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ARTICLE INFO ABSTRACT

Keywords: To assess the short and long-term effect of a newly developed minimally invasive lipid extraction method on
Parchment parchment, sacrificial pieces of parchments were subjected to artificial ageing and investigated using various
Lipid extraction analytical methods. Lipids were extracted using our novel vacuum-aided extraction method and characterised by
;f“ll\f{ high-temperature gas chromatography (HTGC-FID). Lipids were identified as arising from degraded animal fats.

The physical, molecular, and mechanical properties of the parchment samples before/after lipid extraction, and
before/after ageing were assessed using scanning electron microscopy (SEM), Fourier transform infrared spec-
troscopy (FTIR) and pure shear single notch fracture testing. SEM imaging allowed for an assessment of potential
structural changes of the collagen fibres while FTIR was used to investigate the possible molecular changes
indicated by changes in amide I and II bands. Mechanical tests were used to record the changes in brittleness and
stiffness occurring in the materials through lipid extraction and ageing. The multimodal investigation did not
highlight measurable changes in the structural, molecular, and mechanical properties of the lipid-extracted
parchment, thus indicating the suitability for the minimally invasive lipid extraction method to be applied to

Mechanical properties
Pure shear fracture

historical parchments.

1. Introduction

Parchment is an animal membrane that has been used as a writing
material for millennia in the form of books, scrolls and folded sheets. It is
made from untanned animal skin, usually from sheep, calves, and goats,
that has been scraped and dried under tension to obtain a thin and flat
surface, suitable for writing [1-4]. It was prized for its durability and
capacity to preserve written text over time. As animal skin, parchment is
mainly composed of the fibrous triple helical protein collagen [1,5-8],
which has been the subject of many studies [5,9-13]. However, parch-
ment is a complex material that also contains fats in the form of lipids,
and mineral salts, among other substances [14] that may play a role in
parchment degradation [15,16]. More complexity arises from its natural
heterogeneity and is further exacerbated by natural degradation [17,
18].

The stable isotope composition of lipids extracted from parchments
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holds the prospect of providing insights into past environments and
historical climate events [19]. There are millions of well-dated parch-
ment documents held in archives in Britain and elsewhere, and the po-
tential of lipids as a high-resolution environmental signal has not yet
been fully appreciated. To be analysed isotopically by gas
chromatography-combustion-isotope ~ ratio mass  spectrometry
(GC-C-IRMS) [20], lipids must be extracted from parchment. The anal-
ysis of lipids from parchment has relied on solvent extraction of
parchment fragments [15,18,21,22]. Such an invasive approach is un-
realistic for most documents in which fragments cannot be removed or
soaked in organic solvents for extended periods of time. To increase the
utility of lipid analysis, a minimally invasive lipid extraction procedure
was developed in order to study archival parchment documents from
The National Archives [19]. However, the effects of the extraction
procedure on the integrity of the parchment needed to be assessed
before any sampling on historical parchments could be realised.
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Fig. 1. Photographs of the sacrificial parchments used for the study. (a) P1, modern 21st century clean parchment with artificial soiling (top left); (b) P2; (c) P3; and
(d) P4, all older naturally soiled membranes with various amounts of dust deposition.

Table 1
Description of the lipid extraction experimentation performed on each of the
parchments (P1-P4). Where: F to H: Flesh to Hair; H to F: Hair to Flesh.

Experiments Analyses Volume of Direction of Clean/
No. solvent / mL Extraction Soiled*
\'2! Full 3 FtoH Clean
V2 Full 3 HtoF Clean
V3 Only 20 FtoH Clean
lipid
v4 Only 3 FtoH Soiled
lipid
V5 Only 3 HtoF Soiled
lipid
* Natural soiling P2-P4; P1 artificially soiled.
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Fig. 2. Mass of lipid per cm? (area density, ug cm™2) recovered using the
vacuum-aided extraction method for each of the four sacrificial parchments
(P1-P4) and extraction experiments (V1-V5).

This work primarily utilises Fourier Transformed Infrared Spectros-
copy (FTIR) and Scanning Electron Microscopy (SEM) due to their
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Fig. 3. Partial gas chromatogram of trimethylsilylated (TMS) total lipid ex-
tracts obtained from vacuum extraction experiment 2 (V2) for each of the four
sacrificial parchments (a) P1, (b) P2, (c) P3 and (d) P4. Green circles indicate
fatty acids; orange diamonds, sterols; IS1/2 internal standard (heneicosanoic
acid and n-tetratriacontane, respectively). Number n and n:i, acyl carbon
number with zero or i degrees of unsaturations. nT is indicative of tri-
acylglycerols (TAGs) containing n number of carbon atoms.

widespread availability, ease of use and combination of molecular and
structural information. However, the structure of collagen within
parchment and the understanding of its composition, ageing and



M. Vermeulen et al. Polymer Degradation and Stability 230 (2024) 111076

P1V1 P2Vv2 P4Vv1

°

&

a &

2 g
= |
®
%
o
q
1)
o

b &

<

o

Q

&

C ¢

2
m
x
g
g
Q.

©

d &

—

Fig. 4. Representative SEM images obtained on (a) non-extracted and non-aged, (b) non-extracted and aged, (c) extracted, non-aged, and (d) extracted aged
parchment samples for parchment P1 (P1V1, flesh-to-hair extraction direction), parchment P2 (P2V2, hair-to-flesh extraction direction) and parchment P4 (P4V1,
flesh-to-hair extraction direction).
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Fig. 5. (a) FTIR spectra representative of all measurements undertaken on the extracted and non-extracted areas of the parchment samples and (b) zoom in of the
1100-1750 cm ™! area of interest showing the limited variation observed for the amide I and amide Il bands. Spectra were normalised to the amide I band. Dashed red
line: non-extracted, non-aged; black line: extracted, non-aged.
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Fig. 6. FTIR spectra representative of all measurements undertaken on the (a) non-extracted areas of the parchment samples before and after artificial ageing and (b)
the extracted areas of the parchment samples before and after artificial ageing. Spectra were normalised to the amide I band. Dashed red line: aged; black line:

non-aged.
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Fig. 7. Selected FTIR spectra for (a) non-aged and (b) aged parchments after lipid extraction: P1V2 (black line) and P4V1 (dashed red line) showing the formation of
carbonyl groups at 1740 cm ™! during the ageing of the parchment samples. Spectra were normalized to the amide I band.

degradation has been studied by various techniques such as Near
Infrared (NIR), NMR (mouse), Small-Angle X-Ray Scattering (SAXS),
Differential Scanning Calorimetry (DSC), Micro-Hot Table, Transmission
Electron Microscopy (TEM) and mass spectrometry [6,7,11,23-26].
FTIR is a popular spectroscopic method for the study of parchment
[8,11,27]. The technique allows for the understanding of the degrada-
tion of the collagen by measuring the position and intensity of the
absorbance maxima of the amide I and II bands change between
1600-1700 cm ! and 1510-1580 cm’l, respectively [11]. SEM is used
here to image potential structural and morphological changes
happening during lipid extraction and ageing, natural or artificial, of the
parchment. Changes in surface morphology (texture, porosity, etc.) are
captured through high-resolution imaging of the fibrillar network of the
collagen [23,28,29]. These structures tend to disappear upon degrada-
tion of the collagen in parchment, ultimately leading to a flat surface
when the collagen in the parchment is considered fully gelatinized
making it more vulnerable to changes in humidity and temperature.
Damaged parchment is very brittle and prone to fragmenting during
handling [23,30]. Consequently, changes in materials can also be
addressed by conducting mechanical testing on parchment [31-36].
Tensile fracture testing allows one to gain insights into the parchment’s
physical properties, structural integrity, and mechanical behaviour by
assessing their stiffness and extensibility when subjected to a shearing

force [37-40]. The presence of impurities, defects, stress concentrations,
and modifications within the material, such as lipid extraction, can also
influence the likelihood and nature of shear fracture [40,41]. Tensile
fracture tests have been applied in the past to various types of polymeric
films [42-44], including natural materials such as cellulose, lignin,
keratin, and collagen [45].

In this work, we assess the effect of a novel minimally invasive lipid
extraction method [19] on the integrity of the parchment. The investi-
gation seeks to determine immediate and long-term changes to the
integrity of parchment by analysing freshly lipid-extracted parchments
and artificially aged parchments. This study focused on how the solvent
application and removal of the lipid molecular fraction may create a
pathway for more rapid embrittlement of the extracted parchment or
locally slow down its degradation through the removal of the lipid
fraction. The assessment is carried out using a multi-analytical approach
making use of FTIR to follow molecular changes, SEM imaging to follow
physical changes, and mechanical testing to better understand the po-
tential changes in material brittleness and stiffness. The results of this
study help address non-invasive lipid extraction of historical parchment
where sampling cannot be carried out, assuring the lipid extraction will
not have a long-term impact on the integrity of the parchment sampled.
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Fig. 8. Differences in the wavenumbers of the amide I and amide II bands (A(VAI-VAII)) before and after extraction, and before and after artificial ageing for a) the

hair side and b) the flesh side.
2. Materials and methods
1. Glassware, Solvents & Reagents

Reusable glassware was cleaned with Decon 90 (Decon Laboratories)
and Mili-Q water then rinsed with acetone before oven drying and fur-
nacing (450 °C; 2 h); disposable glassware was also furnaced (450 °C; 2
h). HPLC grade solvents (> 99 % purity; Fisher Scientific/Rathburn) and
analytical grade reagents (> 98 % purity; Fisher Scientific/Rathburn)
were used for all experimentation.

2. Parchment Samples

For this study, four historic non-accessioned parchment documents
(P1, P2, P3 and P4) were used (Fig. 1). The parchment selection was
representative of the array of parchments that can be found in archival
collections, with a clean modern 21st century membrane (P1) that was
soiled using an artificial soiling recipe [46] and older naturally soiled
membranes with various amount of dust deposition (P2, P3, P4). The
samples were sacrificial and not part of the collection, meaning that they
were of no documentary or historical value and could be used for
destructive analysis for scientific research.

3. Lipid Extraction

Parchment lipids were extracted using a novel vacuum-aided
extraction technique described by Johns et al. [19] to obtain a total
lipid extract (TLE). A total of five extractions were performed on each of
the four parchments to initially investigate (a) the direction of sampling,
(b) the quantity of solvent used and (c) the effect of soiling upon the lipid
recovery and chemical composition. These parameters are outlined in
Table 1. A subset of the experiments (V1, V2) were used to investigate
the impact of lipid extraction on parchment integrity. The chosen

experiments employed 3 mL extraction volumes taken from the flesh to
hair side and on clean parchment regions.

4. Lipid Analysis

An aliquot of each total lipid extract (TLE) (P1-P4; V1-V5) was
derivatized using 40 pL N,O-bis(trimethylsilyDtrifluoroacetamide
(BSTFA) containing 1 % trimethylchlorosilane at 70 °C for 1 h before
evaporating excess BSTFA under nitrogen and diluting in hexane.
Derivatized TLE samples were analysed using an Agilent Technologies
7890A GC gas chromatograph equipped with a fused silica capillary
column (15 m x 0.32 mm) coated with dimethylpolysiloxane stationary
phase (DB-1HT; film thickness, 0.1 um; Agilent Technologies). Samples
were injected on-column at an oven temperature of 50 °C (2 min,
isothermal hold) before increasing to 350 °C (10 °C min ! ramp; 10 min,
isothermal hold). Helium was employed as the carrier gas (flow rate: 4
mL min~1). The temperature of the flame ionising detector (FID) was set
to 350 °C. Data acquisition and processing were conducted using Agilent
MSD ChemStation software (F.01.01.2317, Agilent Technologies).
Extracted lipids were quantified using 10 pg of n-tetratriacontane (Csz4).

5. Artificial Ageing

Following lipid extraction, the parchment samples were cut into two
sections using scissors, each containing half of the extracted areas. One-
half was kept in the laboratory at ca. 25 °C and 50 % RH while the other
half was subjected to mild accelerated ageing.

High temperature and relative humidity levels are often used to
create drastic changes in parchments during artificial ageing [47]. In
this study, we aimed to accelerate the natural ageing of parchment
rather than denature and gelatinise the samples. Furthermore, historical
items stored in normal conditions are unlikely to undergo changes
reflective of ageing at 80 °C. Consequently, we used mild conditions at
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Fig. 9. Fracture data plots (left: Young’s modulus; centre: critical strain; and right: fracture energy) obtained for (a) P1V1 and (b) P2V2. F and H respectively refer to
the flesh and hair side solvent deposition. Ex refers to samples for which lipids were extracted. A indicates artificial ageing of the samples. The error bars indicate the

95 % confidence interval of the measurements.

60 °C and either 40 or 60 % relative humidity (RH), alternating every 24
h for 32 days as described in [47], with RH cycling known to accentuate
the temperature effects [47]. Artificial ageing of the parchment samples
was undertaken in a climatic chamber (Binder GmBH, Model KBF 115).

6. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) images were collected with a
JSM-IT500 InTouchScope™ Scanning Electron Microscope (JEOL,
Tokyo, Japan) equipped with a JED-2300 Analysis Station. The images
were acquired at a voltage of 5 kV, in low vacuum (25 Pa) and with a
working distance of ca. 25 mm.

7. Attenuated Total Reflectance-Fourier Transform Infrared Spec-
troscopy (ATR-FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) was carried out
using an Agilent 4300 handheld spectrometer using an Attenuated Total
Reflectance (ATR) accessory. A total of 64 scans were averaged in the
650-4000 cm ! range, with 4 cm ™! resolution and Happ-Genzel apod-
ization. Data was acquired using Agilent’s MicroLab Expert Software
and processed using OPUS and Origin Pro 8.

Due to space constraints, five points were measured on non-extracted
areas whereas only four were measured on areas where lipid extraction
was performed.

8. Mechanical Testing

The pure shear fracture tests were performed using a TA ElectroForce
instrument (TA Instruments, New Castle, DE, USA). Samples were cut to
be 7-12 mm wide by 20-30 mm long. The width and thickness of each
sample was recorded. The gauge length between clamps was set to 4
mm. Samples were loaded into the clamps and pulled at a strain rate of
10 mm min ! to between 0.5-2.5 mm depending on the extensibility of
the sample. After the unnotched test, a crack was added to the sample
using a pair of scissors. The crack length was recorded, then the sample
was loaded into the clamps and pulled again using a strain rate of 10 mm
min~! to a maximum value of 0.5-2.5 mm.

3. Results and discussion
1. Lipid Analysis

The mass of lipids recovered per cm? of parchment (area density, pg
em 2, Fig. 2) ranged between 1.9 and 11.2 ug ecm ™2 on average for the
studied sacrificial parchments, with P1 containing substantially less
lipid (0.61 — 2.7 pg cm™2) than P2, P3 and P4 (3.0 - 22.6, 1.3 - 19.0, 0.39
—32.5 ug cm 2, respectively). The direction of sampling did not appear
to influence the lipid recovery with respect to V1 and V2 although in
soiled regions, the area density of V4 (flesh to hair) was found to be
greater than V5 (hair to flesh).
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The varying recoveries of lipids across the parchment samples are
likely a product of the heterogeneous nature of parchment and is a
commonly reported analytical challenge in non-invasive studies [18].
Studies on parchment folios from a sacrificial collection (Beast2Craft
project) [48] using the same vacuum-aided extraction have shown high
variation in lipid quantities depending on the region sampled [19].
Previous studies have also highlighted the significant influence of ani-
mal species on parchment lipid content [49], with sheepskin being
lipid-rich (30-50 % of the dermal dry weight) compared to cattle and
goatskin (2-3 % and 3-10 %, respectively) [50]. Species identification
via peptide mass fingerprinting (ZooMS) detected peptide markers
diagnostic of sheepskin in P4. However, ZooMS analysis could not
distinguish sheep from goatskin in P1 and P3 and sheep, calf and goat-
skin in P2 (S1). The absence of these diagnostic markers likely reflects
the protein survival in these parchments which are reduced via hydro-
lytic, oxidative and biological attack during storage [50-52]. Parchment
P1 exhibits a very low amount of lipids. P1 is understood to have been
manufactured during the 21st century, it is thus reasonable to
hypothesise that this parchment has undergone more sophisticated
processing than the older parchments (P2-4), therefore giving rise to
greater lipid removal during manufacture [15] and a lower lipid con-
tent. Indeed, this aligns with changes in parchment production during

mid-19th century whereby skins were regularly bleached and scalded
with boiling water to produce whiter parchment with greater capacity to
retain ink [15,53].

The lipid composition of total extracts from the same experiment
(V2; 3 mL, hair to face) is shown for the four parchments (Fig. 3). The
profiles reveal free saturated n-alkanoic acids (C;4—Cyg, dominated by
Ci6:0 and Cig.0), consistent with degraded animal fats [52,53] and pre-
vious parchment analyses [15,19]. The absence of hydrolysable lipids,
such as triacylglycerols (TAGs, T48-T54), highlights lipid degradation
from manufacturing, microbial action, and environmental exposure [13,
54]. Cholesterol and its oxidation product 7-ketocholesterol (S2) were
identified in P3 and P4 in the absence of handling contaminants such as
squalene and vitamin E [55-58]; these are likely of endogenous origin,
retained during parchment production and storage [19]. P1's (Fig. 3a)
lipid profile, lacking TAGs and sterols, suggests a more rigorous fat
removal process compared to P2-4. Despite differences in composition
and lipid recovery, these data demonstrate the extraction technique’s
effectiveness as witnessed by Johns et al. [19]. Given the removal of
lipids at the molecular level reflects a permanent change in the structure
of parchment, we then investigated the immediate and long-term impact
of this extraction technique to validate its use on historically valuable
documents. Extractions V1 and V2 were selected over V3-5 for further
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investigation since they demonstrated comparable lipid recovery to that
of excess solvent volumes (V3, 20 mL). Despite soiled regions (V4-V5)
demonstrating comparable lipid recovery and composition in this study,
future sampling of historic parchment should prioritise unsoiled areas to
minimize the risk of incorporating exogenous contamination into the
lipid extract; for this reason, V4 and V5 were excluded.

2. Scanning electron microscopy: surface morphology.

Physical changes in the collagen structure of the parchment were
assessed with the use of SEM images. SEM images were captured before
and after the lipid extraction process, as well as before and after artificial
ageing (Fig. S3-S4). Three examples representative of extraction from
flesh-to-hair (P1V1 and P4V1) and hair-to-flesh (P2V2), as well as ex-
tractions on clean (P1V1 and P2V2) and soiled (P4V1) parchments, are
presented in Fig. 4.

The typical collagen fibrous network characteristic for parchment
remains visibly intact on all non-aged samples, regardless of whether
they have undergone lipid extraction or not (Fig. 4a and 4c; Fig. S3-S4).
Similarly, the fibrillar structure remains visible after artificial ageing
(Fig. 4b and 4d). Gelatinization would lead to smooth glass-like material
[59] and a loss of the fibrillar structure. This was not observed in any of
the samples.

Independently from the extraction process, mineral deposits are seen
on the surface of the parchment collagen fibres (particularly visible in
P4V1, Fig. 4). Such deposits correspond to the formation of calcium
carbonate following the liming of animal skin into a calcium hydroxide
solution during parchment-making. The mineral deposits are observed
in both non-extracted and extracted areas, further emphasising the
minimally invasive nature of the lipid extraction methodology and the
limited impact on the parchment structure. The presence of calcium
carbonate at the surface of the parchment is also confirmed with FTIR
analyses, with the presence of the band at 870 cm™! (Fig. 5a).

3. Fourier transform infrared spectroscopy: molecular information.

Along with identifying the presence of calcium carbonate at the
surface of the parchment, FTIR was used to assess the molecular changes
in the collagen fibres by monitoring the cumulative displacement of the
amide I (AL, 1600-1700 ecm™) and amide II (AIl, 1510-1580 cm™})
bands expressed as a change in their separation A(VAI-VAII). No sig-
nificant changes were observed in the position of the amide I and II
bands, which remained centred at ca. 1630 and 1540 cm ™, respectively
for samples before and after the lipid extraction (Figs. 5 and 6).

A small shoulder centred ca. 1740 cm ™ is observed in some aged
samples (Fig. 7b). This absorption band can be assigned to carbonyl or
carboxyl compounds and is considered a marker of oxidation of the
polypeptide chains [11,16,27,32,60,61]. This band is often observed in
naturally and artificially aged parchment and can be used to show that
artificial ageing has a limited impact on the parchment, independent of
whether lipids were extracted.

When looking at the overall parchment set, a slight increase of A(VAI-
VAII), often in the range of +4 cm’l, is observed between measurements
on lipid-extracted or non-extracted parchments before and after ageing
(Fig. 8). This limited +4 cm! change in the A(VAI-vAIl) is observed on
both the solvent deposition and solvent collection sides, showing the
limited impact of the extended contact between solvent and parchment
upon solvent deposition. However, this change cannot unequivocally be
associated with the extraction method as this is within the 4 cm™?
spectral resolution of the instrument. Furthermore, it is not unusual to
see a shift toward lower wavenumber by ca. 20 cm ! for the amide Il and
a shift toward higher wavenumbers (ca. 15 cm V) for the amide 1 upon
ageing of parchment, leading to a A(VAI-VAII) of up to 35 cm ! [11]. The
few changes observed in samples before and after ageing in both
non-extracted and extracted areas of the parchments (Fig. 6) demon-
strate the limited impact of both the extraction and ageing process on
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the molecular structure of the parchment.
4. Mechanical testing: physical properties

The short-and long-term influence of the extraction on the parch-
ment was assessed using mechanical testing using pure shear single
notch fracture tests, focusing on three types of fracture data: Young’s
modulus, critical strain and fracture energy [62-64] (Fig. 9). All three
capture different aspects of the material properties that govern the
response of a parchment sample to applied and environmental stress.
Young’s modulus, also known as the elastic modulus, describes the
stiffness or rigidity of a material and quantifies the material’s ability to
resist deformation under an applied load. By determining the elastic
modulus of parchment, we can evaluate its flexibility, resistance to
bending or warping, and potential for dimensional changes over time.
The critical strain, also referred to as strain at break, refers to the amount
of deformation or elongation a parchment sample undergoes before it
fractures. It provides insights into the material’s extensibility or ability
to deform without breaking. Understanding the strain at break is crucial
for assessing the parchment’s ability to withstand stress, handling, and
environmental conditions. Finally, the fracture energy measures the
amount of energy required for a crack to propagate in a parchment
sample. Fracture energy provides the most information about the
toughness and resistance of the parchment sample to stretching and
pulling forces. More simply put, fracture energy can be thought of as the
‘tear energy’ required for a parchment sample to show a crack. This
property can be calculated from a pure shear fracture test by integrating
the area under the load vs. displacement curve up to the critical strain.

All fracture data was obtained on extracted and non-extracted
parchments, before and after artificial ageing and all four measure-
ments were plotted against each other to visualise the influence of the
lipid extraction and artificial ageing of the samples.

No consistent significant changes in the fracture data were observed
(Fig. 9, Fig. S5-S8). For P1V1, the Young’s modulus evidenced a
consistent value of ca. 500 MPa showing limited change in the stiffness
of P1 both before and after the extraction and before and after the
ageing. In P2V2, a small increase (500 — 600 MPa) in the Young’s
modulus was seen between the non-extracted and extracted parchment
but when compared to the artificially aged parchment, it was found that
the extracted parchment evidenced a smaller change (550 — 650 MPa)
than the non-extracted parchment (400 — 600 MPa). These data indicate
that the ageing has a greater impact on the stiffness of P2 than the lipid
extraction. The limited impact of the extraction (and of the artificial
ageing) is further ascertained by the limited variations observed for the
critical strain and fracture energy, confirming that the material main-
tains similar levels of extensibility and toughness after lipid extraction
and ageing.

The Toughness-Modulus graph, also known as an Ashby plot [45],
provides a visual representation of the mechanical properties of natural
materials. It presents the trade-off between toughness and modulus
(stiffness), allowing engineers and researchers to assess and compare
different materials based on their desired mechanical properties for
specific applications. When plotting the results of the mechanical testing
experiments on non-extracted and extracted parchment before and after
artificial ageing within the Toughness-Modulus graphs in (Fig. 10), it
becomes clearer that the ageing of the parchment has more impact on
the physical properties of the parchment samples than the lipid extrac-
tion. As a result of ageing the parchment samples, the modulus values
slightly increase while the range of toughness remains similar. The
values for the toughness and modulus of the parchment samples also
correlate with other reported values for collagen-based materials [65].
However, some variability in the mechanical property data could also be
linked to factors such as the anisotropy of the parchment or the fibril
alignment which was not accounted for when preparing the samples for
the fracture testing. This is beyond the scope of this research and has not
been investigated further.
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4. Conclusions

Lipids extracted from parchment offer an untapped potential for the
reconstruction of past climates and environments. Johns et al. devised a
novel method for the minimally invasive extraction of lipids from his-
toric parchments [19]. In this study, we focused on understanding the
short and long-term impact of this novel minimally invasive method-
ology for lipid extraction from parchment to facilitate the exploitation of
parchment lipids by molecular and isotopic techniques. To do so, lipids
were extracted from historical sacrificial parchment samples and the
latter analysed before and after extraction as well as before and after
artificial ageing. Chromatographic and biomolecular analysis of the four
sacrificial parchments evidenced the suitability of the minimally inva-
sive extraction method for the sampling of historic parchment.

The impact of both the extraction and ageing was assessed using a
multi-analytical approach, which included Fourier Transform Infrared
Spectroscopy (FTIR) to track molecular changes, Scanning Electron
Microscopy (SEM) to observe physical changes, and mechanical testing
to evaluate changes in the material brittleness and stiffness. The lipid
extraction method had no significant short-term or long-term influence
on the morphology of the parchment, with the typical collagen fibrous
network characteristic of parchment remaining intact in both non-
extracted and extracted samples, before and after artificial ageing. The
consistent visibility of the fibrillar structure in both extracted and non-
extracted parchment samples, before and after artificial ageing, sup-
ports the conclusion that the lipid extraction method employed in this
study has no significant short-term and long-term influence on the
morphology of the parchment.

The presence of mineral deposits, such as calcium carbonate, was
also observed on the surface of the parchment, asserting that the
extraction process did not affect their presence. FTIR analysis showed no
significant changes in the position of the amide I and amide II bands,
indicating minimal molecular alterations in the collagen fibres following
lipid extraction. Even after artificial ageing, the amide bands remained
relatively stable, despite the appearance of carbonyl groups, often
associated with natural ageing of parchment. This also tends to show
that artificial ageing has a more significant impact on the parchment
than the lipid extraction. Finally, the pure shear single notch fracture
tests highlighted little variations in material stiffness and brittleness
before and after extraction and/or ageing, further supporting the
conclusion drawn through SEM and FTIR analyses.

The findings of this study underscore the practicality of employing
minimally invasive lipid extraction techniques when faced with histor-
ical parchment analysis scenarios where more intrusive methods are
unviable. This research significantly contributes to the refinement of
minimally invasive procedures for lipid extraction from parchment, of-
fering valuable insights for the scrutiny of historical documents and the
exploration of their organic constituents. The non-intrusive nature of
this extraction method, with its minimal short- and long-term impact,
enables us to access critical information while safeguarding the long-
term preservation of historical parchment records. Furthermore, due
to the widespread availability of well-dated parchment, the examination
of lipids and isotopes in this distinctive material is paving the way for
novel opportunities in dietary and climate studies.
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