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ABSTRACT

Raman spectraspy is an innovative technique in the fields of art history arahaeology

due toits ability to be norAnvasive and notlestructive to its target, whilst still being able to
provide a great amount gpectroscopidetail. The molecular information it can provide is a
very useful tool for the purposes of artefact identification and authentication. This thesis uses
these qualities of the method in an analysis on 2 parchment samples from 2 different eras.
Raman profiles for parchments are well documented in literature, however there is little work
out there attempting to assess the meaning of the Raman intensity values of the spectra
produced. Using this data, an in depth discussion of the meanings of intensity differences in
the spectra with respect to existing literature will be conducted, as well as a quantitative
analysis of molecular heterogeneity differences between the samples by calculating a decay
constant for the rate of data convergence, an analysis technique new to the field.
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1.INTRODUCTION

1.1.PARCHMENT MANUSCRIPTS

Parchments ara type of writing surfacéhought to have been first introduced to wide use by
Eumenes Il of Pergamon (1969 BC), as an alternate vessel to papyrus to replicate the lost
library of Alexandrig[1][2]. It was known to have been udeefore this, however, with basic
examples datg back to the Fourth Dynasty of Ancient Egyfate 27th early 25th century
BC)[1][2]. They are made from animal skins, often goat or si¥ephe two sides of a
parchment have different appearances due to this, as one side was flesh, and one was external
skin with hair known as the grain sifij. Higher quality skins produce higher quality

parchments. These are often sourced from younger animals, and are called 8ellums]|

The mainmacromoleculaconstituent of parchment is collagbtip], accounting for 95% of

the molecular content of a finished parchm&ntThere are many types of collagen, however
types land Il are what is mainly found in ski6][ Typically, 80% or more of the collagen in

skin is type I, with the rest being type Il and possibly small amounts of tyj@é{X. The

exact ratio of collagen types varies dependent on the age, species and body part of the skin

source 8].

Collagen molecules are formed from 3 polypeptide chains in a triple helix form&tion [
Each chain is formed of a repeating sequence of amino acids in the pattetryQlith Gly
representing the amino acid glycine and X and Y representing 2 other amino acids. In the
majority of cases these are proline and hydroxyproline respe¢fiOfil], but other
combinations are possibl8]] Hydrogen bonds are instrumental in stabilising the triple helix
structure §]. They are formed with water molecules found between both the polypeptide
chains and the individual GI{-Y units [8]. In some collagen types, including I, Ill and V

[12], adjacent polypeptide helices combine to form fibrils via covalent cross Bhk§Hese

fibrils form collagen fibres when packed togeth@}. [The result of the numerous strong

bonds between and within collagens structure is what give it its high tensile stEsjgth [

A general method for making a parchmetdrts by strippinghe skinto remove unwanted
parts of the flest3][4]. In older examples this was doogely by mechanical scraping of the

skin [3], but as parchmerdreparation methods advanced over time liming was introduced as
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a pretreatment toassist in the removal afoncollagenous matterl][4] Liming involves
soaking the skin in an alkaline calcium hydroxide (Ca@fpHbath H], breaking up the
different layers of skin and allowing for easy removal of hairs, fat and other flesh components
not used in a parchmenitth a dull blade I]. The first documentation of this method et

back to the 8 century AD [L4]. After stripping all that is left of the skin is its dermal layer,
comprised of mostly type | collag¢@][11].

Thenext step is to remove contaminants from the skin such as dirt, bloodhemicals left

over from the liming procesgl]. Many of these will be removed with the hairs and fats
during scraping, buto ensure as much as possible is removed the skin is also washed with
cold water L]J[4][. After this it must be driedThis is done under tension in order te re
orientate the collagen fibres to be parallel to the skin surfaffd],[ which gives the
parchmenhigh tensile strengti]. The parchment is then finalised to prepare the surface for
writing, which includes shaving, polishing, whitening and cleanig. example of this
finishing process described Bautek et. alinvolves rehydrating the parchment with an egg

wash and linseed di5].

Variations from this method of preparation are expectedifteyant cultureshave created

their ownwaysof makingparchments, leaving no one accepted practice for manufacturing it,
and no industrial method for batch production making every piece ubjgéel example of

a variation isthe use of tannins and oil in Jewish traditimn sacred documenty. The
species of animal the original skin was sourced from can also be an indication of where the
parchment was nae. For example,n the middle ages, parchments from England or France
were commonly made from calf or sheep skin, whereas parchments made iwdtaly
usually goat skin]]. The species of animals abundant enough to be able to provide skins for
parchments in a particular country can be informative of the agricultural landscape at that

time.

The conditions the skin is subjected to during transformation into a parchment are harsh, and
can cause damage to the molecular structure of the collagen. Bonds within the polypeptide
chains are subject to hydrolytic cleavadiring liming leaving them more susceptible to
further damage while agingl][16]. Theway the fibres are rearranged in the drying process
also means the parchment is more susceptible to damage from outside fcitisrg are

many reasons a parchment could become damaged, especially over 2 centuries after its
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creation. Exposure to light, heat or water are all ways in which the structure of the parchment,

specifically the collagen fibrils, is altered.

Oxidation occurs upon reaction of the collagen fibrils with a reactive oxygen species, often a
freeradical [7]. This impacts the parchment fibrils by reacting with functional side groups of
amino acids in the polypeptide chains, modifying their structure and increasing the acidic to
basic amino acid ratid]. Oxidation can also cause breakdown in the polypeptide chains by
cleavage of the NC covalent bonds that connect adjacent amino acids in the di3ilhis

type of breakage is common at regions exhibiting increased polarity such as tyrosyl groups,
or amino acids with a charge such as lysine. The free radicals causing the oxidation can come
from many sources, including UV light (phetxidation) [L7] or from products of the
breakdown of other organic molecules such as lipids {axittation) p2].

Thermal denaturation is the damage caused upon exposure of a parchment to high
temperatures. This happens when disruption of hydrogen bonds within the fibrils causes the
triple helix structure othe polypeptide chain® uncoil into random conformations, which

increases the intensity of the hydrogen bonds within them. This causes a change in polarity
which in turn causes a ¢ han8 hisicmnge tappenmo | e c t
progressively as a parchment heats up, with its thermal stability and the homogeneity of its
structure decreasing as temperature increases until full denaturation into the random coils

str uct ur HE) Athis pbiat the damdge to the parchment is irreversible.

Upon expose to temperatures as high as 150eC
enough to allow water molecules to react with the fragmented chains, starting the process of
gel atinisation. Ful | conversion 1BrDoantoitsol | a g e
susceptibility to heat and water, humid conditions can be particularly damaging to a
parchment. Temperature and humidity changes can cause shrinking and stretching of
parchments]]. Shri nkage in a new or well preserved
whereas a more damaged manuscript wi || star
than room temperature8]] This proves the importance of proper parchment storage and
preservationas many countries where parchment usage would have been prominent have

ambient temperatures reaching 30eC or higher

Parchments are particularly susceptible to these kinds of damage due to the way they are

made.The process of creation involves the realignment of the collagen,fidtwaag which
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the polypeptide chains aeffected by hydrolytic breakage obvalentbonds 6], resulting
in the collagen already being partially gelatinisgld [

It is important to consider both inks and parchmemit€n examining ancient manuscript
samples. Samples coming from written manuscripts may have ink traces that would be
detectable, the components of which can also be identified witRaiman technique. Whilst

all colours were used across history for illustrations, the literature in older works featured red
headings and black text, potentially making them the most common pigments. One example
of black ink isiron gall ink, made from oak galls and iron sulphate. Like parchment, it has a
unique production method in different areas leading to many retfijedis insolubility and
corrosiveness likely made it very permanent, making it a common choice from the middle
ages until the early 20th centuty]. Red pigments were derived from crushing female
cochineal or kermes insacOther sources of natural pigments include plants such as yellow
pigment created from saffron, and crushed minerals or-gernious stones for example:
lapis lazuli for an expensive blue pigment, or calcinating lead white to create the toxic,

orangepigmentMinium.

Parchments eventually fell out of favour to other types of paper with different manufacturing
techniques, such as recycling rags by treating them and grinding them up before moulding
them into paper, or using wood pulp to make paper as we know it in the current era, which

was used from the 19th century
1.2.RAMAN SPECTROSCOPY

Raman spectroscopy works by irradiatingaanple with laser light in the UVsible region,
and observing the scattered ligit.orderfor scattering to occur, a fluctuating dipole moment
must be induced within the molecules of the sample for analysis. This is done by using the

laser to induce a fluctuating electric field of strengtyarying with timet shown by
O O#/1 %' O Q)

where Eo is the maximum amplitude of the fields vibratiorend® is the maximum
frequency of the radiatiorj20] This induces a fluctuating dipole moment if a molecule is
irradiated due to the release of a photon causing polarisation briefly. The dipole nkRoment

characterised by the followirgguation
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By combining the result given in equation 5 with equation 3, the formwatien as
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and by substitutingd ¢“’ dand® ¢“’ oOinto equation 9, equation 6 can be rewritten
as,
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The form of the dipole moment equatiagjiven in equation10 shows two terms. The first
term is used in classical theory to describe a dipole radiating light at the incident frequency

' . This kind of scattering is called Rayleigh scattering. The second term is conditional of

— 1, meaning there must be a change in polarizability relative to the vibration to

achieve this scattering. This term represents Raman scafteaimgd afteC. V Raman who

first documented the phenomenon in 192i822]). When — Tt a vibration is said to be

Raman activg20].

Raman scatteringnvolves inelastic scattering of the incident radiation at one of two
frequencies resulting in two different kinds of Raman scatteRagnan Stokes scattering
occurs when the molecule hit with the incident frequency transitions to a higher energy level,

causing a lower frequency to be emitted , and Raman anfbtokes scattering occurs

when the opposite happens and the molecule is at a lower energy level after the interaction,

giving out an increased frequency [21], as describednathematicallyin equation
10. Raman stokes is the most favoured of these two processes becanseré probable for
a photon to begin at the ground state than in an excitedlpnddwever, Ramaiscattering
only occurs approximately 0.0001% of the time a photon is scattéfechfking Rayleigh

scattering the more commaase.
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Figure 1: A diagram representing the energy state changes undergone during Rayleigh

scattering (centre), Raman Stokes scattering (left) and Ramabtakéis scattering (right).

After interaction with the laser, the molecule est@rvirtual energy state unt photonis
scattered which happens almost instantaneously. It is important to note that the molecule
never stays in an excited state, as there are vibrationally excited states on the ground energy
statepotential surface, so there are no energy level transitiogsre 1 illustrates the energy

level changes occurring during each type of scattering.

Stokes and Anibtokes scatterings result in the same Raman spectra but mirrored, however
the increased likelihood of Stokes scatterings lead to more intense spectra. Raman Stokes
spectra are therefore used to display the Raman profile of a given su&@ndehis is

demonstrated below in figugwith an example spectra for CCl
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Figure 2: Depicts an example Raman profile of @8howing the Raman shift values for

each of the three types of scattering, taken fiatmoductory Raman Spectroscopy™{2
edition)[20].

" is the frequency shift from the incident to the resulting frequency, measured in
wavenumbers (cr), and is what quantisé®amanscattering®1]. It is characteristic of the
material under analysis which is what allows for identification using this technique.

Wavenumber is defined bg2]:
N (11)

Where’ is frequency in §, and c is thespeed of light (accepted vale p 1 O or
o prtA O).

Raman is often used alongsiddrared spectroscopy (IR), as they provide complimentary
results arising from contrasting molecular features. IR spectroscopy depends on the dipole

moment of the molecule, making polarised molecules very visible, whereas in Raman the
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small increase in polarisation to an already polarised molecule during vibration means they
only produce weak peaks. One of the main situations in which it is useful to use both methods
of analysis is when looking at hydrated molecules. The shape of water molecules makes them
highly polar meaning it shows very strongly in Bt spectrum, often strong enough to
prevent other molecular information from showing. Since Raman spectroscopy only increases
the water molecules polarity by a fraction of the amount it is already polarised, the markers

for water show much weaker, allowing the rest of the molecular information to be analysed.

1.3. RAMAN IN HISTORICAL CONSERVATION

Raman spectroscopy has been used in similar studies for its advantages in the field of
conservation.The techniquesbility to be nondestructive and neimvasive meandragile

and valuable artefacts can undergo analysis without damage allowing for further expansion of
knowledge and without sacrificing any source materiall][19]. This coupled with its
excellent spatial resolution and specificity make it an ideal tool for art historians and
archaeologists alike for the purposes of identification and authentic2@hndne specific
example includes Raman analysis in wall muralgviously difficult to examine as they
cannot be moved or sampled without breaking up the art. The results of pigment analysis on
one such mural was able to show different pigments used in areas of the same colour, which
could point to the mural having been worked on by multiple art&fjs andMany samples
offered for this project were delicate and dated back many centuries, and therefore Raman
was chosen as an analysis method that would be gentle to the sample was necessary to
preserve their integrity.
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Figure 3: An example of a Raman spectra for parchments takem Ricchieri et. al. (2011
[14]. Lab Al represents a parchment prepared in the lab with a stamelstetn method, Lab
A2 represents Lab Al after treatment to remove Galt¥atment from the parchment, and
Lab Bl is a parchment prepared in the lab simulating eastern development methods. The

arrow points to a band assigned to CaCO

Figure3 shows a literature example of a Raman profile for a parchment sample from a study
by Bicchieri et. al[14]. It includes 3 spectra from parchment samples with different creation
methods. Lab Al and Lab B1 were representative of western and eastern preparation methods
respectively, and differences between their spectra are apparent upon simple visual analysis.
The arrow points to a band assigned to Cg@®hase of lime used in parchment preparation

as described isectionl.1 The Raman shift for this band is well documented ta@&6cn.

Global Raman shift values applicable to parchments have been widely documented, largely
thanks to workby Talari et. al.,creating a large database of known bands for biological
tissues[24]. Studies examiningncient parchment degradation are of particular interest

existingquantitative analysis of this is limited
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1.4. PROJECTAIMS AND OBJECTIVES

Raman Spectroscopy has been an innovative tool for identification purposes for decades due
to its ability to perform analysis in vivo as well as ex vivo, as well as beinglawmaging to

the sample itself-or these reasons it is an ideal tool for this study, asaimples offered for

this project were delicate and dated back many centdrfesy therefore requireah analysis
method that would be genile orderto preserve their integrity.

These qualitiehave alsobeen especially useful in the medical field, as it allows investigation
into materials such as cells and tissue in a way which is not invasive and able to be performed
without preparing the sample in any walgerefore leaving it in the condition it would be
found in the bodylt is therefore widely used in cancer diagnos{2s], leading to much

work having been done on tissue and skin to characterise their Raman profiles. In turn this
aids the study of parchments, as they are made from animal skins and therefore the Raman
shift values for their main material is already widely documented. Whilst publications in
medical journals will typically use human skin samples, some studies have been done on
animal tissueTfaili et. al. [26] performeda comparative investigation of human skin to pig
skin, as it is often used in cosmetic tests for products before human consurSpiities

have also been conducted on manuscripts themseélvesften include only bond movement
information and do not differentiate between parts of the spectra caused by the biological
components of the parchment and those caused by contaminants added in the process of
creating it.

Whilst a wide range of data has been collected investigating the Raman shift values of peaks
in the collected spectra, there is a lackjoantitativeinformation about the intensity of each
peak, and what it may reveal about the sanfig]e This thesis will analyse2 parchment
samples from different erda modern control sample and an ancient sample dating back to
1769)and examine their respective Raman profilegyrder to determine differences in peak
intensity valuesand their potential corelation to established biomarkemns will be carried

out over a wider range usually seen in literature, with spectra obtained starting at a Raman
shift of 300cm' instead of the typicab00cm® seen in figure 3n order to reveal more
information from the highly detailed fingerprint area of the spectra. In addition, there has
been minimal works of this kind that examine the high wavenumber region of the parchment
Raman profile, betweer25003200cm!. Univariate and multivariate analysis will be
conducted, in the hope of expanding the limited literature available for principal component

analysis on parchment samples. Biomarkers showing statistically significant Raman
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intensities across the two samplgl have their heterogeneity quantified by producing
decay plots for the rate of convergence of the standard error in their intensity values. This
will build on a technique used yocha et. alby providing a comparison between the two

sampleshopefully revealing the implications of degradation of manuscripts ovef2ifje

[16]



2.METHODS
2.1.SPECTRAACQUISITION

Hole B Slit Grating
r 3
v
—_—p|  Filter Objective CCD
Laser
I 3
Sample

Figure 4: A diagramdepictingthe optical pathway of Raman spectroscopy set up and its
components, accurate to the equipment used in this thesis. The path of the laser light is

indicated by the red arrows.

In this project, theHoriba XploRAinstrumentation was used to acquire Raman spectra from
the samples, alongside a computenning LabSpec §28][29]. Figure 4 shows a basic
schematic of how the spectrometer workke incident light is first passed through a filter

order to regulate the laser power to avoid damage to the sample. The objective lens then

focusses the laser on the samplea sposize determined by the equation

- (12)

wherexi s t he spot si ze, > i s the wavelength
aperture of the objective lefS3]. For analysis on the parchment samples in this thesis, a
laser wavelength of 785nm was chosen as a balance to avdigjtiee fluorescenceffects

of lower wavelengths but to maintain the strength of the scattgtjn@revious work have
obtained good results using this waveleng®j[30]. The objective used was a 50x
magnification long working distance (LWD) lens with a numerical aperture of 0.5. Using

these values in equatidr2 gives a spot size value of

O S pu@bd @B 13)
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These parameters can also be used to calculate the lateral spatial resolution of the
measurementsk n o wn as Rayl ei ghods criterion, whi ch
between two points in order for them to be distinguishaliis is doneusing theequation

[53],

i Nowa @b a 60 69¢ ¢ (14
which gives a value of
lanCQImoeaoe—ths—s— wWugeE a 1%

After interaction with the sample, scattered radiapasses through the confocal hole, which

controls the depth of the measurements received. A small hole was used in thiSc@seé € m)

to ensure the measurements on the parchment came from a shallow depth to avoid the Raman
profile from the inks on the grain side showing in the spedthe& radiation next passes

through a slit which can alter its spectral resoluté@ndesiredfollowed by a diffraction

grating whichseparates the radiation into its coient wavelengths. The parameters used

were a slit aperture of 100¢e m, and a diffra

interprets the dispersed wavelength information and outputs the Raman spectra.

Before any measurements could be made the instrument had to be calibrated. The material
used for this was a pure silicon sample kept in the lab for this purpose, fixed to a glass slide.
Experimental parameters were also decided before data acquisition, in order to ensiuee that
experiment was set up in such a way that the spectra produced were legible, whilst not having
so long an acquisition time as to make th&l time takerinefficient as a large quantity of

data was needed.

The parametersriginally chosen were 20 accumulatiogisan acquisition time of 5but due

to issues with thenodernsample staying in focus for the duration later spewiee taken

with updated parameters of 6 accumulations at an acquisition time of 6s. Steps were taken
during data processing to ensure that these changes would not affect the results, discussed in
section2.3.1 The spectra were collected in two separate regions per spot measurement: the
fingerprint region between 3aD800cm! and the high wavenumber region between 2500

3200cmt. This was decidedia experimentation within different ranges betwee3600cmt

[18]



to determine the largest range where signal was still apparent above the noise and

fluorescence common at low wavenumbers.

2.2. SAMPLES USED

1 NI A

P ¥ rm-»é't
Oy 2 5

i s

a) As seen through LabSpec camera b) The fleshsideof the sample.

Gecloto
: o
Rhaa vt

c) As seen through LabSpec camera Thdyrain side of the sample.

Figure 5: Four images showing a) tHeesh side of the modern samptgptically imaged
through the LabSpeg software b) thefleshside of the samplseen by eyec) thegrainside
of the modern sampleptically imagedhrough the LabSpeg software d) the grain side of

the sampleseen by eye.
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Figure 6: An image of the modern parchment sample taken from the side, showing a slight

curve upwards at the front right corner.
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a) As seen through LabSpec camera b) The fleshsideof the sample.

¢) As seen through LabSpec camera. d) Thegrainside of the sample.

Figure 7: Four images showing a) tHtesh side of theancientsampleoptically imaged
through the LabSpeg software b) theflesh side of the samplseen by eyec) thegrainside
of the ancientsampleoptically imagedthrough the LabSpeg software d) the grain side of

the sampleseen by eye.

Figure5 shows images of bottme grain and fleskides of the modern samps seen by the

eye and through the Labspec 6 softw&igure6 is an image of the sample taken from the

side, showing an elevation at the front right corner caused by a slight curl in the parchment.
This proved problematic when taking data sets, as spectra taken from this region of the
parchment had a higher spectral background. To limit the effects ofthbisample was

stored in a flower press between data collection sessions in an attempt to flatten the
parchment as much as possible. This method was referable over others attempted, such as
securing the corners of the parchment to the slide with glue dots, as there was no risk of
damage to the sample from adhesives or other contaminants. The ancient sample, shown in

figure 7, was extremely flat and therefore no further flattening was necessary.
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In parts a and of figures5 and7, the green dot symbolises the spot location where Raman
measuremenwo ul d t ake pl ace, anAdstatetiasestion®ll,spetirar s h
were taken only on the flesh side of the parchments. This was done to lessen the chance of
seeing bands produced by inks in the parchment Raman puadfdeiing the focus of the

thesis to remain on the parchments themselves.

Both parchment samples used for this project were part of a set acquired in 2013 courtesy of
Professor Matthew Collins and their research group in Bi@ArCh Unit within the
Department of Archaeologat the University of YorkThese samples in particular came from

wills and indentures forming part of thee&t&Crafts research collectiof58], a project
examiningparchments from the perspectives of both science and the humanitieterto

better understand it as a medi{®]. The modern parchment sample was made from a goat
skin, while the older samplelated from 1769was made from a sheep skifhe samples

were always handled with tweezers to avoid potential damage from contaminants on hands,
and always placed into the XploRAe same way up. Analysis was done on the side of the
parchment with no ink, to try and ensure results obtained were purely those of the parchments
and not the pigments or other components of PR&rchments were also placed in the
spectrometein the same orientation, due to a previous study finding amide bands to be
anisotropic, having variations depending on the molecule orientation with respect to the
incident radiatiof®][11].

Comparing figure 5a and 7a, visual differences between the two parchments can be
observed. The surface of the ancient sample appears to be less uniform, with an almost fibre
like appearance. This is especially apparent in figigtewhere the ink has highlighted the
edges of the structure. This is in costrto figure 5¢, where the ink sits evenly on the
surface. These differences are likely due to degradation of the parchment over time changing

its structure, which will be discussed extensively in chapter 4 of this thesis.
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2.3. SPECTRALANALYSIS

2.3.1. PREPROCESSING

The first step of data analysis warssuring all the spectra in each data set matched a common
set of wavenumbersThis was done by cutting and interpolating the data. Cutting was done
first in Raman Tool Sef31]. The files were cut to the range 300.7¢ro 1799.5crit. This

range was chosen by looking at the raw data for vila@enumber measuremenasd
eliminating variations at the start and end, creating a data set with a single range. The cut
spectra were then loaded idgor Pro 9[32], where they could be interpolated to ensure the
spectra had the same number of poifthis was necessary as the movement of the
spectrometer ibetween the measurements for the fingerprint and high wavenumber regions
can cause the wavenumber information for each spectra to be slightly different, and in order
to carry out accurate multivariate analysis this cannot be the Thseeinterpolation was
carried out with the interpolation2 proceduseurcedinternally at the University of York

which was loaded in and edited to include the correct paramé&tergingerprint region was
interpolated to 2342 points across each spettre interpolation2 procedure performs linear
interpolations between points, and the langenberof points present in this data set allows

for this to be a good approximation.

Due to the complex nature of the dabemseliningof the datas wre done in a bespoke
manner. The Baselines procedure, fdleurced fromWavemetric§33], was used to manually

place 11 nodes on each spectra, at 319@@1cm, 508cmt, 640cmt, 721cmt, 800cm,
1148cmt, 1224cmt, 1353cm', 1504cmt, and 1728cm. These were done by gyeorrect to

within +3cni! to match the spectral error of the instruméfrite positions were chosen to

erase as much of the spectral background and noise as possible without erasing any part of

the Raman profile

Due to the changes in acquisition parameters previously mentiorszttion2.1, all data
neededto be normalised and smoothéa&fore convergence testing could take place. In
Raman Tool Set, thepectrawere first normalisedwith respect to the total spectrum agrea

then smoothed using a cubic spline.

The same analysis was done for the high wavelength regxaept for differences with the
interpolation procedure and the baselining points to make the analysis region appropriate.
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The interpolationwas done to893 points inthe range2748.63099.&m*, and for the
baseline, 4 points &750.0e¢m!, 2841.82m?, 3027.78m*, and 3094.4dm* were used.

This analysis was done the same way for both samples.

2.3.2. TESTING FORCONVERGENCE

Convergence Test - Modern Sample (Standard Error)
—— 98 Spectra
—— 90 Spectra
—— 80 Spectra
—— 70 Spectra
60 Spectra
50 Spectra
150 4 40 Spectra [
30 Spectra
20 Spectra
—— 10 Spectra

100 —

Standard Error x 10°

50

0 |
T T T T T T T
400 600 800 1000 1200 1400 1600

Wavenumber (cm'1)

Figure 8. An example of a convergence test performed in this thesis. Conducted on the
standard error in thepectral average for the fingerprint region of the modern sample, in

groups with increasing numbers of spectra added to the average ranging f88m 10

Convergence tests for tlspectralaverage, standard error, and twice standard deviation of a
group of spectravere performedh Igor Pro 9 While the convergence of the standartbris

a more sensitive measure, tests were also performed on the twice standard deviation to ensure
the statistical robustness of the data setthatlall possible variables were convergéidure

8 shows an example test performed on the standard error in the spectral average for the
modern samples fingerprint regiokach of these values were calculated for groups of

randomly selected spectra, starting with a group of 10 and increasing incrementally by 10
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after that. To select these spectra, a random number generata@reatedin the online

version ofExcel2021[57] using the following command statement,
00 'O'C¥) 00 YO 0 006 'Y'¥d ¢hpld Y AYYYBYOD "YOUU5 O (16)

where N is thenumberof valuesneeded in the list, and.M and Nnhax are the smallest and

largest numbers in the range being used to generate the list.

New groupsof spectra were generated for each test, rather than adding 10 to the existing
group. This helped ensure randomness in the sampling as convergence would not be achieved
until any set of the given quantity of specfna@duced identical plotsConvergence testing

has been done in the same way in a similar diydocha et. al27] To quantify these tests,

the penultimate convergence groups spectra was subtracted from the final groups, and the

maximum difference between the two was taken to be the degree to which convergence was

achieved.
2.3.3. MULTIPEAK FITTING AND UNIVARIATE ANALYSIS
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Figure 9: An example of the band fitting conducted in the fingerprint region of the ancient
sample. Depicts a section of the spectra with 2 gaussian curves fit to deconvolve 2 bands, as
well as a wave showing the fitting error for the region. Also given on the figure is’the X

value, used to determine the accuracy of the fit.
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The multipeak fitting was done @n average wave representative of all the spectra in a data
set The peaks of the spectra were fit wiaussianbandsusing theLevenbergMarqardt

algorithmto determine both the wavenumber and intensity v{8dés

Fitting was done using the Multipeak Fitting package in Igar 9 For the high waveumber

region this was able to be done in one batch, fitting 3 peaks to the spectra. However, due to
the larger wavenumber range and greater complexiiyeo$pectra, the fingerprint region had

to be split into 16 sections to retain the detail obtained in the data. Each section contained
between 1 and 4 peaks and the regions for these were decided by eye based on the dips
between peakshe bands within these sections were chosen in a way that would minimise
the fitting error.An example of this is given in figur@ The uppermost wave in this figure
represents the fitting error, and below it is the deconvolved bands and their locBliens.
standard error was used as the error in the fittings as opposed to the fitting error to take into

account the statistical robustness of the data set.

New waves wergenerated in Igor Pro fr the average plus and minus the standard error,
and peak fitting was done on thesdghe same way in order to calculate the standard error in
the Raman intensity valuealso given in figure9 is thevalue foru? for the region, used as a
statistical measure of fitting accuracy. A lowf value indicates an accurate fiand
comparison of the fitting errors to the standard ercordirmed that only the standard error

would be relevant.

To assess the difference between the band intensity values of the two samples in a univariate
manner, a plot was made showing both average spectra, apdcta representing the
average of the modern data subtracted from the average of the anciemhdateas used to
identify areas of the Raman profile that show significant differences between the two
samples. A scatter plot was made to confirm these results quantitatively, including error bars
representing the standard error in each intensity measureRren this plot it can be
observed if there is a significant statistical difference between the two sashplespecific
biomarkerby calculatingthe separation of the error batsits assigned wavenumbBretailed

biomarker assignments based on existing literature will be discussed in chapter 3.
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2.3.4.PRINCIPAL COMPONENTANALYSIS (PCA)

The univariate analysis methods described in the previous section do a good job of
guantifying the differences between the samples above the spectral background, however
multivariate analysis is needed to take into account the full statistical robustness of this data
set. This was done usingimcipal component analysis (PCA)CA reduces the number of
dimensions present in a data set by creating new, linear variablestor space termed
principal components (PCs34]. A piece of code written in house at the University of York

was usedin Rstudio, the interface for the coding program Rswaed for theanalysis
[36][37].

First, a summary of the importance of all components generatedlisting the principal
components and the proportion of variancentained within them individually and
cumulatively.Looking at these percentagaisd scree plots made to represent the variance in
each PC graphicallyt was decided that most of the necessary information was contained
withing the first 6 principal components, which was confirmed by making a scree plot of the
variances against the PC numteshow their variances graphically.

Scatter plots were generated for all combinations of principal components 1 to 6, in order to
compare variance b €hiswasalone byrodking fordviguall sepdtafidans .
between the modern and ancient data points shown on the g@phdeemed significant

from this were pursued for further analysis.

Loadings wer e ad6showingaattevarfaldes comribdtien tdlthe principal
componentwhich were exported and uploaded into I§oo Q From here, they were labelled

with the wavenumber values found from the multipeak fitting, and the values corresponding

to points significantly distanced from the zero line were marked as sutie icomparison

tabl e. It was worked out how many PCb6s each
was compared to the information found in the scatter plot and average subtractbie

was made combining all this information, which was used to identify the biomarkers showing

a significant intensity difference between the modern and ancient sample.

PCA has been used for multivariate analysis on parchment samples previoiiidsa et.
al. [55], however a very limited range of wavenumbers was analysed1@@@cm'). This

thesis will expand on their work by providing PCA for more of the fingerprint region, as well
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as the high wavenumber regiofhe combination of this work with the univariate analysis
described in section 2.3.3 allows faletailed identification of significantly different

biomarkers, whose heterogeneity whlenbe assessed

2.3.5.ASSESSMENT OMOLECULAR HETEROGENEITY

Rocha et. alconducted a study in which heterogeneity specific to an individual biomarker
was quantified through viewing the rate of convergence at its designated wavenumber as a
function of the number of spectra included in each convergence [@#oufhe data needed

for this analysis was collected in the process of initial convergence testing detailed in section
2.3.2.

Plots were made for each wavenumber decided to be signifafét univariate and

multivariate analysis of the samples, and fitted with an exponential curve with equation,
0w 0gq! (17)

where N(x) is the standard error of the average of xspectnag U i s t he decay
decay constant can be used as a measure of heterogeneity, with a larger value meaning a
slower decay and rate of convergence, therefore indicating a greater degree of heterogeneity.
The exponential plots were made in Igor Pro 9, with the exponential fit function outputting

v al ue ¥ and the invdise of the error in this valdde error was calculated from its

inverse using the following
T Qii €8 (18)

The decay constants for the modern and ancient sample at each significant biomarker were

tabulated alongside their errorander to quantitatively assess their heterogeneity.
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3. MODERN PARCHMENT RESULTS AND DISCUSSION
3.1.MODERNPARCHMENT SPECTRA
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Figure 10: All the raw data collected for the fingerprint region of the modern saople

single set of axes, displayed in Raman Tool Betudes 98 spectra in the range A@D0Ocm
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Figure 11: All the raw data collected for the high wavenumber region of the modern sample

on a single set of axes, displayed in Raman ToollB&tdes 95 spectra in the range 2500
3200cmt.
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Figures10 and 1llshow all the raw data collected for analysis on the modern saihple.
shows the complex nature of each spectra and the variation between them, highlighting the
need for bespoke analysis.is especially apparent at the beginning of the Raman profiles,
where intensity varies the most between individual spettra processing done on the data

does its best to eliminate this along with background and noise.
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Figure 12: Shows the fully processed average of the raw ftatdahe modern samples fingerprint
region. 98 individually processed spectra im@uded in the average and the standard error in each

value is shown with a grey envelope around the spectrum.
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Figure 13: Shows the fully processed average of the raw data for the modern samples high
wavenumber region. 95 individually processed spectra are included in the average and the standard

error in each value is shown with a grey envelope around the spectrum.

Figures 13 and 14show the fully processed spectra for both the fingerprint and high
wavenumber regions of the modern sampleds Ra
across all the data sets taken. In the case of the fingerprint region this is an average of 98
spectra, and for the high wavenumber region it is an average 853%escribed irsection

2.3.1 the preprocessing involved cutting the spectra to a common range, interpolating the
wave, and baselining each spectra before normalising and smoothingCiaparing figure

12 to figure 10t is evident that in the processing was necessary as the spectral features are
much clearerallowing for better peak fitting for the deconvolution of the bands in the
spectraThese bands are quantified belmwablel. Comparing figure 14 to figure 3 shows a

lot of similarities, however there is limited literature to compare figure 13 to in order to

assess its validity.

s Wave- .
Fitting Intensity | *Error General . .
Region n(li Tnl?gr (a.u) (a.u) Assignment Dzl AEe et

FP1 324 1.9904 | 7E-06 - -
FP1 337 9.60E-04 | 2E-05 - -
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FP1 355 460E-04 | 1E-05 Lime phase Ca(OH)[57]
FP2 | 404 | 120E-03| 5806 | Proteins | S<eictal deformation of
collagen[44]
Carbohydrates Polysaccharides, Glycoge,
FP2 473 | 5.54E04 | 9E-06 DNA [241126]. DNA [24]
Proteins, S-S in Cysteind26],
FP3 534 7.62E04 | T7E-06 | Carbohydrates| Glucose, Cholesterol,
Lipids Cholesterol Estd4]
Proteins, Tryptophan24], Cytosine,
FP3 567 3.64E04 | 3E-06 DNA/RNA, Guaning24],
Carbohydrateg Polysaccharidef26]
Lipids, Amino Acidg443],
FP3 599 | 4.30B04 | 4E-06 Proteins Phospholipid$26]
Thymine and Guanine ring
FP4 677 | 2.44E04 | 4E-06 DNA/RNA breathing24] [26]
C-S Stretching: Amino
Proteins, Acids (methionine)
Seee | TG | SAnEds | SIS Lipids [24][26], Cholesterol,
Cholesterol Estg4][26]
. Tryptophan24], Proline
FP5 730 3.18604 | 5E-06 | Proteins, DNA [24], Adenine basf24]
FP5 | 758 | 5.64E04 | 8E-06 Proteins | 'YPtophan (Symmetric an
ring breathing]24]
Thymine, Cytosine and
Urasil ring breathing[24]
FP5 785 2.77TE04 4E-06 DNA/RNA O-P-O backbone, Nucleic
Acids.[24]
C-C stretching in collagen
Collageri24], Proline,
Proteins Hydroxyproline[24],
it 817 | 9.0@04 | 2B05 | pya/RNA Tyrosine[24][45] [26],
POy stretching in nucleic
acidg§24].
Tyrosind24] [26], Collagen
Backbon§24],
Proteins Polysaccharidg26],
FP7 856 1.56E03 2E-05 c ; Proline (Collagen),
arbohydrateg h
Hydroxyproline
(Collagerj24)),
C-O-C in Glycogerf24]
Hydroxyproline,
proens, | JoBepnanize]
FP7 | 876 | 1.09E03 | 3E-05 Lipids, -\ symr
Carbohydrates stretc_hlng in LipidR24], C-
O-C ring in Carbohydrates
Collagern24]
Proteins Proline, Hydroxyproline
FP8 921 1.06E03 2E-05 ' [24], C-C stretch in Proline
Carbohydrates

ring/Glucose, Praline ring
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(collagen)[24]

Amino Acid chain
vibrations[26], C-C
skeletal stretching of

FP8 | 939 | 142803 | 405 |  Proweins, Collagen backbone,
Carbohydrateg . )
Proline, Hydroxyproline
[24], Glycogeri26], PPII
helix in protein$24][60]
FP8 958 1.141E-03 | 3E-06 Lipids Cholestero[24]
Phenylalanine, €
. Collagen Backbong24]
Proteins, L
FP8 | 978 | 535804 | 3E:06 | Lipids, A
DNA/RNA isordered structur@4]_
[26][60], =CH bending in
Lipids [24] Ribose[24]
Phenylalanine[24] [26]
FP9 1006 1.31E03 1E-05 Proteins Phenylalanine in Collager
[24]
Collagen[24],
Phenylalanine in Collager
[24] [26], C-H bending in
. Phenylalanin@4] [26],
Proteins, o
FP10 | 103 | 7.60E04 | 2E-05 Lipids, CoRCrp e
Carbohydrates Collagen[26]and
7 PhospholipidR4], C-N
stretching in Protein24]
[26], Carbohydrate residue
of Collagen
Glycoger24], Proline in
FP10 | 1047 | 3.74E04 | 8E-06 | . Droteins, Collageri24], PQ™ -
Carbohydrate§ symmetric stretching in
Hydroxyapatit§24] [26]
Proline in Collagej24],
Proteins, C-C conformational chang
FP10 | 1064 | 4.30E-04 | 1E-05 Lipids, in Lipids [24] [26], PO
DNA/RNA stretching in DNA/RNA
[24]
C-C stretchingR4] [26],
Phosphodiester groups ir
Lipids, nucleic acidgR4] [26],
FP11 | 108 | 1.97E04 | 7E-06 | DNA/RNA, COs*, PQ* and GC
Lime Phase | stretching of Lipids acyl
backbonf24] [26], CaCQ
henyl I[47j R4], C-C
Proteins, PhenylalaninR4], C-
FP11] 1103 | 4908-04 | 1E-05 Lipids stretching in Lipid424]
Proteins, Tyrosine in Collagen[24],
FP12 1160 3.59E04 6E-06 Lipids, C=C stretching and COH
DNA/RNA bending in Lipid§24],
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Cytosine, Guaning24] [26]

Proteins, Amide 111[24], Nucleic
FP12 | 1197 | 3.01E04 | 3E-06 DNA/RNA acids, Phosphatisst]
Amide 11I[26], CH2
waggindg24] and GCN
Proteins, stretching of Amide Il in
FP13 | 1244 | 1.18E03 2E-05 Lipids, Collagern24], Adenine,
DNA/RNA Cytosine, Thymine,
Guaning24] [26],
Lipids[26]
Amide Il in Collagen and
PPl helix protein§24]
[26][60], C-N stretching in
Proteins, PPII helix protein§24][60],
FP13 | 1263 1.47E03 | 3E-05 Lipids C-H in Lipids and
PhospholipidR4] [26],
C=C in unsaturated fatty
acidg24]
CH:z and CH twisting,
Proteins, wagging ancliI bendingd
FP13 | 1316 | 2.30E-04 | 2E-05 Lipids, modes in Collagen an
DNA/RNA LIpIdS‘, [24] Guamne ring
breathing24], Amide Il in
PPII helix[24][60],
Proteins, CH and CH wagging in
Rl s el e Carbohydrateq Collageij24], Glucosg24]
- CHs[24] [26], C-H
FP15 | 1394 | 5.13E04 | 3E-06 Lipids rocking24] [26],
Deoxyribos§?4], Adenine
FP15 | 1424 |8.703E-04| 8E-07 | DNA/RNA | and Guanine ring breathin
[24], NH in-plane
deformation24]
Collagern24], CH.
Lipids deformation, CHbending
FP15 | 1447 | 1.76E03 2E-05 Proteir;s in proteins and Lipid24],
CH.CHj3 deformation, GH
vibration24] [26]
Lipids, CH>CHjs deformation in
FP15 | 1464 | 1.61E03 | 3E-05 Proteins, Lipids and Collagej24],
DNA/RNA Deoxyribos§24]
FP16 | 1573 | 3.62E04 | 8E:06 | DNA/RNA | Guanine and Adenine ring
breathing24]
C=C mode in Tyrosine,
Proteins, Phenylalaning24] [26]and
FP16 | 1614 | 6.88604 | 2E-06 DNA/RNA Tryptophati2d],
Cytosing24] [26]
FP16 | 1637 | 670504 | 1E05 | Proteins | AMide L [24]differencesin
Collagen conteni24]
FP16 | 1671 | 1.72E03 2E-05 Proteins, Amide | in Collagen and
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Lipids PPII helix[24][26][38][60],
C=0 stretching in
disorderedAmide |
structuregf26][38][60], C=C
stretching24] [26]
CH> asymmetric stretching
Proteins, in Lipids and Proteifj24]
Lipids [26][38], CHs in Lipids and
Fatty Acids[24]
CH. asymmetric stretching
CHs symmetric and
asymmetric stretching in

HW1 2883 | 5.73E03 | 4E-05

HW1 | 2938 | 9.66E03 | 5E-05 Proteins, proteing24], C-H
Lipids L e
vibrations in Lipids and
Protein§24] [26], CHz in
Lipids and Fatty Acid24]
CHzin Lipids, Fatty Acids,
HW1 | 2983 | 3.64E03 | 4E-05 Lipids Cholesterol, and

Cholesterol Est§z24], CH
vibrations[24][38]

Table 1: All data collected from multipeak fitting done on the average spectra from the
modern sample. Includes the wavenumbeingaoids fit with gaussian peaksdong with their
intensities and thetandarderror for thevalues. Peak assignments are also included based on
an extensive literature comparison. A.u signifies arbitrary uaitd the experimental error in

the wavenumber values is +3¢1j54]

Table1 presents a compilation of the bands fitted to the modern sample by multipeak fitting,
including both their wavenumbers and intensities. Combined with this is an extensive
comparison to existing literature to conclude the reasons for each band in the phfile.
error in the Raman intensity of each band is the standard error of the measuaschtér,

error in each wavenumber presented was taken to be't3cm

The literature examined has considered relevant baosmany sources including modern
parchments, ancient parchments and unprocessed skins from negtples. Edwards et al.
conducted extensive analysis across samples of human, pig and goat skins and found small
wavenumber variations, with the biggest differences being in the goat skin in comparison to
the othertwo [3]. The largest difference observed is for thes@slymmetric stretching peak

that in tablel has a wavenumber value of@@m™. The band was deconvolved at 2975cm

for both human and pig skins, but at 2988cfor goat skin, a difference of 13¢hj3] . A

similar difference was noticed for Glbcking, which was deconvolved at 958&in tablel.
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Edwards et al. founthat the band had a wavenumber of 970éar human skin, and 960cm

1 for pig and goat skifi3]. In tablel, both of these bands have been assigned to lipids.

Surface ipid content of skin has been shown to vary across species in a stidgotgides

et. al [39], who found a large differenda diester content across species, and a significantly
larger ceramide and triglyceride content in human skin. The structural differences in these
lipids could be the cause of the differences in wavenumbers olis@wehe term lipid
describes many types of molecule with varying functional groups and therefore covalent bond
lengths It is these differences in bond length that cause the bands to present at differing
wavenumbersvariations in wavenumber for lipid bands of skins from the same species could
be due to the region the skin was taken from, as seedemaatological studipy Cua et. al.

[40]

Many bands attributed to phenylalanimecomponent of collageran also be attributed to
tyrosine, includingd78cm?, 1006cm' and 1034cm. This is due to tyrosine being an end
product of the oxidation of phenylalanifpEl]. They are similar in structure, differing only by

the replacement of a hydrogen atom with an additional OH group in tyrosine, meaning they
will produce similar Raman profileShe reason for their prominence in the Raman profiles

of parchments and skins is due to ring breathing, a symmetric stretching vibration within the
aromatic ring in both of their structureBhe 1614cmt band is attributed to tryptophan as
well as phenylalanine and tyrosinethich also has an aromatic ring in its structure.
Tryptophan is present in eggs, so its appearance in this table is in line with preparation

methods described in section 1.1.

Work by Edwards et al shows the Raman spectra for cellulose, a material present B].paper|
Paper has been known to have been used as a support for parchments, often documents were
lined with it as a method of repairing the parchment surfélse.bands in its spectra were
guantified in a studypy Agarwal,and show no overlap with any band in tablé-rom this it

can be confirmed that the modern sample has never been reinforced with paper, or any other

cellulose based materig2].

Due to the nature of collagen structure, slight variations in wavenumber assignments in the
literature can be expecte®]] The structure othe collagen chain sequente Gly-X-Y,

where X and Y are usually proline and hydroxyprolib&,[ however they can be any amino
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acid. Amino acids each have characteristic Raman profiles, with little vaf&tiorhis
means any notable variations in a band assigned to collagen from existing literature is
indicative of a difference in the amino acids involved in the-X5ly polypeptide chains. For
example,Carcamo et ahoted manybands attributed to alanif#], a potential amino acid

that could be in the chai8][ not present in the data collected here, including but not limited
to 1018cmt, 1147cmt and 1304crd. The presence of many bands attributed to proline and
hydroxyproline in tablel suggests that the vast majority of the collagen in the skin sample
used was composed Gly-Pro-Hyp chains, and thatny variation from this was not in a high
enough quantity to be seen in the Raman profile of the parchment.

Many pieces of existing literature referring to parchments describe the structure of collagen
as being an alpha helix. However, works done more specifically on colleyeninstead
identifiedthese structures agpalyproline Iktype helix (PPII)such as Shoulders and Rane

[60]. Therefore, in table 1 and throughout, the structure of collagen has been referred to as a
PPII helix.
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3.2.CONVERGENCETESTS

Convergence Test - Modern Sample (Averages)
—— 98 Spectra
—— 90 Spectra
25 — 80 Spectra
' —— 70 Spectra
—— 60 Spectra
50 Spectra
—— 40 Spectra
20— 30 Spectra
’ 20 Spectra
—— 10 Spectra

Intensity x 107

400 600 800 1000 1200 1400 1600

Wavenumber (cm'1)

a) Convergence testing of the spectral average for the modern sample fingerprint region, across 98
spectra.

Convergence Test - Modern Sample (Standard Error)
—— 98 Spectra
—— 90 Spectra
—— 80 Spectra
—— 70 Spectra
—— 60 Spectra

50 Spectra
—— 40 Spectra

30 Spectra

20 Spectra
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50 —
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b) Convergence testing of the standard error in the spectral average for the modern sample fingerprint

region, across 98 spectra.
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Twice Standard Deviation x 10
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¢) Convergence testing of tiwice standardleviationin the spectral average for the modern sample
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fingerprint region, across 98 spectra.
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d) Convergence testing of the spectral average for the modern sample high wavenumber region,

across 95 spectra.
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Convergence Test - Modern Sample (Standard Error)

400
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—— 60 Spectra
——— 50 Spectra
—— 40 Spectra

30 Spectra

20 Spectra
—— 10 Spectra

2750 2800 2850 2900 2950

Wavenumber (cm'1)

e) Convergence testing of the standard error in the spectral average for the modern sample high

wavenumber region, across 95 spectra.

Convergence Test - Modern Sample (Twice Standard Deviation)
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f) Convergence testing of the twice standard deviation in the spectral average for the modern sample

high wavenumber region, across 95 spectra.
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Figure 14. The convergence tests performed on the modern sample Ildatades
convergence of the spectra averages, and the standard error and twice standard deviation in

the average values for both the fingerprint and high wavelength regions.

Parts & of figure 14 show the convergence tests done on the modern saaspdescribed in

section2.3.2

The first set of tests, in figurk4a andl14d are the convergences of the spectra averages
the fingerprint and high wavenumber regions respectivelgrages were taken in quantities

of multiples of 10 until the full set was included, and plotted on the same axesiadly
assess the point at which convergence was achi®egedhe fingerprint region, the spectra
were converged to within 285 a.u., and in the high wavenumber region convergence was

achieved to within 485 a.u.

The same testing was done for the standard error in the band intensity values, shown in figure
14b for the fingerprint region and figurgde for the high wavenumber region, again in
increasing intervals of 10n the fingerprint region, convergence was achieved to within 3E

06 a.u., and in the high wavenumber region the spectra were converged to wil6raike

The final test used in this work was convergence of the twice standard dewiatienband
intensity also tested in increasing intervals of 10. The test of the fingerprint region is seen in
figure 14c, converged to within 483 a.u.,and the high wavenumber regimdepictedin

figure 14f, which is converged within 284 a.u.

The rate of convergence can be used to assess the heterogeneity of a sampéanpis
that converge with a smaller quantity of spectra being more homoggWu3he standard
error values for the band intensity used in figurdis and14e will be used insection4.5to
produce standard error decay platandividual wavenumbersn order to calculate a decay
constant that could quantifyeterogeneity at a molecular level. The same will be done for the
ancient sampleAn example of this is shown below in figut&, at wavenumber 1637ctna
band attributed to Amidewithin collagen24].
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Figure 15. An example of a rate of convergence curve for the standard error at 168ftcm
the modern sample. Convergence was assessed with respect to the amount of spectra in the
testing group, and the relationship shows an exponential curve with decay cbéstant

These tests are mew approach to assessing heterogeneity in parchments, which has been
successfully carried out previously in another contbgxRocha et al27]. A comparison will

be made across the samples in the hope that it will be a useful tool for assessing the effects of
degradatioron parchment, and help characterise the differences between modern and ancient

manuscripts.
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4. ANALYSIS OF THE ANCIENT PARCHMENT AND COMPARISON WITH THE
M ODERN SAMPLE
4.1. ANCIENT SAMPLE SPECTRA

+iE e Spectra Graph Plot0 [N
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B(I)O 350 400 450 500 550 600 650 700 750 860 850 900 950 1000 1(;50 11I00 1150 12|00 12I50 13:)0 13|50 14;]) 14I50 15;)0 15I50 16|00 16'50 17IOD T'IISO 18I00
Raman shift (cm-1)

Figure 16: All the raw data collected for the fingerprint region of the ancient sample on a

single set of axes, displayed in Raman Tool Set. Includes 100 spectra in the range 300
1800cmt.
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200

Intensity (a.u.)

Raman shift (cm-1)

Figure 17: All the raw data collected for thingerprint region of the modern sample on a
single set of axes, displayed in Raman Tool Set. Includes 100 spectra in the range 2500

3200cmt.
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Figuresl6 and 1&how the full set of data collected for the analysis of the ancient saksple.

with the modern sample raw datafigures 10 and 11there is a wide variation between
individual spectraThe same fliorescence is also observdtlwould be expected that the
ancient sample would have morediescence oother background radiation present in the
spectra due to contaminanttowever theabove data showeery little discernible difference
potentially due to increased fluorescence in the modern sample caused by the curvature seen
in figure 6. Thereforethe additional processing performed on the data before analysis was
especially necessary.

| I ] | ]
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Figure 18: Shows the fully processed average of the raw data for the ancient samples
fingerprint region. 100 individually processed spectra are included in the average and the

standard error in each value is shown with a grey envelope around the spectrum.
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Figure 19: Shows the fully processed average of the raw data for the ancient samples
fingerprint region. 100 individually processed spectra are included in the average and the

standard error in each value is shown with a grey envelope around the spectrum.

Figuresl8 and 1%how the fully processed data for the ancient sample, in the fingerprint and
high wavenumber regions respectively. The spectra shown are averages over 100 data sets
and the grey area shows the standard error in the intensity measurements.
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4.2. CONVERGENCETESTS
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a) Convergence testing of the spectral average for the ancient sample fingerprint region,
across 100 spectra.
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b) Convergence testing of the standard error in the spectral average for the ancient sample
fingerprint region, across 100 spectra.
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c) Convergence testing of the twice standard deviation of the spectral average for the ancient
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sample fingerprint region, across 100 spectra.
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d) Convergence testing of the spectral average for the ancient sample high wavenumber

region, across 100 spectra.
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e) Convergence testing of the standard error in the spectral average for the ancient sample

high wavenumber region, across 100 spectra.
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f) Convergence testing of the twice standard deviation of the spectral average for the ancient

sample high wavenumber region, across 100 spectra.

Figure 20. The convergence tests performed on the ancient sample data. Includes
convergence of the spedti@verages, and the standard error and twice standard deviation in
the average values for both the fingerprint and high wavelength regions.
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Figure20 parts af show the convergence tests performed on the ancient sample. The tests are

identical to those performed on the modern sanmpéection3.2

The first set of convergence tests on the average of different quantities of spectra is shown for
the fingerprint region in figur€0a and for the high wavenumber region in fig@d.
Convergence isachieved in the fingerprint regioto within 8E05a.u, and in the high

wavenumber region it was achieved within-GE

The convergence of the standard error in the intensity values is shown in 20or@sd20e.
It is achieved to within 1495 a.u. for the fingerprint region in figug8b, and to within 2E

05 a.u. for the high wavenumber region in fighfe.

Figures20c and 20f show the convergence of the twice standard deviation ofbémel
intensities, for the fingerprint and high wavenumber region respect@elywergence of the
twice standard deviation was achieved to within(BEa.u. for the fingerprint region, and

within 1E-04 a.u. for the high wavenumber region.

For all but one convergence test carried out acfigsses 14 and 20the modern sample
achieved closer convergence. This speaks for the heterogeneity of the samples, as the better
convergence of the modern sample proves fewer variations across the parchment and
therefore higher homogeneity. The exception to this is the convergence of the twice standard
deviation of the high wavelength region, seen in figurb4¥ and 20f, which are both
converged within 184 a.u., indicating no difference between the sampless. is the first
guantitative indication of digenetic effects on the older parchment, which will be explored
further in the following sections. Its heterogeneity in particular will be discussed in section

4.5, using the convergence information gathered here and in s8ion

[49)



4.3.BAND IDENTIFICATION AND UNIVARIATE ANALYSIS
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Figure 21: The average intensity plotted against wavenumber for the fingerprint region of
both samples, with the wavenumbers for the peaks found during peak fitting labelled above
the traces. A wave of the average intensity of the ancient sample with the modern samples
average intensity subtracted from it is also includeahd the places with notable differences

are defined by labelling their wavenumbers below the trace.
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Figure 222 The average intensity plotted againsavenumber for the high wavenumber
region of both samples, with the wavenumbers for the peaks found during peak fitting
labelled above the traces. A wave of the average intensity of the ancient sample with the
modern samples average intensity subtracted from it is also included.

WN (cnt) | WN (cnl) | Av. WN | a&Av. | Intensity | Intensity | Intensity | Intensity
(Modern) | (Ancient) (cm?) WN | (Modern) SE (Ancient) SE
(cm) (Modern) (Ancient)
324.47 32300 324 0.7 199E-04| 7E-06 | 2.20E04 3E-05
337.42 336.51 337 0.5 9.60E-04 | 2E-05 | 1.11E03 6E-05
355.41 353.43 354 1.0 460E-04 | 1E05 | 590E-04 3E-05
404.84 404.54 405 0.2 1.262E- 5E-06 | 1.30E03 5E-05
03
472.76 470.14 471 1.0 554E-04 | 9E-06 | 3.90E-04 8E-05
533.79 533.95 534 0.08 | 7.62E-04 | 7E-06 | 8.31E04 8E-06
567.37 567.77 568 0.2 3.64E-04 | 3E06 | 4.67E04 6E-06
599.09 598.88 599 0.1 430E-04 | 4E-06 | 4.70E04 2E-06
677.02 676.04 677 0.5 244E-04 | 4E-06 | 2.20E-04 2E-05
700.94 703.44 702 1.0 1.21E-04 | 3E-06 | 7.0CE-05 2E-05
730.32 730.93 731 0.3 3.18E-04 | 5E-06 | 2.70E-04 1E-05
758.42 755.87 757 10 5.64E-04 | 8E-06 | 3.10E-04 2E-05
784.81 785.46 785 0.3 2.77E-04 | 4E-06 | 2.30E-04 2E-05
817.09 817.21 817 0.06 | 9.0CE-04 | 2E-05 | 7.54E04 5E-06
855.59 856.43 856 0.4 156E-03| 2E-05 | 1.22E03 3E-05
875.93 878.06 877 1.0 1.09E-03| 3E-05 | 1.00£03 1E-05
921.31 921.85 92 0.3 1.06E-03 | 2E-05 | 9.90E-04 3E-05
938.83 939.65 939 0.4 142E-03| 4E-05 | 1.19E03 3E-05
958.35 959.19 959 0.4 1.141E- 3E-06 1.019E- 2E-06
03 03
977.89 977.47 978 0.2 5.35E-04 | 3E-06 | 3.31E04 4E-06
1005.7 1005.9 1006 0.1 1.31E-03| 1E-05 1.048E- 2E-06
03
1033.8 1033.9 1034 0.05 | 760E-04 | 2E-05 | 6.80E-04 3E-05
1047.4 1048.2 1048 0.4 3.74E-04 | 8E-06 | 4.30E04 3E-05
1063.6 1063.3 1064 0.2 430E-04 | 1E-05 | 4.50E-04 5E-05
1084.8 1089.2 1087 20 197E-04| 7E-06 | 6.80E-04 8E-05
1103.4 1104.8 1104 0.7 490E-04 | 1E-05 | 5.50E-04 1E-05
1168.8 1166.7 1163 1.0 3.59E-04 | 6E-06 | 2.63E04 2E-06
1197.4 1192.9 1195 2.0 3.01E-04 | 3E-06 | 3.86E04 2E-06
1244.2 1245.2 1245 0.5 1.20E-03| 2E-05 1.179E- 1E-06
03
1267.9 1272.2 1270 20 147E-03| 3E-05 | 1.16E03 1E-05
13155 1317.2 1316 0.9 2.30E-04 | 1E05 | 1.75E04 7E-06
1345.8 1345.2 1346 0.3 2.12E-04 | 2E-06 | 1.70E-04 1E-05
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13940 1391.1 1338 2.0 5.13E-04 | 3E-06 | 4.40E-04 SE-05
1423.8 1424.6 1424 0.4 8.703E- 8E-07 | 9.70E04 1E-05
04
1447.1 1447.4 1447 0.2 1.76E-03 | 2E-05 | 1.20E-03 1E-04
1464.4 14620 1463 10 1.61E-03| 3E-05 | 1.95E03 3E-05
1572.9 1578.8 1576 3.0 3.62E-04 | 8E-06 | 4.70E-04 1E-05
1614.1 1610.3 1612 2.0 6.88E-04 | 2E-06 | 5.10E-04 3E-05
1637.4 1635.8 1637 0.8 6.70E-04 | 1E-05 | 9.89E04 9E-06
1671.1 1672.9 1672 0.9 1.72E-03| 2E05 | 1.86E03 3E-05
2883.1 2885.3 2884 1.0 5.73E-03 | 4E05 | 5.21E03 4E-05
2938.3 2938.6 2938 0.2 9.66E-03 | 5E05 | 8.17E03 4E-05
2983.1 2981.3 2982 0.9 3.64E-03 | 4E-05 | 3.51E03 4E-05

Table 2: Displays the quantitativatfings done on both samples including wavenumber and

intensity values, along with errors for boithe shading indicates the sets of peaks fitted in a

group.

Figures21 and 2Xhow the average of all spectra taken for both samples on the same set of

axes, along with a third spectra depicting the subtraction of the modern parchment Raman

profile from that of the ancient parchmenhis plot indicates the differences between the two

samples above the spectral background. All deconvolved bands fit with the method described

in section2.3.3are displayed in tabl2 The average wavenumber given was calculated as the

mean of the wavenumbers found for the two samples, presented as animtiegemwith

what is seen commonly in literatuj24]. Th e @a

val ues

for

t he

aver

calculated by finding half the difference between the wavenumber values of the two samples.

For every band fitted were lower than or equal to the spectral resolution of the instrument,

+3cnt?, so this was considered to be the error in the measurementint@igity values for

each band are also quantified in tabknd their standard error is given.

The wavenumbers labelled below the zero line indicate the areas with the biggest differences

between the two spectra intensities that correspond tbathesfit in table 1. It is seen that

all of the bandsvith differences seen in the fingerprint region presented in figurealoe

attributed tocollagen, or one of its structural components such as phenylaldfigécm?)

or an amide group (1245chkand 1270cm for amide 1lI, 1637crt and 1672cn for amide

1) [24][26]. This immediately suggests an agreement with existing literature stating that

collagen is susceptible to degradation while a parchment agegshatamide groups can be

characteristic indicators of thi&7]. Thiswill be further quantified in sections to follow.
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Intensity x 1 o’

In the case of the high wavelength region in fig2Pethe wavenumber values found by the

peak fitting method did not match the regions where the subtraction showed a significant

difference between the two data setsd no information was able to be obtained.

These two plots alone do tnprovide enough evidence to prove a significant difference
between the two samples at any point, so further analysis was condustadter plot was

made for each region to compare the average intensities for each sample and their errors,

shown below in figur@3.

—&— Modern Sample
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I
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Intensity x 10
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b) A scatter plot of peaks fitted

a) A scatter plot of peaks fitted in the fingerprint region.
in the high wavenumber regior

Figure 23 Scatter plots of the intensiggainst the average wavenumber for both regions of
both sets of data, including error bars in both the x and y direclibesinformation plotted

is given inTable 3.
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Average Error Bar Average Error Bar
Wavenumber (cn1!) | Separation (a.u) | Wavenumber (cntt) | Separation (a.u.)

324 -1.44E05 1048 2.17E05
337 7.73E05 1063 -4.28E05
354 8.43E05 1087 3.90E04
405 -1.64E05 1104 3.78E05
471 7.67E05 1168 8.76E05
534 5.37E05 1195 8.01E05
568 9.28E05 1245 -1.99E05
599 3.35E05 1270 2.63E04
677 5.94E06 1316 3.02E05
702 2.61E05 1346 2.60E05
731 2.91E05 1393 2.06E05
757 2.30E04 1424 8.46E05
785 2.35E05 1447 4.73E04
817 1.16E04 1463 2.85E04
856 2.94E04 1576 9.11E05
877 3.94E05 1612 1.46E04
922 2.60E05 1637 3.02E04
939 1.60E04 1672 8.72E05
959 1.18E04 2884 4.39E04
978 1.97E04 293 1.39E03
1006 2.50E04 2982 4.36E05
1064 2.78E05

Table 3. Average wavenumber values gathered from peak fitting and their respective errors,
along with the separation between the error bars shovigures 23a and 23k\egative
values, highlighted in red, indicate an overlap in error bars and values highlighted in green
were those deemed to be statistically significant.

The scatter plots ioth parts of figure 28vere producedn order to visualise significant
intensity differences between the two samphea way that includes the error in the values

and that is able to be easily quantifiddhis was done by calculatine vertical distance
between error bars for the same wavenumber to determine which points produced statistically

significant differences. These values are presanttble 3.

In total 15bands were deemed significant by this method, withider range of assignments
still including collagen constituents, but also DNA and lipjd4][26]. Thesebands are
highlighted in green and have an intensity difference of the order of magnHadiemhigher
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when error is taken into accoufable 3 also shows 4 wavenumber bands where the error
bars overlaphighlighted in red and denoted by a negative separation \rakening there is

no statistical difference between the modern and ancient samples and are therefore not
significant to the analysisdowever of these 4,2 (1033.80crt and 1244.70cm) were
deemed as significant by looking at the average subtraction. An additional peak seen as
having asignificantdifference between the two sampéesording to theaverage subtraction

in figure21 at 1672.00cm was not significant according to taldesimilarly 6 peaks decided

to be significant using tabl@ were not significant according to tlerage subtraction plot

This means that of the 18 peaks tbatild be significant according to the analysis so far, the
two methods only agreed on 9 of them. More detailed examina@gntherefore needed to

fully determine which areas of the spectra showkaigeenough difference to be statistically

significant.

4.4.PRINCIPAL COMPONENTANALYSIS (PCA)

Scree Plot — Fingerprint Region Scree Plot — High Wavelength Region
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{2 3 4 5 67 8 6 101 123w {2 03 4 5 8 7 8 v 01 123 1
Principal Components Principal Components
a)A scree plot produced for thimgerprint b) A scree plot produced for thegh
region. wavenumber regian

Figure 24: Scree plots made in R of the data input for principal component analysis. Includes
plots for both regions of datd@he plots graphically represent the level of variance in each
PC.

PCA was completed separately for the fingerprint and high wavenumber regaoes.plots
were made and used to determine how many principal components needed to be analysed to
ensureenough variance is captured within them. In figedigoarts a and i is shown that the
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variancecaptured in each P@fter the sixt, indicating a smaller proportion of variance is

represented per PC after this point. In the fingerprint region this was a drop in variance
13% from H% to 22%, and in the high wavenumber region it dropped fré¥h @ 24%, a

drop of5%. In both areas this is the largest drop in percentage variance outside of the first 5

PCs.From a total of 200 PCs, the first 6 PCs captured 52% of variance in the fingerprint

region, and 55% of variance in the high wavenumber region.

PC scatter plots were produced for all combinations of P&safd the plots which showed

the most separation between Ris included irfigures 25 and 2€or the fingerprint region,

and28 and 2%or the high wavenumber region. Their accompanying loadings are included in

figure 27 parts ec andfigure 30 parts & for the two regions, respectively
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Figure 25: A scatter plot of the scores representing the relationship between PC1 and PC2 for

the fingerprint region.
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Figure 26. A scatter plot of the scores representing the relationship between PC1 and PC3 for
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Figure 27: The | oadings for PCbs 1, 2 and 3, [

significant by assessing the separation in the score plots. All deconvolved bands are labelled

with significant points indicated in pink.
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Figure27 shows the8 most significant loadings, proved by the separation shown on the score
plots in figure25 and26. The peak fitted wavenumber values obtained in talalee labelled

on each figure, with the significant values indicated by pink tea&dingshighlight the
contributions each variable makes to the principal component, meaning a higher magnitude
signifies a more important variable. Positive loading values mearrésenzce of the marker

is significant whereaa negative value means the markers absence is notewbnthgame

analysis was done in the high wavenumber region.
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Figure 28: A scatter plot of the scores representing the relationship between PC1 and PC2 for

the high wavenumber region.
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Figure 29: A scatter plot of the scores representing the relationship between PC1 and PC5 for

the high wavenumber region.
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With the three analysis methods presentefigures21 and 22, 23, 27 and 3&n assessment

can be made on the significance of each biomarker in the results obtained4 Bedhbev

PCb6s

1,

2

3050

and

shows each biomarker and in which aréey were decided to be significant.

Wa‘(’fr'r‘T‘j)mber Nadi SEergz)arraBt?c:n Pc1l | Pc2 | PC3 | Pc4 | PC5 | PC6 | Overall
323.70 n n n
337.00 n n n
354.00 n n n
404.70 n n n n
471.00 n n n n n
533.87 n n n
567.60 n n n
599.00 n n n
676.50 n n
702.00 n n
730.60 n n n n
75700 n n n n n n

S,
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785.10 n n

817.15 n n n =
856.0 n n n n
877.00 n n
921.60 n

939.9D n n n | n n
958.80 n n | n

97770 n n n |n |n|n|n n
1005.® n n n | n n n
1033.85 n n n =
1047.80 n n n n n n ~
1063.90 n n n n
1087.00 n n n |n|n n
1104.10 n n n n n
1168.00 n n n n

1195.00 n n n n
1244.70 n n n n =
1270.@ n n n |n | n|n|n D
1316.40 n n

1345.50 n n | n
1393.00 n n n n n ~
1424.20 n | n n | n
144730 n n | n|n n | n n
146300 n n n |n |n |n|n|n n
1576.00 n n n n

1612.00 n n n n n

1636.® n n n [n|n|n n n
1672.00 n n n n n n
2884.00 n n

293850 n n |n | n|n n n
2982.20 n

Table 4: Indicates the significance of each biomarker in terms of evidence of deterioration as
seen in the average subtraction (figures 21 and 22), scatter plot error bar separation (table 3),
and PC loadings (figures 27 and 30). Ticks indicate significant biomarkers, and tildes

represent biomarkers that may be significant, but need further work.

A more detailed investigation into the heterogeneity differences between the two daasples
been completed in table $he biomarkers used for this analysis are the ones marked as
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overall significantly different between the two samples in tablevhich was decided by

considering its significance shown across the univariate and multivariate analysis performed.

Intensity
Wavenumber | Difference . Bond
(cm?) between Sampleg| /SSignment Interaction
(a.u)
Tryptophan 24][56]
757 -2.6E-04+3E-05 | Ethanolamine[24] Ring Breathing
Cytoseing24]
. Ring Breathin
Tyrosine,[24][26][56] C_Og_c Skeletaﬂ
Collagen, [24][43] Mode
856 _34E-04+5E-05 | D olysaccharide$24][26] C-C Stretching
Proline,Hydroxyproline[24] Olefinic
Glycogen, p4] CHH Aromatic
Phosphateg24] Bending
Amino Acids, p6]
Proline[24] C-C Stretch
e ) Hydroxyproline[24] (11)
939 23E047E0S | 5jjagen 24][43] PPIl Helix
Protein[24] C-0-C
Carbohydratef24]
CH wagging in
. CH=CH
978 -2 03E04+6E-06 Phenylalanin¢24] C-C Stretching
Protein[24] Disordered
Structure
Phenylalaning24][56][38][50][3][43]
Tryptophan[24] Ring Breathing
1006 -2.6E04+1E-05 | Sulphat€g3] C-C Stretching
Lime/Gypsum{38] C-C Vibration
Polysaccharidef4]
Lime Treatment[24][47] .
1087 4 8E-04+9E-05 | Collagen, #3] 8CN: g:rr::gﬁ
Phosphate@Nucleic acids]24]
Amide Ill, [3] [24][26]
Collagen[24][26] . ;
1270 -3.0E04+t4E-05 | Lipids or Phospholipidg24][26] o gggﬁ?‘?n
Cytoseine[24] g
Proline,[50]
CH2Bending
Lipids, Phospholipidg24] [26][50] che Baissoring
1447 -6E-04+1E-04 Collagen[24] C-H g
Proline f3] Deformation
C-H Vibration
- CH2 bending
Lipid, [24] CH2 Wagging
Collagen,[24] CH2 and CH3
1463 35E-04+6E-05 | Alanine[43] deformation
Deoxyribosg24] Fermi
Disaccharidef?4] Interaction
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C=C Stretching
Amide 1,[24][38][50] PPII Helix
1637 3.2E04+2E-05 | Collagen, p4] Disordered
Structure

C=0 Stretching

CH-CH3
Lipids, [24] Stretch

CH2 Stretch
CH Vibration

2938 -1.5E-03+1E-04

Table 5: Detailedbandassignments along with intensity changes for the 11 bands deemed

significant in tablel.

Table5 firstly shows the intensity differences between the modern and ancient sample at the
points shown to be statistically significant. These differences were calculated relative to the
modern control sample, so a negative number is indicative of a lower intensity for the ancient
sample. The errors given for these values are the combined standardoertbesintensity
measurements on both samples. The error in the wavenumbers in all cases tnwable
considered to be +3cf This is in agreement with the largest error calculated for an average
wavenumber value in tab® and also thenstrumental error of the XploRA equipmdBg].

Also given in tables are more detailed peak assignments from existing literature along with
the specific bond interactions responsible for the presence of the®@mnd. peaks are very

well documented and have multiple sources with the same information, whereas others do not
have much existing supporting literature to aid in drawing a conclusion about their cause. An
example of the former is the peak at 1008¢mith 12 references within range of error in the
database assembled by Talari et. al. ald#. [There is an additional peak attributed to
Phenylalanine in tablg, at 978 crit. Studies have shown thBhenylalanine plag/a part in
parchment deterioratiovia interactions with ligh{6], and that these interactions change the
relative intensity of the bands exhibitggb]. Edwards et al. concluded thatdacrease in
intensity of the Phenylalanine peak is a sign of deterioration of the parchBhenthich

combined withthe other workamentionedcan be deduced to be \paotc-oxidation.

The band at 978ccan also be assigned testretching ina disordered proteistructure
[24]. The presence of this is indicative of breakdown of the typRRll helix dueto
hydrolysis or cleavage of the structure defining hydrogen bomdgh can happen by

oxidation or thermal denaturatipnb3].
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The product of the oxidation of Phenylalanindysosine, which is also represented in table

5 by the 856¢t band [56].The two amino acids both have an aromatic ring in their
molecular structuregand previous studies have shown this to be a target location of oxidation
within collagen moleculefl3]. This aligns with the ring breathing bond assignment present
for both the aforementioned banfl]. This form of deterioration involves covalent bond
cleavage in the amino acid chains that form collaffanes, causing the molecule to break
down The 85&m? band can also be attributed to collagéne to the ring structure in proline
undergoing denaturation in a similar wWasg].

The band at 757cthhas been attributed to tryptophan, and whilst it is an amino acid it is not
one found in collagen. It is however found in other natural products such aarefjgslk

[41], components of which have been known to be used as treatmpatshimentsin milk,
tryptophan is found specifically within Casein, the major protein compdbéht Edwards

et al. reported a treatment including egg yolk for preservd®n Bicchieri et al[14]
described a smoothing paste including egg white and ami#t,Kautek et al[15] states that

egg whites have been used to rehydrate parchments after undergoing the drying process.
Tryptophan has been shown to be sensitive to degradation caused by many methods,
including oxidation and heating5], which is likely to be the cause of the decrease in band
intensity shown in tabl®. It is, however, worth noting that according to Nevin ef%8), the
changes induced by light exposure to egg whites and yolks where Tryptophan is found are
sensitive enough to be induced by Raman spectroscopy, so it cannot be considered a perfect

method for analysis of these particular parchment treatments.

The band at 939cfalls in the expected range for theGCstretching mode of collagens
protein backbone, particularly the stretching of the ring structures of proline and
hydroxyproline[13]

The degradation of hydroxyproline affects the parchments ability to withstand heat, as the
molecules thermal stability depends on its quanffly It stabilises the structure of the
collagen fibres by forming hydrogen bonds between the ends of the chain and water
molecules to form bridge3he decrease in intensity seen at this bamlies damage to the
hydroxyproline, and therefore potential heat denaturation of the collagen throughout the

parchmeh Work by Cappa et al. confirms that this band is sensitive to heat degrdd&fion
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The band at 1270ctnis characteristic of half of a doublet band famide Ill. The other

portion of the bandpresents at 1240chin literature [17], which was found at average
wavenumber 1245ctin table2. The intensity values in the same table for this value show

no change at the precision shqumdisagreement with the literaturhe 1270crt section

of the doublet is assigned @N stretching within proteingith a PPII helix structurg46],

and a decrease in intensity of the band shows the breakdown of this structure, often due to
hydrogen bond cleavage caused by thermal denatufd®dnThe nature of the degradation

seen here is similar to that of the 939%cmeak, supporting the suspicion of widespread

thermal damage to the sample.

There is extensive literature supporting the assignment of the band at 14at@ bending

of the GH covalent bondsspecifically in a CHformation Cappa et al notehat a decrease

in intensity is observed for this band when exposed to increasing tempersupgEsting the

idea that the ancient sample has undergone thermal denaturing alongside the changes in the
bands previously discuss¢ti3]. The database assembled in wbsk Talari et al. point$o

these CH2 groups being part of a lipad]. Lipids have been shown to be resistant to many
forms of degradation, so it follows that this band is attributed to the bending of bonds, and

not the breakage of them.

Talari et. al.also attributed the band with a Raman shift of 293Btmlipids, and stretching

of CH2 covalent bondR4]. There has been minimal published literature examining the high
wavenumber region of the parchment Raman profile, and therefore a concrete conclusion
about the nature of the physical changes undergone by the parchment leading to the intensity
decrease of this band is hard to draw. Given its similarities in chemical and mechanical
assignments to the band at 1447¢nan assumption can be made that this decrease in
intensity is also a result of thermal denaturation of the parchment, however a more thorough

analysis of this region would be necessary to determine for certain if this is the case.

The previous bands all follow the expected result was that intensity values would decrease for
the ancient sample as the parchment and its components degraded ovdoitiener, there
are 3 bands in tabkefor which this is not the case.

The band at 1087ctwas deduced to be a result of lime treatment in the parchment
preparation proces€ne reason for the increase in intensity of the band could simply be that

the parchments are from different eras. As exploredertionl.1, parchment preparation
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methods vary largely by time period, location and cultlhe modern and ancient parchment
were created multiple centuries apart, so it is highly likely that different methods were used,
resulting in different quantities of leftover lime on the surface of the manuscripts, and
therefore different Raman profiles. This peak is specifically caused by calcite §Cd00

can also be caused by the reaction of calcium oxide (CaO) with atmospheric carbon dioxide
(CO) [47]. Since the ancient parchment has been around for so much longer, it would have
been exposed tmore opportunity for this reaction to take place, leading to a more intense

Raman peak.

The band showing an increase in intensity at 1463has been attributed to lipidkipid
molecules are resilient, and often show little to no change between samples of different ages
such as the ones used in this st(diy] This means the lipids detected in Raman spectra
could be from the original skin, having survived both processing and the effects of
degradation over timéhe increase in lipid content observed here could be explained in two
ways. Firstly,different areas of skin on the body are known to have different lipid contents
[40]. While it is unknown which areas each sample was taken, filoensamples are known to
come from different animal species. As statedention2.2, the modern sample was made
from goat skin, whereas the ancient sample was made from sheep skiveritlikely that

the intensity difference is a result of the samples not being thhlersame animahs skins of
different species are known to have different lipid profiR®. Another potential reason for

the increase is that over time, the handing of these documents with bare hands could
introduce additional lipids to the sampl8], which in turn could increase the Raman
intensity of the bandhowever the large differences caused by the lipid differences between

species make this difficult to deduce with any certainty.

Alternatively, Reina et al.noticed an increased intensity in banggh a Raman shift of
between14291517cmt, caused by one of the products of degradation ofirtiidiated

proteins after their structural breakdown free carboxylate[49]. Many bands already
discussed have had intensity changes as a result of-gégtadation, however it is unlikely

that the parchments have been exposed to UV light in their lifetime.

Amide | produces two bands in its Raman profiieapproximately 1650ctand 1630cm
[17] The band deconvolved at 1637¢mresent in tabl® has been attributed to Amide | by

Edwards et al (0450 has been assumed to be equivalent to the 168band, which also
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has slightly varying wavenumber valuestite Talari et aldatabasdg38][24]. Cappa et al.

states that an increase in intensity in this region, as seen inSaldesuggestive othe
deterioration of PPIhelicesinto disorderedstructure which issupported by Pezzott. al.
[17][50]. The band is still present and has not disappeared completely, which shows that an
amount of the structure stabilising hydrogen bonds exist still, and thBPthaelix hasnot

been completelylenaturedPartial destruction of the hydrogen bonds once again points to

thermal denaturation of the parchment.

One notable peak is not present in the table, which is the Amide | peak at 1'650um

band has been shown as an indicator of not only if a parchment has deteriorated, but by how
much p]. A study done byDolgin et. al.includes spectra for this peak on both sides of a
modern and an aged parchment. They observed very similar Raman profiles in each case
except the grain side of the ancient parchment, which had a dramatic reduction in intensity far
greater than seen in tal3g6]. The analysis in this project was carried out on the flesh side

only, which could be the reason for this particular bandhotwing the expected reduction.

4.5 ASSESSING QUANTIFIED MOLECULAR HETEROGENEITY

DIFFERENCESBETWEEN THEANCIENT AND MODERN SAMPLES.

As a way to quantify heterogeneity further, standard error decay plots were produced for all

thesignificant wavenumbers mentioned above.
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a) Standard error convergence plot for both samples at 757cm

b) Standard error convergence plot for both samples at 8566cm
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