1.06 0.22 0.89 1.40

hp_48h_ref_recto 3 64.51 ±0.190 0.80 ±0.056 13.40 ±0.272

hp_48h_after_recto 3 64.38 ±0.125 1.04 ±0.020 16.23 ±0.100 −0.13 0.24 2.83 2.84

hp_96h_ref_recto 3 58.28 ±0.251 1.31 ±0.026 14.98 ±0.338

hp_96h_after_recto 3 58.71 ±0.318 1.98 ±0.038 17.78 ±0.036 0.42 0.67 2.80 2.91

hp_24h_ref_verso 3 73.23 ±0.613 −0.22 ±0.000 13.32 ±0.067

hp_24h_after_verso 3 72.72 ±0.605 −0.09 ±0.055 17.10 ±0.346 −0.52 0.13 3.78 3.82

hp_48h_ref_verso 3 80.03 ±0.203 −1.14 ±0.050 12.89 ±0.258

hp_48h_after_verso 3 78.14 ±0.104 −0.83 ±0.058 16.43 ±0.173 −1.89 0.30 3.54 4.03

hp_96_ref_verso 3 78.73 ±0.051 −1.27 ±0.015 13.68 ±0.015

hp_96h_after_verso 3 76.88 ±0.260 −0.14 ±0.055 21.63 ±0.102 −1.86 1.14 7.94 8.24

Figure 2 Change in lightness/darkness for all heat-aged
samples.

Figure 3 Color change in the green/red scale for all heat-
aged samples.
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yellow and more red (Juchauld et al., 2007; Larsen,
2007). For (p), the heat treatment results in a decrease
in lightness and color changes towards more yellow
and more red for both the grain and the flesh side.
Furthermore, it is significant that the grain side of
(p) is much more sensitive for all color and lightness
changes. This is in agreement with the fact that
deterioration markers such as gelatinization are more
frequently observed on the grain side than on the
flesh side of parchment (Nielsen, 2007; Poulsen
et al., 2007).
Although all (hp) samples except (hp_96h_recto)

have a decrease in lightness after heat aging, this dar-
kening effect is insignificant. With the heat aging both

sides on all (hp) samples become more yellow. The
recto of all (hp) samples turn more red with heat treat-
ment and although this in a way is also true for the
verso, the correct color change for verso is expressed
by turning less green since a* has a negative value
both before and after aging. It should be mentioned
that recto of (hp) has some surface dirt and it is there-
fore difficult to say whether the color change is indica-
tive of a color change of the surface dirt, the
parchment underneath, or a combination of the both.

Shrinkage temperature measurement
Previous research shows a Ts of around 60°C for new
and properly produced parchment (Thomson &
Lochmuller, 1994; Larsen et al., 2002a; Budrugeac &
Miu, 2008a). Ts of 58.1°C for (p) in the present
study is indicative of a parchment of good quality.
Although having a good hydrothermal stability, our
experience is that this can be combined with a rather
high level of physical damage of the fibers and this is
also seen for (p) with an amount of damaged fibers
as high as 76%.
It is clear that heat-induced oxidation causes a con-

siderable drop in shrinkage temperature for all samples
with extended time of heat aging (Table 3 and Fig. 6)

Figure 5 Total color change for all heat-aged samples.

Figure 4 Color change in the blue/yellow scale for all heat-
aged samples.

Figure 6 Shrinkage intervals for all samples. Error bars for Ts
inserted.

Table 3 Tfirst, Ts, Tend, ΔT, Tlast, and Ttotal for all samples

Sample Tfirst Ts Tend ΔT Tlast ΔTtotal n

p_ref 45.9 58.1± 0.73 65.7 7.6 87.3 41.4 6

p_24h 35.3 43.7± 0.14 51.9 8.2 86.9 51.6 2

p_48h 33.3 38.2± 1.06 49.6 11.4 80.2 46.9 2

p_96h 30.9 34.7± 0.64 47.2 12.5 81.2 50.3 2

hp_ref 26.2 32.7± 0.95 50.3 17.6 87.8 61.6 6

hp_24h 27.4 31.6± 1.27 46.9 15.3 71.2 43.8 2

hp_48h 26.8 30.8± 0.99 44.9 14.1 79.9 53.1 2

hp_96h 24.0 29.1± 0.99 44.0 14.9 77.1 53.1 2

Table 4 Visual assessment of fiber damage and morphology
type for all samples

Amount of damage in %

Sample n Flat fibers
Pearls on
a string

Gel-like
fiber

structure

Total
amount of
damage

p_ref 16 22 ±13.3 43 ±15.4 11 ±10.1 76 ±15.7

p_24h 6 36 ±11.1 56 ±5.6 0 ±0.0 91 ±6.4

p_48h 5 34 ±10.2 57 ±16.0 1 ±1.7 92 ±5.5

p_96h 5 27 ±12.8 70 ±10.4 0 ±0.0 96 ±6.8

hp_ref 16 38 ±19.4 51 ±15.5 1 ±3.7 90 ±10.4

hp_24h 6 20 ±13.8 66 ±18.2 0 ±0.0 86 ±6.0

hp_48h 6 44 ±12.7 49 ±12.4 0 ±0.0 94 ±4.3

hp_96h 5 36 ±21.3 61 ±19.7 0 ±0.0 97 ±1.9
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and the drop in shrinkage temperature is more signifi-
cant for (p) than for (hp). As can be seen in Fig. 9, the
decrease in shrinkage temperature for (p) is more sig-
nificant within the first 24 hours of aging, with a
decrease of Ts to 43.7°C. After another 48 hours and
96 hours of accelerated aging, Ts drops to 38.2 and
34.7°C, respectively. A similar trend with a more pro-
nounced decrease for the first 24 hours of heat aging
for (p) is seen for Tfirst, with a drop from 45.9 to
35.3°C. Fourty-eight hours and 96 hours of heat
aging decreases Tfirst to 33.3 and 30.9°C, respectively.
The length of the C-interval, ΔT, gives an indication

of the degree of heterogeneity for the fibers in the
samples; the smaller the ΔT value, the more uniform
hydrothermal stability of the fibers. The ΔT in this
study indicate a more homogenous material for
unaged (p) of 7.6°C than for unaged (hp) with a ΔT
of 17.6°C. Although, the homogeneity in hydrother-
mal stability for (p) decreases with proceeding oxi-
dation (ΔT rises to 8.2°C after 24 hours, to 11.4°C
after 48 hours, and finally, to 12.5°C after 96 hours
of heat aging).
Also (hp) is experiencing a drop in shrinkage temp-

erature for all heat-aged samples, although the trend is
not as significant for this naturally aged material as is
the case with (p). This may be explained by the fact

that initial degradation has already taken place in
the historical material before the accelerated heat
aging starts. This commenced degradation of (hp) is
also reflected in the initial low Ts of 32.7°C and Tfirst

of 26.2°C for the unaged references. All heat aging
of (hp) leads to a decrease in shrinkage temperature;
after 24 hours of oxidization, Ts drops to 31.6°C,
after 48 hours to 30.8°C, and after 96 hours to
29.1°C. Although ΔT for (hp) is not increasing with
time of aging, ΔT of 17.6°C for the unaged references
is reflecting a high spread in hydrothermal stability of
the fiber mass already from the start.

Finally, it is notable that heat aging the new parch-
ment for 96 hours is not generating a Ts as low as the
reference for the naturally aged historical parchment.

Fiber morphology and amount of fiber damage
As can be seen in Figs. 7 and 8 and Table 4, the accel-
erated heat aging leads to a more damaged fiber struc-
ture for both the new and the historical parchment.
Due to the high amount of damaged fibers in (hp)
already from the beginning, the increase in physical
fiber damage after heat aging is as expected more sig-
nificant for (p).

Even though being a newly produced material, due
to the manufacturing process, fibers in a new

Figure 8 Collagen fibers at 100× magnification from (A): (hp) unaged, (B): (hp) heat-aged 96 hours.

Figure 7 Collagen fibers at 100× magnification from (A): (p) unaged, (B): (p) heat-aged 96 hours.
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parchment are expected to have some physical damage
already from the start. The reference samples of (p)
used in this study has a mean damage level of 76%
and this amount of physically damaged fibers is
rather high for a newly produced parchment.
Although it could be argued that the method is quite

subjective, previous studies show that once trained in
the visual fiber assessment routine, the method is
reproducible and evaluation of results from different
practitioners correlate well (Mühlen Axelsson et al.,

2012). Out of the eight damage characteristics
described in the IDAP project (Larsen, 2007), our
experience is that the two major morphological struc-
tures of deteriorated fibers in general are flat fibers and
pearls on a string structure. This is also confirmed in
this study with an amount of pearls on a string struc-
ture of 43 and 22% flat fibers in the unaged samples of
(p). So far, it is not known if the morphology of pearls
on a string during degradation is unwinding to flat
fiber morphology or if flat fibers are twisting and
winding up in pearls on a string structures with pro-
ceeding degradation. Previous studies of the pearl
structure did, however, demonstrate that the pearls
transform into a more compact nature during degra-
dation, indicative of an increase of twisting along the
molecule (Mühlen Axelsson et al., 2012). However,
for both (p) and (hp), it is significant that the pearls
are not so well defined as previously observed in natu-
rally aged historical parchment (Mühlen Axelsson
et al., 2012). Instead, here, we see an intermediate
stage between pearls on a string and flat morphology
due to a partly unfolding of the fiber structure. This
could also explain the relatively high standard devi-
ations of the measured averages in Table 4. In the

Table 5 Amino acid analysis of all samples

Amino acid in mol %

p_ref (n= 6)
p_24h
(n= 2)

p_48h
(n= 2)

p_96h
(n= 2) hp_ref (n= 6)

hp_24h
(n= 2)

hp_48h
(n= 2)

hp_96h
(n = 2)

Hyp 8.79 ±0.058 8.82 8.73 8.71 8.37 ±0.192 9.00 9.20 9.17

Asp 4.76 ±0.032 4.72 4.83 4.79 4.77 ±0.025 4.82 4.79 4.88

Thr 1.61 ±0.026 1.58 1.60 1.62 1.83 ±0.023 1.85 1.83 1.85

Ser 3.06 ±0.010 2.98 2.96 2.87 2.71 ±0.016 2.74 2.70 2.72

Glu 7.29 ±0.037 7.35 7.46 7.39 7.37 ±0.083 7.59 7.46 7.56

Pro 12.25 ±0.212 12.20 12.23 12.23 12.29 ±0.015 12.56 12.64 12.42

Ada 0.00 ±0.000 0.00 0.00 0.00 0.00 ±0.000 0.00 0.00 0.00

Gly 32.51 ±0.198 32.77 32.24 32.54 33.57 ±0.270 32.78 33.02 33.06

Ala 11.74 ±0.139 11.61 11.93 11.85 12.05 ±0.018 11.86 11.84 11.80

TPCys 0.00 ±0.000 0.00 0.00 0.00 0.00 ±0.000 0.00 0.00 0.00

Abu 0.00 ±0.000 0.00 0.00 0.00 0.00 ±0.000 0.00 0.00 0.00

Val 2.15 ±0.049 2.18 2.20 2.22 2.19 ±0.036 2.19 2.14 2.16

Met 0.60 ±0.012 0.60 0.60 0.61 0.40 ±0.102 0.36 0.47 0.43

Ile 1.25 ±0.030 1.22 1.24 1.23 1.11 ±0.021 1.16 1.10 1.13

Leu 2.59 ±0.080 2.67 2.69 2.67 2.45 ±0.036 2.50 2.40 2.40

Tyr 0.42 ±0.021 0.42 0.43 0.42 0.27 ±0.014 0.27 0.26 0.26

Phe 1.59 ±0.031 1.47 1.50 1.49 1.46 ±0.014 1.40 1.36 1.37

bAla 0.00 ±0.000 0.00 0.00 0.00 0.00 ±0.000 0.00 0.00 0.00

4Abu 0.00 ±0.000 0.00 0.00 0.00 0.00 ±0.000 0.00 0.00 0.00

6Aha 0.00 ±0.000 0.00 0.00 0.00 0.00 ±0.000 0.00 0.00 0.00

His 0.65 ±0.023 0.65 0.61 0.65 0.58 ±0.030 0.54 0.54 0.51

Hyl 0.66 ±0.003 0.63 0.65 0.64 0.51 ±0.015 0.48 0.46 0.47

Orn 0.34 ±0.021 0.41 0.32 0.43 0.48 ±0.075 0.47 0.54 0.54

Lys 2.69 ±0.003 2.66 2.65 2.59 2.66 ±0.027 2.52 2.44 2.48

Arg 5.06 ±0.011 5.05 5.12 5.05 4.94 ±0.027 4.92 4.80 4.79

Σ* 9.47 ± 0.042 9.41 9.46 9.35 8.96 ± 0.025 8.73 8.51 8.51

*Σ= sum of Tyr, His, Hyl, Lys, Arg.

Figure 9 Ts vs. time of heat aging. Error bars inserted.
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study presented here, it is clear that dry heat aging of
(p) causes an increased amount of pearls and that
with extended time of heat aging, the amount of
damaged fibers increases; after 24 and 48 hours of oxi-
dation, the damage level is 91 and 92%, respectively,
and after 96 hours it is 96%. The increase in flat
fibers with extended time of heat treatment is not as
significant as the increase of pearls during the same
time. Furthermore, from Table 4 it can be seen that
the unaged (p) samples contain quite a large amount
of gel-like fiber structure (11%). The reason for this
is unknown, but could possibly be explained by uni-
dentified modern substances in the manufacturing
process altering the fiber structure. However, it is
obvious that dry heat is reducing the amount of gel-
like fiber structure, maybe due to crosslinking or
even by dissolving the gel-like fiber structure into
gelatin. A suspicion of added strengthening substances
in the manufacturing process is enhanced by the fact
that a lot of fibers in the reference samples of (p)
show split fiber structure. The split fiber morphology
is in a way quite similar to the morphology seen for
tanned fibers (British Leather Manufacturers’
Research Association, 1957). This damage mor-
phology cannot be measured in length in the same
manner as the other characteristics and is therefore
not accounted for in Table 4.
As expected, (hp) show a high amount of damaged

fibers (90%) already from the start. Also for this parch-
ment, the heat aging leads to further physical fiber
damage, with a fiber damage level as high as 97%
after 96 hours of oxidation. Similarly to (p), the domi-
nant fiber morphologies for (hp) are in all samples
pearls on a string structure, followed by flat fibers.

Amino acid analysis
Contrary to hydrolysis, oxidation of collagen in parch-
ment leads to significant changes in the amino acid
distribution (Larsen et al., 2002b) and is normally
detected by drastic decreases of Tyr and His, as well
as the basic amino acids Hyl, Lys, and Arg (Larsen
et al., 2007). By plotting the total value of Tyr, His,
Hyl, Lys, and Arg against time of heat aging
(Fig. 10), it is evident that the accelerated heat aging
causes a significant decrease in the sum of these five
amino acids for (hp), especially within the first 48
hours of aging. After 24 hours of oxidation, (hp)
loses 2.6% of the five amino acids and after 48 hours
the loss is 5.0%. Another heat aging cycle (96 hours)
does not seem to cause a further drop in the total
value of the five amino acids but seems to be stabilized
after this time.
Although (p) has a descending curve in Fig. 10, the

decrease in total value of Tyr, His, Hyl, Lys, and Arg is
not as distinct for (p) as is the case with (hp). After
heating (p) for 24 hours, there is a decrease of the

five amino acids of 0.6% and after 48 hours of aging
a decrease of 0.1% and finally a decrease of 1.3%
after 96 hours of aging. These random variations
may partly have reason in material variations of the
individual samples. Whereas (hp) experiences a signifi-
cant decrease for His, Hyl, Lys, and Arg and an insig-
nificant decrease for Tyr with time of heat oxidation,
the decrease in ∑(Tyr, His, Hyl, Lys, Arg) for (p) is
only related to significant decreases of Hyl and Lys.
The unpredicted and significant decrease of Phe for
both (p) and (hp) may be due to its transformation
into Tyr, explaining the unexpected high value of
Tyr after heat aging. Furthermore, it can be seen
that (p) has a higher value of the five amino acids
from the start than what (hp) has. In connection to
what was earlier discussed for the shrinkage tempera-
ture and level of fiber damage, this may be expected
since natural oxidation in the historical parchment is
likely to already have taken place before the acceler-
ated heat aging starts. The significant decrease of the
five amino acids for (hp) could be due to a more frag-
mented fiber and molecular structure, providing access
for oxidation of amino acid residues, which normally
is expected to be more protected in an intact collagen
structure.

Although no significant decreases for Tyr are seen
for either (p) or (hp) during heat aging, it is note-
worthy that (hp) has a much lower Tyr value from
the start, as observed in previous amino acid
studies of new and historical parchments (Larsen
et al., 2007). Apart from only one residue in the α2
chain, Tyr is normally only found in the telopeptides
(Larsen et al., 2002b). Juchauld & Chahine’s (2002)
analyses with steric exclusion chromatography
showed that 24 hours of artificially heat aging at
120°C creates crosslinking in parchment. The level
of Tyr for (hp) before aging indicates that deterio-
ration in the form of intra and inter molecular cross-
linking in the collagen has already taken place. In
addition, His and Hyl are found in greater number
in the α2 chain than in the α1 chain (Larsen et al.,
2002b) and the lower amounts of His and Hyl in

Figure 10 Sum of Tyr, His, Hyl, Lys, and Arg vs. time of heat
aging.
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(hp) than in (p) before aging suggest that the com-
menced degradation for the historical parchment
most probably has occurred in the α2 chain rather
than in the α1 chain. In respect to this, it seems
like collagen (I) is more sensitive for heat-induced
oxidation than what collagen (III) is. In this connec-
tion, it should be noticed that the loss of Hyl for (p)
is significant with aging. Thus, for both parchments
the degradation of these areas of the collagen con-
tinues with the heat aging, although to a higher
extent for the historical parchment, probably
because of the already altered and therefore more
accessible structure.
The samples having the lowest∑(Tyr, His, Hyl, Lys,

Arg) are (hp_48h) and (hp_96h), both with a value of
8.51. These samples are also the ones with the lowest
hydrothermal stability (Tfirst of 24.0°C and Ts of
29.1°C for (hp_96h)) as well as the highest amount
of damaged fibers (97% for (hp_96h)).
Although oxidation should normally be expected to

result in formation of degradation products such as α-
Ada, α-Abu, β-Ala, γ-Abu, 6-Aha, and Orn, no degra-
dation products except Orn were detected. The reason
for this is unknown, but an explanation may be cre-
ation of crosslinks rather than individual degradation
products in the form of small new amino acids and/
or that formations of degradation products are
present in such small amounts that they are below
the level of detection. Even though Orn is always
present in collagen in skin, in the present study the
levels in all samples are rather high. Orn is thought
to be formed during liming (Larsen et al., 1994) and
as being a degradation product from Arg (Bowes &
Taylor, 1971), it should be expected that the loss of
Arg would be greater than what is actually the case.
However, this and other possible reactions should be
subject to further studies.
Finally, the increased values of Asp and Glu during

the accelerated aging are in line with previous amino
acid analysis performed on naturally aged parchment
(Larsen et al., 2007).

Conclusion
Parchment objects play an important part of our cul-
tural heritage. To preserve these valuable objects for
generations to come, deeper knowledge on the degra-
dative processes for collagen is needed. As part of
the development of a simple fiber assessment tech-
nique for use in practical conservation, we have pre-
sented a preliminary study of heat-induced oxidation
of collagen in new and historical parchment.
We can conclude that dry heat aging of parchment

leads to darkening, more yellow, and more red/less
green samples, with the grain side of the new parch-
ment being most sensitive to all colors and lightness
changes. On a microscopic level, the heat-induced

oxidation causes a decrease in hydrothermal stability
along with increased amounts of physically damaged
fibers. In addition to this, we have shown that a high
hydrothermal stability may be combined with a high
amount of physically damaged fibers. For both parch-
ment types, the pearls on a string and flat fiber mor-
phology increase with prolonged heat aging. For
practical conservation, the results of this study imply
that dry heat storage of parchment objects over a
long period may lead to drastic degradation of the col-
lagen, which here has been diagnosed as a specific
morphological characteristic of the fibers at micro-
scopic level. In a preservation perspective as well as
in a conservation–restoration situation, it is therefore
always advisable to combine shrinkage temperature
measurements of the parchment with a visual assess-
ment of the fiber morphology in order to get a more
precise measure of the damage level. The study also
shows that discolored parchments can be expected to
have a large amount of damaged fibers and a low
hydrothermal stability. In a conservation–restoration
situation, one should be aware that such parchment
objects are likely to be sensitive towards humid treat-
ments and improper storage conditions.
Compared to the historical parchment, the new

parchment used in the study is more sensitive to
color changes, hydrothermal stability, and physical
fiber damage. The reason for this is most likely due
to the natural degradation that has already taken
place in the historical parchment before the acceler-
ated heat aging starts and the effect of the heat aging
on these parameters are therefore lower for the histori-
cal parchment compared to the new parchment.
However, the heat-induced oxidation leads to signifi-
cant changes of the amino acid composition to
which the historical parchment is the most sensitive.
The greater changes in the amino acid composition
during heat aging for the historical parchment can
most probably be explained by a more fragmented
fiber and molecular structure in the already naturally
aged collagen which thereby is more accessible for
alterations. The less significant changes in amino
acid composition for the new parchment is probably
because the collagen in this parchment is more pro-
tected in a more intact and less degraded structure.
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