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Abstract

Background: Isopropanol is widely used by conservators to relax the creases and folds of parchment artefacts. At
present, little is known of the possible side effects of the chemical on parchments main structural component-
collagen. This study uses X-ray Diffraction to investigate the effects of a range of isopropanol concentrations on
the dimensions of the nanostructure of the collagen component of new parchment.

Results: It is found in this study that the packing features of the collagen molecules within the collagen fibril are
altered by exposure to isopropanol. The results suggest that this chemical treatment can induce a loss of structural
water from the collagen within parchment and thus a rearrangement of intermolecular bonding. This study also
finds that the effects of isopropanol treatment are permanent to parchment artefacts and cannot be reversed with
rehydration using deionised water.

Conclusions: This study has shown that isopropanol induces permanent changes to the packing features of
collagen within parchment artefacts and has provided scientific evidence that its use to remove creases and folds
on parchment artefacts will cause structural change that may contribute to long-term deterioration of parchment
artefacts. This work provides valuable information that informs conservation practitioners regarding the use of
isopropanol on parchment artefacts.
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Background
Parchment has been used as a writing material for thou-
sands of years, and many public records and iconic docu-
ments are written on the medium. It is long lasting and
hardwearing; worldwide there are millions of parchment
artefacts held in collections. Parchment is manufactured
from the dermis layer of animal skins [1], and its struc-
tural matrix is predominantly composed as a composite
of the hierarchical protein - collagen, and its denatured
form - gelatine [2]. The hierarchy from the molecular to
the fibrillar arrangement of collagen is well documented
[3]. Three polypeptide chains are arranged into a triple
helix to form a collagen molecule. Collagen molecular
units, in their native form, are bound in a quarter stag-
gered axial arrangement which subsequently produces a
collagen fibril [4].

When denaturation (the unfolding of the collagen mole-
cules) occurs, the structural integrity and exquisite hierar-
chy of molecules, fibrils and fibres is lost. Large quantities
of gelatine in parchment documents can be undesirable
because it can put documents at risk to physical changes,
such as fragmentation [5]. Moreover, gelatine will dissolve
easily in water because the intermolecular bonds cannot
withstand the stress imposed from osmotic swelling. The
structural integrity of gelatine is affected by temperatures
> 30°C and relative humidity > 70% and < 30% RH [6,7].
A challenge for conservation practitioners is to balance

the need to preserve historical parchment artefacts and
make them accessible to the public. There are number of
interventions, (for example laser cleaning and humidifica-
tion) used by conservation practitioners to help parch-
ment artefacts remain fit for purpose such as to be read,
or displayed. In addition, to relax undesirable creases and
folds in parchment documents conservation practitioners
often use applications of approximately 80:20 isopropanol
(IPA):deionised water (dH2O). The application procedure
involves applying IPA solutions locally to the crease or
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fold followed by light pressing applied manually [8]. Stu-
dies of the interaction between monohydric alcohols, i.e.
those with one hydroxy group, such as IPA (CH3 -
CHOH - CH3) and collagen indicate that they incite
alteration of the hydrogen bonding network of collagen
[9], this may be the basis by which the required flexibility
of parchment is induced.
To determine if the use of IPA is detrimental to parch-

ment artefacts it is necessary to understand if IPA incites
structural changes within parchments, and further deter-
mine whether structural changes are transient during
treatment, or permanent post treatment. Because the col-
lagen hierarchical arrangement is highly repetitive,
changes in short and long order distances between col-
lagen molecules is an effective way of measuring altera-
tion to the collagen molecular structure. It is possible to
investigate structural changes by using X-ray Diffraction
(XRD) [3,10,11]. Changes in the packing features of col-
lagen such as the distances between collagen molecules
in the lateral plane of the collagen fibril (intermolecular
lateral packing), the distance between collagen molecules
along the fibril (axial D-periodicity) and the distance
between amino acids along the polypeptide chain (helical
rise per residue) are some of the common features mea-
sured using XRD.
In the present work, we have investigated changes to the

packing features of the collagen component within parch-
ment in the presence of IPA by use of XRD. Wide Angle
X-ray Diffraction (WAXD) was used to capture diffracting
X-rays corresponding to the intermolecular lateral packing
and the helical rise per residue and Small angle X-ray Dif-
fraction (SAXD) was used to capture the diffracted X-rays
corresponding to the axial D-periodicity. We explore
changes in the packing features of collagen molecules
within collagen fibrils when parchments samples are
immersed in IPA and after the samples have been air-
dried. This procedure was designed to mimic the IPA
treatment performed by conservation practitioners.

Results and discussion
Figure 1 shows an example of a 2D WAXD pattern and
the corresponding linear intensity vs scattering vector
trace generated from a typical parchment sample. In
WAXD patterns the equatorial reflection due to the inter-
molecular lateral packing arises from the interference
function due to the lateral distance between nearest neigh-
bour collagen molecules. The scattering region corre-
sponds to the diffuse scattering of the non-crystalline
regions of the collagen fibril and some scatter from the
collagen helix; and the meridional reflection due to the
helical rise per residue corresponds to the distance
between polypeptide subunits [Gly-Y-X] along a polypep-
tide chain. Figure 2 shows a typical SAXD pattern and the
corresponding linear trace generated from a parchment

sample. The axial D period distribution of electron density
along the collagen fibril gives rise to the meridional X-ray
scattering observed in a SAXD 2D pattern [12]; in dry
parchment the axial D-periodicity is typically around 60-
65 nm [11,13-15].
When immersed in IPA solution it was found that the

fibrillar repeat meridional (axial) D-periodicity of the
parchment samples ranged between 65.1 nm (+/- 0.15
nm) for samples treated with 10-60% IPA and 65.6 nm
(+/- 0.16 nm) for samples treated with 70-100% IPA, the
control sample (that had been immersed in dH2O) exhib-
ited a repeat of 65.1 nm (+/-0.12 nm). Measurement of
the intermolecular lateral packing and helical rise per
residue when samples were subsequently wetted with
dH2O was not obtained. The structural information
taken from the WAXD and SAXD patterns when the
parchment samples had been treated with IPA solutions
and air-dried is given in Table 1. After IPA treatment
and air-drying regimes, the axial D-periodicity is
observed to be shorter in all samples that have been trea-
ted with IPA than that found in the control, with the
shortest length of the axial periodicity when the concen-
tration of IPA in solution applied was ≥ 80%. This indi-
cates that IPA induces a change in the axial relationship

Figure 1 2D WAXD pattern and corresponding 1D linear trace.

Figure 2 2D SAXD pattern and corresponding 1D linear trace.
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between collagen molecules along the fibril axis and that
this is concentration dependent. In addition, the intermo-
lecular lateral packing of collagen molecules within the
fibril steadily decreases from 1.210 to 1.148 nm as a func-
tion of increasing IPA in the solution used prior to dry-
ing. The results also show the helical rise per residue to
be smaller when the quantity of IPA in solution ≥40%.
The helical rise per residue changes are all of a similar
order - between 95 and 97% - as a percentage of the
repeating unit that they represent. It should be noted
that the change of the axial rise per residue therefore
could account for the change in the axial periodicity of
the fibrillar repeating unit.
In the second experimental regime samples were

immersed in IPA, air dried, then immersed (washed) with
dH2O, and air-dried again; the XRD measurements were
then repeated. It is found that from the rehydration
experiment that the axial D-periodicity of the collagen
molecules and the helical rise per residue increases signifi-
cantly for those samples treated with 70-100% IPA solu-
tions. Here the original meridional (axial) fibrillar D
periodicity extended from 62.2 to 64.6 nm and the helical
rise per residue increased from 0.286-0.290 nm as IPA
concentration used increased. In contrast the intermolecu-
lar lateral packing was found to decrease for samples trea-
ted with more concentrated IPA solutions typically 1.212
nm to 1.132 nm as IPA concentration increased.
These results show that the packing features of col-

lagen within parchment are altered by exposure to IPA
and are non-reversible with rehydration of parchment.
Because the intermolecular lateral packing was found to
be lower for parchment samples treated with more con-
centrated IPA solutions, there is an indication that the
IPA treatment has removed water molecules from within
the collagen fibril; thus inducing a rearrangement of
intermolecular bonding which has brought the collagen
molecules in the lateral plane of the fibril closer to
together. This rearrangement of water populations may

also explain the change in the helical rise per residue of
the collagen molecule and the concomitant increase of
the axial D-periodicity.
The change in the axial D-periodicity and helical rise

per residue also indicates that the process of IPA-col-
lagen interaction involves IPA molecules binding to the
collagen triple helix and when in sufficient quantity
causing distortion of the collagen molecular structure.
The IPA-collagen interaction could be from IPA mole-
cules forming complexes with amino acid side chains,
either, in a single helix chain between adjacent collagen
molecules, or between helix chains within a triple helix.
It is also possible that IPA causes a disruption of the
amino acid bonding along the collagen triple helix,
which subsequently induces rearrangement of intra and
intermolecular bonding.
IPA is a methylated derivative of water and can impair

the hydrogen bonding ability of a collagen molecule by
removing hydrogen bond donors and sterically blocking
access to the molecule [16]. Kuznetzova et al [16] showed
that IPA molecules can absorb onto the collagen surfaces
and suggested that IPA could induce a change in the
structural parameters of collagen through changes in the
helical winding of the molecules. Moreover, Usha et al
[17] reported that IPA molecules could remain perma-
nently bound to a collagen structure. Bonincontra et al
[18] and Calandrini et al [19] reported that although the
general effect of IPA treatment was destabilisation of the
macromolecular structure, the collagen conformation
had changed, resulting in alteration of the collagen mole-
cular dimensions. The authors suggested that this was
caused by the collagen molecule being wound more
tightly as a result of rearrangement of water within the
collagen lattice.
Water molecules are thought to be associated with

collagen in four different phases, these are: structural
water (phase I) thought to bound tightly within the col-
lagen triple helix either through a double or triple

Table 1 Structural information obtained from XRD patterns of collagen fibrils after IPA treatment and air-drying

IPA % Intermolecular lateral
packing nm (sd)

axial D-periodicity nm (sd) helical rise per residue
nm (sd)

0 1.210 (+/- 0.007) 62.6 (+/- 0.13) 0.286 (+/- < 0.0006)

10 1.211 (+/- 0.012) 62.3 (+/- 0.00) 0.282 (+/- 0.0008)

20 1.211 (+/- 0.009) 62.4 (+/- 0.14) 0.282 (+/- < 0.0006)

30 1.203 (+/- 0.003) 62.3 (+/- 0.27) 0.282 (+/- < 0.0009)

40 1.200 (+/- < 0.008) 62.4 (+/- 0.21) 0.280 (+/- 0.0007)

50 1.182 (+/- 0.007) 62.5 (+/- 0.16) 0.280 (+/- 0.0004)

60 1.182 (+/- 0.006) 62.1 (+/- 0.16) 0.280 (+/- < 0.0008)

70 1.169 (+/- 0.004) 62.1 (+/- 0.13) 0.279 (+/- < 0.0001)

80 1.169 (+/- 0.005) 61.3 (+/- 0.14) 0.278 (+/- 0.0005)

90 1.169 (+/- < 0.007) 61.3 (+/- 0.06) 0.278 (+/- 0.0007)

100 1.148 (+/- 0.005) 61.1 (+/- 0.14) 0.277 (+/- < 0.0004)
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hydrogen bond. Bound water (phase II), where water
molecules form bridges between neighbouring polypep-
tide chains and act as receptors for CH-O hydrogen
bonds [20]. Free water (phase III) where water is fixed
by one hydrogen bond between polypeptide chains or
fixed in the hole zones at the end of the polypeptide
chain, and finally transition water (phase IV), where
water is bound between the fibrils [21,22]. Although
comparatively dry, collagen based materials will often
contain significant levels of water and the majority is
held at a molecular level; which is believed to have a
stabilising effect through participation in interchain
bonding [23,24].
The results show that within parchment, IPA solutions

bring about a disruption of the collagen molecular unit.
Parchment samples treated with IPA solutions above 30%
and air-dried exhibit a reduction in the structural dimen-
sions of the collagen fibrils indicating that IPA has per-
turbed the collagen lattice (Table 1). The greatest
structural change induced from exposure of the samples
to IPA was observed at higher IPA concentrations. The
axial D-periodicity and helical rise per residue of the col-
lagen fibrils after the rehydration experiment were
observed to return to the original values for those sam-
ples exposed to 10-60% IPA (Table 2). This indicates that
at a concentration of 10-60%, IPA only disrupts intermo-
lecular bonding. This is confirmed by the fact that the
intermolecular lateral packing distance is not observed to
return to its original value. For samples treated with IPA
concentration > 70%, none of the structural dimensions
measured return to their original values indicating that at
higher IPA concentrations there is disruption of the col-
lagen intramolecular bonding as well as the intermolecu-
lar bonding. Given the chemical nature of IPA, it is
highly likely that the intramolecular disruption observed
is caused by displacement of structural water (Phase I
and II) within the collagen molecule. Figure 3 shows a

schematic of collagen molecules within a fibril and
demonstrates how the dimensions of the fibril change
with IPA interaction.
The XRD studies have revealed that IPA molecules

interact with collagen molecules within collagen fibrils
and permanently disrupt the packing features. The
results indicate that the process of IPA-collagen interac-
tion involves a rearrangement of water, and, intra and
intermolecular bonding; the use of IPA can therefore be
considered as a chemical that causes adverse structural
changes to parchment artefacts. The IPA induced col-
lagen molecular structural change will undoubtedly
make the collagen component within parchment more
susceptible to gelatinisation (the process of transforming
a solid structure into a gel), however; the potential for

Table 2 Structural information obtained from XRD patterns of collagen fibrils after IPA treatment, rehydration and air-
drying

IPA % intermolecular lateral packing nm
(sd)

axial D-periodicity nm
(sd)

helical rise per residue nm
(sd)

0 1.212 (+/- 0.011) 62.6 (+/- 0.03) 0.286 (+/- 0.0007)

10 1.197(+/- < 0.001) 62.5 (+/- 0.06) 0.286 (+/- 0.0003)

20 1.203 (+/- 0.006) 62.7(+/- 0.02) 0.286 (+/- 0.0004)

30 1.211 (+/- 0.004) 62.8 (+/- 0.03) 0.286 (+/- 0.0006)

40 1.179 (+/- 0.004) 62.6 (+/- 0.09) 0.285 (+/- 0.0004)

50 1.168 (+/- 0.004) 62.6 (< 0.07) 0.286 (+/- 0.0001)

60 1.176 (+/- 0.002) 62.5 (+/- 0.08) 0.285 (+/- 0.0005)

70 1.146 (+/- 0.002) 63.7 (+/- 0.04) 0.289 (+/- < 0.0001)

80 1.149 (+/- 0.003) 63.7 (< 0.01) 0.289 (+/- 0.0009)

90 1.151 (+/- 0.004) 64.0 (+/- 0.05) 0.289 (+/- 0.0004)

100 1.132 (+/- 0.007) 64.1 (+/- 0.03) 0.290 (+/- 0.0002)

Figure 3 Schematic showing the structural changes observed
within collagen fibrils with IPA treatment. A) Exposure of IPA to
the collagen fibrils causes a loss of water from the collagen fibrils
inducing a change in the intra and intermolecular bonding and a
reduction in the structural dimensions of the fibril. B) After
rehydration and air-drying of the collagen fibril the intermolecular
distance between collagen does not return C) After rehydration and
air-drying of the collagen fibril, samples treated with 70-100% IPA
have collagen fibrils with greater axial D-periodicity and helical rise
per residue and shorter intermolecular lateral packing.
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gelatinisation to occur post IPA treatment is unclear
from these results.
This study has been useful for identifying the physico-

chemical basis of which IPA induces changes to the
structure of parchment artefacts. It has also shown that
the structural changes are concentration dependent,
where higher IPA concentrations bring about permanent
IPA-collagen bonding. To understand further the impact
of IPA on parchment, additional XRD investigations
could be performed that analysed the change in propor-
tions of collagen to gelatine in parchment with IPA treat-
ment, and this could be carried out on parchment
artefacts with a range of conditions i.e. highly damaged,
damaged etc. It would also be useful to understand how
the conformation of the collagen molecular structure is
altered with IPA treatment and this could be analysed
using Fourier Transform Infrared spectroscopy.

Experimental
Materials
Samples used in this study were obtained from a newly
manufactured parchment sheet sourced from W Cowley
Parchment & Vellum, Newport Pagnell, UK. Newly
manufactured and historic parchments frequently differ
in their relative proportions of collagen and gelatine,
where historic parchment documents commonly contain
high quantities of gelatine [13]. Since the collagen hier-
archical structure of newly manufactured parchment is
the same as that found in historic parchment records,
the results are therefore of relevance to all parchment
records regardless of age. All samples used were taken
from the same area of the parchment sheet and cut to
have the same dimensions. This was done for the pur-
pose of minimising the variation in the orientation of
the collagen fibres between the samples used.
Previous Microfocus X-ray scattering experiments have

shown that IPA solutions can alter the structure of
parchment when it is applied to parchment surfaces [25].
This work expands upon these findings by addressing the
physicochemical basis by which the intervention of IPA
treatment causes parchment structural changes. The
application of IPA solutions to the surfaces of parch-
ments is not a standardised practise; therefore for consti-
tuency, it is necessary to immerse the entire parchment
sample in IPA solution. The IPA treatment involved the
complete immersion of the samples in IPA solution for
24 hours. In the following procedures, parchment sam-
ples were measured while immersed in IPA solution and
after air-drying. Three XRD measurements were made at
different points on each parchment sample and the struc-
tural dimensions reported are the average values deter-
mined from these measurements.
All chemicals used in this study were sourced from

Sigma, Poole, UK. Isopropyl alcohol used was of HPLC

grade, concentration - 1 M. dH20 (Millipore - 18M’Ω)
was used for all experiments. The samples were treated
with IPA: dH2O solutions of either 0:100 (control),
10:90, 20:80, 30:70, 40: 60, 50:50, 60:40, 70:30, 80:20,
90:10 or 100:0%, then air-dried for 1 day, rehydrated by
saturating with dH2O and finally air-dried for 1 day.

X-Ray diffraction measurements
WAXD patterns were collected on the PX and Fibre
Diffraction beamline (14.1) at Synchrotron Radiation
source, Daresbury Laboratory, Daresbury, UK. Diffrac-
tion patterns were generated from X-rays having a
wavelength 1.55 Å. The sample to detector distance was
140 mm. The exposure time was 40 s per sample repeti-
tion. Diffraction patterns were collected using a charge
coupled (CCD) X-ray Quantum 4 ADSC detector
(ADSC, Poway, CA). The position of the diffraction
orders in respect to one another and a calibration of a
known standard (Calcite) were used to determine the
position of the reflection due to the intermolecular lat-
eral packing and the helical rise to residue.
SAXD patterns were collected on the non-crystalline

diffraction beamline (I22) at the Diamond Light Source,
Oxfordshire, UK. 2D Diffraction patterns were generated
from X-rays with a wavelength of 1.12 Å. The sample to
detector distance used was 6 m; thus permitting the mer-
idional series of reflections to be collected. The exposure
time was 20 s per sample repetition. Diffraction patterns
were collected using a RAPID 2 dimensional gas filled
electronic detector system [26] The data files obtained
comprised 1024 × 1024 pixel elements [27]. The posi-
tions of the diffraction orders in respect to one another
and a calibration of a known standard (Silver Behenate)
were used to measure the axial D-periodicity of the
samples.
WAXD and SAXD patterns were collected 1) after the

IPA immersive treatment followed by air-drying and 2)
after immersion in IPA followed by rehydration with
water and then followed by air-drying. All samples were
placed into the X-ray beam and held in place in a pur-
pose-built brass vessel. Throughout the experiment, the
transmission of X-rays through the parchment samples
occurred from the grain to the flesh side (a transmission
thickness of typically 300 microns). The centre of diffrac-
tion was defined, and all data files were converted from
2D diffractograms to 1D linear intensity profiles vs scat-
tering angle using FibreFIX software [28]. The linear
intensity profiles were plotted using Microsoft Excel™.
Peakfit4 (AISL software), a 1D peak fitting program, was
used to determine the peak size shapes and integrated
intensity of the linear profiles. From the position of the
maxima of the reflections, the real lattice space values
that represent characteristic structural dimensions of a
collagen fibril are obtained using Bragg’s equation.
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Conclusions
Analysis of parchment treated with IPA solutions has
shown that IPA induces a permanent change in the pack-
ing features of collagen within parchment. This means
that the change caused to the parchment structure is sig-
nificant to the integrity of the parchment artefact. For con-
servation practitioners, these findings suggest that the use
of IPA to relax creases and folds is damaging to the col-
lagen component of the parchment record. It is recognised
in this study that saturating parchment samples with IPA
solution does not represent the brushing technique used
by conservators; however, it shows that the collagen com-
ponent of parchment is affected by IPA treatment.

Abbreviations
1D: 1 dimensional; 2D: 2 dimensional; WAXD: Wide Angle X-ray Diffraction;
SAXD: Small Angle X-ray Diffraction; IPA: Isopropanol; dH2O: Deionised
water; s: Second; nm: Nanometre; mm: Millimetre; m: Metre; Å: Angstrom;
M’Ω: Mega Ohm; M: Molar; Gly: Glycine; RH: Relative Humidity; HPLC: High
performance liquid chromatography.
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