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Abstract: From the moment of production, artworks are constantly exposed to changing environmen-
tal factors potentially inducing degradation. Therefore, detailed knowledge of natural degradation
phenomena is essential for proper damage assessment and preservation. With special focus on
written cultural heritage, we present a study on the degradation of sheep parchment employing
accelerated aging with light (295–3000 nm) for one month, 30/50/80% relative humidity (RH) and
50 ppm sulfur dioxide with 30/50/80%RH for one week. UV/VIS spectroscopy detected changes
in the sample surface appearance, showing browning after light-aging and increased brightness
after SO2-aging. Band deconvolution of ATR/FTIR and Raman spectra and factor analysis of mixed
data (FAMD) revealed characteristic changes of the main parchment components. Spectral features
for degradation-induced structural changes of collagen and lipids turned out to be different for
the employed aging parameters. All aging conditions induced denaturation (of different degrees)
indicated by changes in the secondary structure of collagen. Light treatment resulted in the most
pronounced changes for collagen fibrils in addition to backbone cleavage and side chain oxidations.
Additional increased disorder for lipids was observed. Despite shorter exposure times, SO2-aging
led to a weakening of protein structures induced by transitions of stabilizing disulfide bonds and
side chain oxidations.

Keywords: parchment degradation; collagen; lipids; early damage assessment; vibrational spectroscopy;
FAMD; feature selection

1. Introduction

Until the present day, numerous parchment documents have been preserved in
many public and private collections, including archives, libraries and religious institu-
tions. Among the most notable examples of these exceptionally valuable artifacts are the
Dead Sea scrolls, prominently dating back to the 1st century BC, which were discovered
in Qumran in the 1940s [1]. Although Egyptian drawings indicate the use of parchment
already in 2500 BC [2], it primarily served as the main writing material in Europe from
late antiquity to the Medieval period until the invention of paper production [1]. The
production of parchment from animal skins, particularly calf, sheep and goat, involves a
series of manufacturing. These steps include liming, dehairing and the removal of various
skin layers, such as the subcutaneous tissue, hypodermis and complete or partial epidermis,
using sharp knives. The remaining skin, mostly the dermal layer, undergoes additional
finishing treatments, including thinning, shaving, bleaching/dying and polishing, before
being stretched and fixed onto a frame to dry under tension [1,3,4]. Parchment’s primary
structural components are fibrillar collagen type I (COL1) and, to a less extent, collagen
type III (COL3), depending on its origin. Collagen is generally organized in a hierarchical
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structure. Three polypeptide chains with a characteristic repeating -(Gly-X-Y)n- motif,
where X and Y often represent proline and hydroxyproline, fold into right-handed helices
because of the fixed angles of the peptidyl-proline or -hydroxyproline bonds. Tropocollagen,
which is approx. 300 nm long with a diameter of 1.5 nm, is stabilized by hydrogen bonds
and further aligned with other assemblies in a quarter-staggered arrangement forming
fibrils with a diameter of 50–200 nm. These fibrils further assemble into parallel bundles
called fibers [5–10]. Collagen degradation can occur through different pathways, such
as denaturation, oxidation and hydrolysis, leading to the deterioration of the collagen
backbone and a complete breakdown of its ordered structure [11].

Systematic studies focusing on various aspects of parchment degradation have been
conducted since the late 1990s [12], followed by several internationally recognized EU-
projects (contract no. SMT4-96-2101 and EVK-CT-2001-00061) in the 2000s [13,14]. These
studies have resulted in a significant number of publications demonstrating the effects of tem-
perature, light, relative humidity (RH) and atmospheric pollutants on parchment [15–21]. It
should be noted, however, that investigations on RH and atmospheric pollutants primarily
employed dynamic approaches in combination with elevated temperature to accelerate
aging [15,22]. State-of-the-art methods, such as Fourier transform infrared (FTIR), Ra-
man spectroscopy and UV/VIS spectroscopy, have been developed for the analysis and
monitoring of parchment degradation [13,23,24]. Additionally, various other approaches
including differential scanning calorimetry, atomic force microscopy, thermal analysis,
X-ray diffraction, chromatographic methods or scanning electron microscopy have been
utilized [15,18,25–28]. Infrared and Raman spectra of parchment are predominantly char-
acterized by bond vibration frequencies corresponding to specific amide bands: amide I
(1700–1590 cm−1), amide II (1590–1570 cm−1) and amide III (1300–1200 cm−1). High fre-
quency vibrations of amide A (3400–3100 cm−1) and amide B (3080–3050 cm−1) are also
observed in IR-spectra. Most studies have focused envelope shapes of the amide I and II
bands, the areas under the absorption bands, and shifts of the band positions in IR spectra,
establishing these features as spectroscopic markers for gelatinization [29]. However, more
detailed information about conformational changes in secondary protein structures can be
obtained by studying the second derivatives and performing band deconvolution. This
approach is already well-established in skin research, particularly in relation to the amide I
band, but has been rarely applied in studies on the degradation of cultural objects, with
parchment being a limited factor [30,31].

The objective of this present study is to enhance our understanding of structural
changes in different components of parchment—collagen, lipids and water—under the
influence of light, RH and sulfur dioxide (SO2). Initial evaluation of surface appearance
changes has been conducted through color measurements using UV/VIS spectroscopy.
Moreover, detailed analysis of the amide I and II bands has been performed, including
data deconvolution of the amide III band in Raman spectra and selected spectral regions
in the fingerprint region below 1000 cm−1, which provide information about collagen
crosslinks, single amino acids and structurally important disulfide bridges. Additionally,
lipids and the protein–water interaction have been examined by deconvoluting the spectral
region between 3600–2800 cm−1 in IR spectra to complement protein analysis. Subsequent
factorial analysis of mixed data (FAMD), which combines classical principal component
analysis (PCA) with multiple correspondence analysis (MCA), has been employed to
explore the correlation between aging conditions and spectroscopic variables and identify
spectroscopic features for different aging conditions.

2. Results and Discussion
2.1. Changes observed by UV/VIS Spectroscopy

Directly comparing changes in color variation (∆E*) after exposing the samples not
only allows for a first evaluation of the impact of different degrading aging conditions but
also provides insight into the effect of using varying concentrations of the same condition
(Figures 1, S2 and S3). In general, significant variations in color, perceptible to the human
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eye, are observed after exposure to light, RH and SO2. These changes are more pronounced
on the hair side compared to the flesh side of the samples (see Figure S2 for details). Light-
aged samples show increasing ∆E* values as the exposure time progresses [29,32], ranging
from slightly perceptible (1 ≤ ∆E* ≤ 2) to easily noticeable (2 ≤ ∆E* ≤ 10) on the hair side.
Exceptions to this trend are samples P4H2, P5H1 and P6H2, where observable changes occur
only after more advanced aging. Perceptible color variations on the flesh sides are mainly
observed after 80 h of exposure, except for P2F2 and P5F1. In contrast, RH-aging results in
negligible color variations on the flesh side and only faint changes on the hair side. Notable
exceptions are observed in sample P2 after exposure to 30 and 50%RH. Combining RH
with SO2 leads to color variations ranging from slight to easily noticeable regardless of the
exposed side.
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Figure 1. Results of colorimetric measurements after exposure of the flesh sides of P1-P6 to light,
humidity and SO2. Changes in brightness (∆L*) after exposure to (a) light, (b) humidity and (c) SO2.
Changes of the single-color coordinates, a* on x-axis and b* on y-axis, after exposure to (d) light,
(e) humidity and (f) SO2.

The difference in color variation related to aging conditions and the trend of more
pronounced changes on the hair side are also reflected in changes in brightness (see
Figure 1a–c). A decreasing trend in brightness is observed on the flesh side of all samples
with progressing exposure time and even more prominently on the hair side of P5H1 and
P6H2 (Figure S4a). This differential response to light-induced aging has been reported in
the literature and is likely associated with additional, chemically less stable proteinaceous
components, namely reticulin and elastin, which are more concentrated on the hair side
of parchment [29,32,33]. However, this trend is not observed in all samples exposed with
the hair side, as an inverse correlation between exposure time and brightness is observed
for P1H2-P4H2. This divergent behavior could probably be attributed to the use of chalk
powder for surface treatment during production, leading to a different response to light
aging. Since these parchment folios were produced over a period of ten years, this effect
could also be explained by the light-induced degradation of chromophores formed dur-
ing this natural and uncontrolled aging period [32]. Treatment with 80%RH results in a
distinct reduction in brightness on the surface. In the literature, this effect is linked to
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hydrolysis-induced increase in free amino acids, contributing to the formation of brown
melanoidin pigments through a Maillard reaction [24,34]. Conversely, SO2-aged samples
show an increase in brightness with higher humidity level on both sides (Figure 1c and
Figure S4c). This may be the result of surface modifications caused by the atmospheric
pollutant, leading to increased brittleness, as observed in paint layers [35,36], or increasing
opacity as reported in reconstituted parchment by Kern et al. [32].

The shifts in the individual color coordinates a* and b* after artificial aging provide
support for the observed findings (Figure 1d–f and Figure S4d–f). Particularly, samples
that underwent light aging on the flesh side exhibit shifts towards more yellow and red
hues, corresponding to the darkening of the surfaces. Additionally, there is a trend of shifts
towards yellow colors in the b* coordinate after exposure to 80%RH. After exposure to SO2,
there is a shift of a* and b* to green/blue hues on both the hair and flesh sides, correlating
with increased brightness.

2.2. Changes of Lipids and Protein Hydration Observed in m-ATR/FTIR Spectroscopy

Although the ATR-FTIR spectra of parchment are primarily dominated by the amide
I-III bands, the high wavenumber region (3800–2800 cm−1) contains further information
from CH-stretching vibrations of lipids (3000–2800 cm−1) or water and hydrogen bonds
(3500–3000 cm−1) in addition to the collagen-related amide A and B bands. Figure S5
provides a comparison of the effect of light and humidity on the band shapes of these
parchment components. The progressive exposure to radiation clearly leads to a decrease
in the overall band intensities of lipids, amide A and B, as well as H-bond-related bands,
with 250 h representing a turning point. In contrast, exposure to humidity results in an
increase of the overall band intensity, directly proportional to the rising humidity content.

Figure 2 presents the results of the band deconvolution, offering a more detailed
understanding of the changes in overlapping bands after light exposure and different
humidity levels (further details ca be found in Figures S6 and S7). An illustrative example of
the band deconvolution for sample P4F2 shows a decrease in the band areas of components
related to hydrophobic groups, from 44.28 to 27.72% for νas(CH2) bands and from 9.75 to
4.50% for νs(CH2) bands. This trend is also observed in the average values obtained from all
samples artificially aged on the flesh side, exhibiting a significant change, particularly in the
areas of νas(CH2) after 250 h of exposure. Conversely, bands associated with hydrophilic
groups, νas(CH3) and νs(CH3), exhibit inverse trends. The extracted band intensities
of νas(CH2) and νs(CH2) bands at approximately 2920 cm−1 and 2850 cm−1 decrease
with increasing light exposure, following an almost sigmoidal function. These changes
are also reflected in the overall band shape transition of the band envelope, marked by
an increasing characteristic blue shift detected in the band maxima. Similar variations in
spectral parameters, such as area, intensity and band position, for the νas(CH2) and νs(CH2)
bands have been reported for human skin treated with enhanced temperature [37,38]. The
authors report an increasing band shift towards higher wavenumbers and decreasing band
intensities indicating an increasing disorder in the lipid structure during phase transitions in
the lipid bilayer of the stratum corneum. Since the epidermal layers are primarily removed
during parchment production [39], the spectral changes result from the high dermal fat
content [20,21,40] characteristic for sheepskin, as recently described by Fourneau et al. [41].
The authors reported a high greasiness and distinct fat distribution in sheepskin due to the
presence of secondary follicles connected to sebaceous glands in the dermal layer, as well
as the formation of a lipid layer by the secreted lipids beneath the epidermis.

Further information regarding the structural transformation of lipids is provided, com-
plemented by details on the structural changes of proteins and protein–water interactions
(Figure S7). Within the complex absorption band between 3600 and 3000 cm−1, there are
different band components, including the amide A and B bands, which result from a Fermi
resonance between NH-stretching vibrations and the first overtone of the amide II band.
The results of the band deconvolution reveal a decrease in the band areas of NH-stretching
within the amide A band around 3300 cm−1 after exposure to light (Figure S7a) and 80%RH
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(Figure S7b), indicating a change or progressive loss of collagen’s structural order caused by
the scission of peptide bonds [42]. Previously, only band position shifts were reported to de-
scribe such changes [42]. The decrease in the amide A band component is accompanied by
a comparable reduction in the sum of asymmetric (νas(NH) is observed at 3343–3330 cm−1)
and symmetric NH-vibrations (νs(NH) at 3182–3162 cm−1), particularly after RH-aging. In
comparison, the additional amide A sub-band originating from the -CH2=N- mode (around
3217 cm−1) remains unchanged regardless of the aging type (Figure S7) [42]. The amide
B band component (around 3080 cm−1) is not strongly affected by the aging conditions,
but its additional sub-band around 3100 cm−1 related to H-bonds seems to be influenced
by increasing light doses, leading to a reduction in band areas (31.73 to 17.78% after 390
h of exposure) until the bands completely disappear after 750 h. Components within this
broad absorption band have a direct relation to the ordered triple helix of collagen and
H-bonds, with sub-bands between 3500 and 3470 cm−1 known to relate to intermolecular
H-bonds [42]. The deconvoluted bands exhibit inverse trends in their band areas depending
on the aging conditions: a consistent decrease is observed for progressing light aging, while
exposure to humidity results in increasing values. The loss of hydrogen-bound water, as
a result of thermal evaporation during light treatment of skin, is known to be promoting
collagen degradation [42].
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Figure 2. µ-ATR/FTIR spectra between 3000–2800 cm−1 of light-exposed flesh side of parchment.
(a) Exemplary band deconvolution of the band envelope for lipid analysis of unaged, 250 h and
750 h exposed sample P4F2. (b) Band areas for ν(CH), νas(CH2) and νs(CH2), νas(CH3) and νs(CH3)
over 750 h of exposure expressed as percentage from the band envelope area (--- 250 h turning
point). (c) S-shaped functions observed for intensities of νas(CH2) at approx. 2920 cm−1 and νs(CH2)
at approx. 2850 cm−1. (d) Blue shift with progressing exposure time of νas(CH2) and νs(CH2)
bands (in the band envelope). (b–d) Averaged values for the flesh side of all parchment samples
exposed to light.

2.3. Conformational Protein Changes Observed by µ-ATR/FTIR and µ-Raman Analysis of the
Vibrational Amide I, II and III Bands

The effect of artificial aging on the structural organization and stability of collagen
was further assessed by analyzing the amide I and II bands in ATR-FTIR spectra and
amide III bands in Raman spectra [34,37,43] While the amide I band originates from C=O
stretching vibrations along the protein backbone, the amide II band represents a mixture
of C-N stretching and N-H deformation vibrations. The amide III band is promoted by
multiple coupling of C-N, C-H stretching and N-H bending [43]. The ATR-FTIR spectra
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of samples derived from P5 and P6 exhibit similar spectral characteristics for both sides
of the parchment, while the spectra of samples obtained from P1–P4 are dominated by an
intense absorption band at 1403 cm−1 on the hair side, superimposing the amide II band
area (Figure S8). This absorption band was assigned to calcite, potentially originating from
chalk powder residues from the production process, and therefore, these samples were
excluded from the analysis of the amide II band.

Although the exemplary amide I band deconvolution of P1F7 shows no apparent
changes for the enveloping amide I band after exposing the sample’s flesh side to humid-
ity, band deconvolution reveals drastic variations in the protein supra-organization after
exposure to 80%RH (Figure 3). The band areas of α-helices are reduced (12.45 to 2.84%),
while the area of disordered structures increases (21.24 to 37.23%), and the area fraction
of anti-parallel β-sheets/β-turns is enhanced (0.22 to 7.71%). Olsztyńska-Janus et al. [37]
and Cappa et al. [29] reported that intermolecular anti-parallel β-sheets are correlated with
protein aggregation and denaturation resulting from thermal aging. The observed varia-
tions indicate a stepwise denaturation-like behavior of α-helix transitioning into protein
aggregates before unfolding into random coils due to the hygroscopic characteristics of
parchment. This behavior is especially noticeable at extreme levels of 30 and 80%RH, even
in absence of enhanced temperature. The changes in β-structures are more pronounced
when humidity is combined with SO2. Compared to humidity-exposed samples, SO2-
induced oxidation increases band areas of amino acids. These degradation-related changes
are also evident in the score plots after statistical analysis. The corresponding loading plots
demonstrate that anti-parallel β-sheets and β-turns play a significant role in statistically
differentiating between samples exposed to 50 and 80%RH along PC1. Changes of amino
acid-assigned bands greatly contribute to the differentiation of samples exposed to SO2
along PC5. Although less pronounced, similar trends were observed for samples exposed
with the hair sides (Figure S9). The effect of exposure to a corrosive gas compared to plain
humidity is furthermore highlighted by the presence of intra-molecular parallel β-sheets
within the amide II bands. Combining SO2 with humidity induces a reduction of the ener-
getically less stable β-structures and a simultaneous increase in random coils, suggesting
protein unfolding as an important degradation pathway.

In comparison to samples aged under humidity and SO2, the amide I and II bands
exhibit alterations in their shapes and shifts in the maximum values of the amide I band
towards higher wavenumbers and the amide II band to lower wavenumbers after light
exposure (details in Figure S10). These observations have already been noted in collagen
denaturation and oxidation studies [29]. The exemplary amide I band deconvolution of
P1F1 (Figure S10a) explains the superficial changes revealing a strong decrease in α-helices
at 1650 cm−1 and a simultaneous increase in random coils (centered at 1641 cm−1).

These variations are accompanied by an increasing presence of anti-parallel β-sheets
and β-turns between 1680 and 1698 cm−1 and amino acid changes observed at 1607 cm−1.

Gradual changes in secondary structures are observed in the averaged band areas with
increasing exposure time and are primarily responsible for distinguishing between native
and aged states through factor analysis. Anti-parallel β-sheets/β-turns and amino acid
residues, in particular, contribute significantly to the differentiation along PC2. These find-
ings are supported by the band deconvolution of the amide II band in P1F1, which further
highlights the specific amino acid vibrations represented in the amide I band originating
from tyrosyl residues, known as preferred cleavage positions within the collagen molecule
during oxidation [29]. The deconvolution of the amide III bands in the Raman spectra
mainly confirms the previously mentioned changes in collagen conformation (Figure S11).
Bands at 1340 and 1380 cm−1 correspond to CH2-stretchinng vibrations associated with
proteoglycans and glycosaminoglycans connected with collagen via crosslinks [44]. An
abrupt increase (12.38 to 15.06%) is observed after a light exposure of 250 h, while reduced
band area ratios of these glycans are observed for all RH levels, particularly pronounced
at 9.73% after exposure to 80%RH. When exposed to humidity in combination with SO2,
mainly decreasing band areas are observed, likely due to the hydration of the water-soluble
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components. The results of the factor analysis emphasized the high importance of this
structural feature for distinguishing between light-aged and humidity-exposed samples
and their respective unaged state along PC2 and PC1 (Figures S12 and S13).

2.4. Changes of Single Amino Acids as Observed by µ-Raman Analysis

Collagen crosslinks are not only evident in amide III bands but are also accompanied
by characteristic absorption signals in the C-C stretching mode region of the fingerprint
region in Raman spectra (1000–800 cm−1). Sub-bands attributed to the protein backbone,
proline and hydroxyproline, which constitute a significant portion of collagen’s amino
acid backbone, are presented. Figure 4 clearly demonstrates a decrease in intensity for
the enveloping band shape after light exposure. The exemplary band deconvolution of
P3H1 highlights a significant decrease in the contribution of the protein backbone (approx.
between 945 and 935 cm−1) after 750 h (38.32 to 15.76%), along with a strong reduction
of band areas originating from a reduced number of hydroxyprolines (approx. at 850 and
875 cm−1).

Both observations suggest a degradation of the protein backbone and a breakdown of
the helical structure [43]. Additionally, a C-O-C vibration assigned to glucosyl-galactosyl
crosslinks of lysine (centered at 815 cm−1) [43] exhibits a slight increase (6.76 to 9.01%),
particularly for the hair side of samples after light aging. As discussed earlier, RH ag-
ing induces structural change in collagen but results in inverse observations for bands
originating from crosslinks. This phenomenon, as discussed by Vest et al. [13] based on
physical appearance analysis, hydrothermal stability and supporting amino acid analysis,
is likely linked to the formation and loss of intermolecular H-bonds and water residues still
trapped in the parchment. Temperature, which increases in a light aging chamber, leads to
water loss and, consequently, a reduction in intermolecular H-bonds, as observed in the
presented data. Vest et al. suggest that close proximity of dry collagen molecules allows for
an increasing number of crosslinks, contributing to brittleness of parchment.

Spectral regions between 800 and 720 cm−1 (Figure S16) and 710–650 cm−1 (Figure 5,
Figures S17 and S18) reveal additional transitions of the amino acids tyrosine, tryptophan
and the sulfur-containing components methionine and cysteine. By deconvolution, in-
creasing band area ratios for tyrosine (approx. 654 cm−1) are found, especially for the
averaged band areas of humidity levels containing SO2. The oxidative stress produces
electrophilic radicals that cause these alterations at the amino acid level, inducing the
formation of tyrosine-derived oxidation products, such as di-tyrosine [45]. However, the
increase in band intensity indicative of tyrosine is explained by the conversion of pheny-
lalanine into meta- and ortho-tyrosine in the melanin pathway, the latter being a known
oxidation product in skin aging [46]. These considerations are supported by a decrease in
intensities of deconvoluted band areas assigned to phenylalanine in the spectral region
between 590 and 470 cm−1 (Figure 6), which will be discussed at a later point.

A significant increase (13.78 to 35.69%) in areas assigned to C-S vibration (710–650 cm−1),
attributed to methionine or cysteine, is observed for P1H9 after exposure to 50 ppm SO2
(Figure S17).

This behavior is also reflected in the averaged band areas and hypothesized to repre-
sent methionine sulfoxide formation, a common oxidation product in the skin [46]. These
findings are accompanied by the decrease of bands assigned to glycine at approx. 700 cm−1,
changing from 23.78 to 15.21%, and glycine/hydroxyproline at approx. 690 cm−1, changing
from 16.42 to 7.41%. Currently, there is no hypothesis for this reduction. However, in the
statistical analysis, samples aged with 80%RH exhibit stronger differentiation from the rest
based on PC2 (Figure 5c). The corresponding loading plot clearly demonstrates that spectral
changes observed for glycine, hydroxyproline and tyrosine contribute to the separation
along PC1. Furthermore, the noticeable clustering of samples exposed to extreme humid
conditions indicates that the variable v(C-S) is highly relevant (Figure 5d).
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Figure 3. µ-ATR/FTIR spectra between 1720 and 1580 cm−1 of RH- and SO2-exposed flesh
side of parchment. (a) Exemplary band deconvolution of the amide I band envelope of unaged
and 80%RH-exposed sample P1F7. Band areas for amide I band components after exposure to
30%RH/50%RH/80%RH (b) without and (c) with 50 ppm SO2 as percentage from the band envelope.
Separation of unaged and aged samples observed after RH-aging with 50 and 80%RH in (d) PC1/PC5
score plot. Respective contributing variables are shown in (e) loading plot. Separation of unaged and
aged samples after SO2-aging with 50 and 80%RH in (f) PC1/PC5 score plot. Respective contributing
variables are depicted in (g) loading plot. PCs are labelled with explained percentages of variance.
Furthermore, 95% confidence ellipses are included in the score plots.



Molecules 2023, 28, 4584 9 of 20
Molecules 2023, 28, x FOR PEER REVIEW 9 of 21 
 

 

 

Figure 4. µ-Raman spectra between 1000 and 800 cm−1 of light- and humidity-exposed flesh side of 

parchment. (a) Exemplary band deconvolution of the band envelope of unaged and 750 h exposed 

sample P3F1. (b) Band areas of the respective band components after light exposure and (c) RH-

exposure to 30%RH-80%RH as percentage from the band envelope area. Separation of unaged and 

aged samples observed after light-aging for 250 and 750 h in (d) PC1/PC3 score plot. Respective 

contributing variables are shown in (e) loading plot. Separation of unaged and aged samples after 

RH-aging with 50 and 80%RH in (f) PC1/PC2 score plot. Respective contributing variables are de-

picted in (g) loading plot. PCs are labelled with explained percentages of variance. Furthermore, 

95% confidence ellipses are depicted in the score plots. 

Figure 4. µ-Raman spectra between 1000 and 800 cm−1 of light- and humidity-exposed flesh side of
parchment. (a) Exemplary band deconvolution of the band envelope of unaged and 750 h exposed
sample P3F1. (b) Band areas of the respective band components after light exposure and (c) RH-
exposure to 30%RH-80%RH as percentage from the band envelope area. Separation of unaged and
aged samples observed after light-aging for 250 and 750 h in (d) PC1/PC3 score plot. Respective
contributing variables are shown in (e) loading plot. Separation of unaged and aged samples after
RH-aging with 50 and 80%RH in (f) PC1/PC2 score plot. Respective contributing variables are
depicted in (g) loading plot. PCs are labelled with explained percentages of variance. Furthermore,
95% confidence ellipses are depicted in the score plots.
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Figure 5. µ-Raman spectra between 710 and 650 cm−1 of SO2-aged hair sides of parchment.
(a) Exemplary band deconvolution of the band envelope of P1H9 before and after exposure to 50 ppm
SO2 and 80%RH. (b) Band areas of the respective band components. Separation of unaged and
aged samples after aging with 50 and 80%RH observed in (c) PC1/PC2 score plot and contributing
variables in (d) loading plot. PCs are labelled with explained percentages of variance. Furthermore,
95% confidence ellipses are shown in the score plot.

The exemplary band deconvolution of P5F7, as shown in Figure 6, further supports
the previously mentioned changes in phenylalanine due to additional aging-induced
transitions. The area of the corresponding band component increases (1.33 to 9.21%) after
exposure to SO2 in combination with 80%RH. Considering that phenylalanine is known to
be affected by acids [47], this increase in the band area was expected. It suggests that the
oxidizing nature of SO2 induces the formation of oxidation products, such as di-tryptophan
and its multiple stereoisomers [45].

As depicted in Figure 6, the spectral region between 590 and 470 cm−1 primarily
captures the stretching motions of disulfide bridges, which play a crucial role in protein
folding and the organization of fibrillar, such as connecting α1- and α2-chains in collagen
type I (COL1α1 and COL1α2) [48]. Through detailed deconvolution, it becomes possible to
analyze sub-bands assigned to three types of cystine rotamers in comparison to the native
state: gauche-gauche-gauche (ggg), gauche-gauche-trans (ggt) and trans-gauche-trans (tgt)
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rotamers, respectively. It is evident that the area of band components corresponding to
the most stable ggg conformation undergoes a slight reduction during aging, which is
further supported by the obtained averaged band areas. Particularly, the band at 510 cm−1

originating from disulfide bonds in the native protein exhibits a significant decrease in the
band area (7.21 to 3.20%) [49]. Concurrently, increasing band areas attributed to ggt and tgt
conformations are observed, indicating the transition of ggg rotamers into energetically
less stable conformations, thereby weakening protein folding before the amide bonds are
broken. This transformation is also shown in the statistical analysis, which clearly separates
aged samples from their unaged references on PC1 in the score plot, showing a negative
correlation with the ggg conformation. When comparing these findings with the results of
band deconvolution for light- and humidity-aged samples (Figure S19), it becomes apparent
that SO2 aging induces the most pronounced transition of cysteine bonds. While humidity-
aged samples exhibit a weaker negative correlation between the ggg and tgt conformations
in the absence of SO2, a positive correlation is observed for light-aged samples.
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Figure 6. µ-Raman spectra between 590 and 470 cm−1 of SO2-aged parchment. (a) Exemplary band
deconvolution of the band envelope of P5F7 before and after exposure to 50 ppm SO2 and 80%RH
with the flesh side. (b) Band areas of the respective band components after exposure of the flesh sides.
Separation of unaged and aged samples after aging with 50 and 80%RH observed in (c) PC1/PC4
score plot and contributing variables in (d) loading plot. PCs are labelled with explained percentages
of variance. Furthermore, 95% confidence ellipses are shown in the score plot.
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3. Materials and Methods
3.1. Parchment Samples

A total of 124 samples of 1 × 1 cm2 were cut from six different sheep parchments
provided by three manufacturers. Details on the parchment folios are summarized in
Table 1 and further completed by Tables S1 and S2. The samples were divided into two
batches to study differences for the hair and flesh side.

Table 1. Summary of details of used parchment folios, including notation, manufacturer and known
facts regarding preparation 1.

Folio Origin Age [Years] Preparation Steps

P1 J. Vnouček >1 Chalk applied on hair side (in dried state)

P2 J. Vnouček <1 Chalk applied on hair side (before drying)

P3 J. Vnouček <1 Chalk applied on hair side

P4 J. Vnouček <1 Chalk applied on hair side

P5 ARCH Lab - -

P6 A. Glaser - -
1 Exposure of hair and flesh side are further indicated by indices “F” and “H”, e.g., P1H and P1F.

3.2. Artificial Aging with UV/VIS Light, Relative Humidity and SO2

Artificial light aging was conducted using a Xenon Arc Simulator lamp in an UVAC-
UBE SOL 2/400F irradiation chamber (Dr. Hönle, Gilching, Germany). The lamp emitted
radiation between 295 and 3000 nm. Prior to the aging experiments, the radiation inten-
sity in the UV/VIS range was measured using a UV-Meter Basic (Dr. Hönle, Germany).
The measured value of approximately 155 W/m2 corresponds to natural aging caused by
solar radiation under typical outdoor conditions in Central Europe [29,50]. Light aging
experiments were carried out for a total exposure time of 750 h per sample. The experi-
ments were paused and monitored at intervals of 12, 80, 250 and 390 h, as well as after
the full exposure time. Temperature inside the chamber was manually measured using a
thermometer immediately after each exposure step, and it was maintained at 54 ± 4 ◦C
throughout all experiments.

Weathering experiments involving RH and SO2 were performed using a setup that
combined a system creating the desired gas atmosphere [51] with a weathering chamber
(Bel-ArtTMSP SciencewareTM) made of a co-polyester glass (Purastar®, Ha Noi City,
Vietnam) to expose the samples. The gas concentration was achieved by humidifying
synthetic air 5.0 (Messer, Gumpoldskirchen, Austria) with double-distilled water for RH-
aging. For SO2 aging, SO2 (Messer, Austria) was added to the chamber to achieve a
concentration of 50 ppm, which was monitored daily using a SO2-specific sensor (Aeroqual
Limited, Auckland, New Zealand). In all weathering experiments, a gas flow rate of
100 L/h was maintained to continuously flush the chamber. Three different levels of RH
(30, 50 and 80%RH) were applied for one week each.

3.3. Colorimetric Analysis by UV/VIS Spectroscopy

Color changes between unaged and aged samples were assessed using a SPM50
Gretag–Macbeth spectrophotometer (XRite, Regensdorf, Switzerland) through colorimetric
measurements. Reflectance spectra were acquired with a D65 light source with a 10◦ stan-
dard observer (45◦/0◦ geometry) within the spectral range of 380–730 nm. The instrument
was calibrated with an internal white reference. Furthermore, 3 × 3 spots with spot diame-
ters of 1 mm each were analyzed per 1 × 1 cm2-sample. Colorimetric values, including the
variances of the single color coordinates (∆a* and ∆b*), the brightness (∆L*) and the color
variation (∆E*), were calculated according to the Commission Internationale de l’Èclairage
1976 (CIE 1976) [52].
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3.4. µ-FTIR Spectroscopy in ATR Mode (µ-ATR/FTIR)

µ-FTIR measurements were performed in ATR mode using a LUMOS FTIR microscope
(Bruker Optics, Ettlingen, Germany) equipped with a liquid nitrogen-cooled photoconduc-
tive mercury cadmium telluride (PC-MCT) detector, covering an area of 100 × 100 µm2.
A motorized germanium crystal with a tip diameter of 100 µm and a penetration depth
of approximately 0.65 µm, regulated by an internal pressure control, was employed as
the ATR probe. Spectra were recorded within the spectral range of 4000–370 cm−1 by
accumulating 64 scans at a resolution of 4 cm−1 A total of 5 × 5 spots were analyzed within
an area of 1.0 × 1.5 mm2. The resulting IR spectra were averaged, baseline-corrected and
vector-normalized. Measurements and data processing were carried out with the software
OPUS® (version 8.0, Bruker Optics, Ettlingen, Germany).

3.5. µ-Raman Spectroscopy

µ-Raman measurements were performed with a portable Raman microscope, specifi-
cally the ProRaman-L-Dual-G (Enwave Optronics, Irvine, CA, USA). The measurements
were conducted in a dark room The instrument was equipped with a laser diode emitting
light at a wavelength of 785 nm with a linewidth of 2 cm−1. A fiber optic probe with a
standard working distance of 7.5 mm, coupled with a Rayleigh filter, was used. The Raman
signal was detected with a CCD array detector cooled to −60 ◦C. The integrated microscope
featured a 1.3 Megapixel camera with in-line LED illumination. For each sample, five mea-
suring points spaced 2 mm apart were analyzed. The area of interest was visualized using a
Leica 50× LWD (long working distance) objective, resulting in an approximate diameter of
3 µm. Spectra were acquired in the spectral range of 3300–100 cm−1, using a laser power of
approximately 36.9 mW. Each spectrum consists of 10 scans, with an acquisition time of 15 s
per spectrum. Subsequently, the obtained Raman spectra were averaged, baseline-corrected
and vector-normalized using the software OPUS® (version 7.0, Bruker Optics, Ettlingen,
Germany).

3.6. Band Deconvolution

The µ-ATR-FTIR and µ-Raman spectra were analyzed using the OriginPro® software
(version 2016G, Northampton, MA, USA). To enhance the quality of the spectra, a smooth-
ing technique based on the Savitzky–Golay method was applied. A third order polynomial
function and 9 smoothing points were used for this purpose. The spectra contained various
absorption bands related to amide and other protein-related vibration, as well as overlap-
ping bands associated with lipids and H-bonds in different regions of interest (Figure S1).
To deconvolute these overlapping bands and accurately determine the maxima of the
individual bands, curve fitting techniques were employed. The second derivatives of the
spectra were utilized to identify the precise location of the band maxima. To reconstruct the
enveloping band shape, a Gaussian function was employed as the band shape model. The
reconstructed band shape was obtained as a summation of the assigned bands. Detailed
information regarding the band assignments can be found in Tables S3 and S4.

3.7. Multivariate Data Analysis

The band areas corresponding to the same secondary structure or spectroscopic feature
within a single band envelope, such as the α-helix in the amide I band, were combined
by summation. This was done before conducting subsequent chemometric analysis. The
resulting percentage values were organized in columns based on the band components and
in rows based on the samples. They were then exported as a CSV file for further usage.

To examine the differences in the significance of spectral features for parchment degra-
dation under different conditions, the data were subjected to dimensionality reduction
using Factor Analysis of Mixed Data (FAMD) as described in the Supplementary Informa-
tion. The FAMD was performed using the “FAMD” function available in the FactoMiner
package in R (version 4.1.2.) [53]. The resulting data were extracted and visualized with the
Factorextra [54] package (version 1.0.7.). For each spectral region, the summed percentage
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band areas of the fitted band components were used as quantitative variables in the analysis.
Additionally, qualitative input variables such as the exposed parchment side or the aging
state (unaged/aged) were included to provide further information.

4. Conclusions

This study presents a comprehensive investigation of parchment degradation, con-
sidering not only the structural integrity of collagen but also the results of UV/VIS, µ-
ATR/FTIR and µ-Raman measurements. Parchment samples were exposed to light for up
to 750 h and subjected to humidity levels of 30, 50 and 80%RH with and without 50 ppm
SO2. These three degrading agents are recognized as significant factors that require careful
regulation and continuous monitoring. The levels of humidity selected in this study aimed
to cover appropriate storage conditions (50%RH) as well as extremely dry (30%RH) and
humid (80%RH) environments to simulate improper handling situations. Sulfur dioxide
was chosen as a representative pollutant due to its historical relevance in contributing
to indoor air pollution in ancient times. Despite the significant reduction of indoor and
outdoor sulfur dioxide concentrations in recent decades, it played a major role in causing
air pollution until the introduction of chimneys in the 12th century [55]. The exposure of
parchment to humidity, with and without sulfur dioxide, allowed for investigating the
impact of moisture alone and its synergistic interaction with the pollutant.

The combination of complementing spectroscopic methods, supported by multivariate
analysis, provided a detailed understanding of the development of degradation-induced
modifications in the supramolecular organization of parchment. Shifts in the maximum
absorption of the amide I and amide II band, towards higher and lower wavenumbers,
respectively, were observed as strong indicators of significant molecular changes of collagen
induced by light aging. However, these shifts were not observed after exposure alone or
moisture with SO2, although changes in the secondary protein structures were observed.
Detailed band deconvolution analysis was crucial in revealing molecular changes induced
by humidity and SO2, as well as the gradual loss of proteinaceous triple-helical structures
and the native state of parchment. Advanced statistical analysis, employing factor analysis
of mixed data, enabled the identification of spectral changes induced by the individual
degrading agents using the fingerprint region of Raman spectra. Specifically, it was found
that light and enhanced humidity led to a comparable reduction in protein backbone stabil-
ity, accompanied by increased crosslink formation due to humidity. Oxidation processes
affecting tyrosine, tryptophan or methionine were observed after treatment with light and
sulfur dioxide, leading to subsequent cleavage of the protein structure. Additionally, the
conformation of disulfide bridges transitioned towards less stable rotamers, resulting in
a disrupted fibrillar organization of collagen as a consequence of sulfur dioxide aging.
Infrared spectra in the C-H region showed specific markers for light-induced aging effects
on lipids in sheep parchment. UV/VIS spectroscopy also revealed differences depending
on the aging type: exposure to light and humidity caused darkening of the samples, while
sulfur dioxide exposure led to increased brightness associated with progressing brittleness
of the sample surfaces. These differences in brightness were further reflected in the color
coordinates, showing red/yellow hues for light-aged samples and blue/green hues after
exposure to sulfur dioxide.

Previous studies primarily investigated the effects of humidity and pollutants in com-
bination with elevated temperatures. However, the present results demonstrate that even
short-term exposures without elevated temperatures can induce degradation. Based on
these findings, further long-term aging experiments are planned to investigate the impact of
humidity and sulfur dioxide on the material. Additionally, modern atmospheric pollutants
such as NOx and O3, the latter being still significant as an indoor air pollutant in museums,
will be further examined. This study highlights that the established approach of using IR
and Raman band shifts to assess environmentally induced aging effects in parchment can
be complemented by in-depth statistical analysis of the absorption bands. This approach
allows for the identification of molecular changes and assists in early damage assessment.
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Therefore, the identified spectral features provide valuable additional information to the
amide I and II band transitions, particularly when the amide bands are overlapped by
traces of the manufacturing process.

Supplementary Materials: The following supporting information can be downloaded in one file at:
https://www.mdpi.com/article/10.3390/molecules28124584/s1, Table S1: Summary of details on
parchment folios P1–P4, Table S2: Overview of all samples and their respective aging conditions,
Figure S1: Overview of regions of interest (ROI) in (a) ATR/FTIR and (b) Raman spectra analyzed by
band fitting. (c) Detail of the lower fingerprint region, Table S3: Band assignment for deconvoluted
regions of interest in ATR/FTIR spectra (Figure S1), Table S4: Band assignment for deconvoluted
regions of interest in Raman spectra (Figure S1), Figure S2: Representation of the color variation ∆E*
after exposure of the samples’ flesh sides to (a) light, (b) humidity, and (c) SO2 and the hair sides to
(d) light, (e) humidity, and (f) SO2. Vertical dashed line marks a threshold of 1 and the perceptibility by
the human eye. Figure S3: Results of colorimetric measurements after exposure of flesh and hair sides
of P1-P6 to light. Changes of (a) and (d) color variation ∆E*, (b) and (e) brightness ∆L* and (c) and
(f) single color coordinates for a second batch of light-aged samples. Figure S4: Results of colorimetric
measurements after exposure of the hair sides of P1-P6 to light, humidity and SO2. Changes in
brightness to (a) light, (b) humidity and (c) SO2. Changes of the single color coordinates a* and b* after
exposure to (d) light, (e) humidity and (f) SO2. Figure S5: Changes in µ-ATR/FTIR spectra between
3600–2800 cm−1 of light- and humidity-exposed parchment. Exposure to light results in a decrease of
band intensities of the (a) CH-stretching bands (νas(CH2) and νs(CH2)) and (b) the band envelope
centered at 3300 cm−1. (c) Increase of band intensities (centered at 3300 cm−1) as a result of increasing
humidity levels. Figure S6: µ-ATR/FTIR spectra between 3000–2800 cm−1 of light-exposed hair side
of parchment. (a) Band areas of ν(CH), νas(CH2) and νs(CH2), νas(CH3) and νs(CH3) over 750 h of
exposure as percentage from the band envelope area (--- 250 h turning point). (b) S-shaped functions
observed for intensities of νas(CH2) at approx. 2920 cm−1 and νs(CH2) at approx. 2850 cm−1.
(c) Blue-shift with progressing exposure time of νas(CH2) and νs(CH2) bands (in the band envelope).
(b–d) represent averaged values for the hair side of all parchment samples exposed. Figure S7:
µ-ATR/FTIR spectra between 3600–3000 cm−1 of (a) light- and (b) humidity-exposed flesh side of
parchment. Band areas of amide A, B and H-bound water-related bands after exposure to (a) light
and (b) humidity. Represented averaged values for the flesh side of all parchment samples exposed
to (a) light and (b) humidity. Figure S8: µ-ATR/FTIR spectra of parchment P1. (a) Comparison
between hair and flesh side. (b) Comparison of hair side with calcite and calcium stearate reference
spectra. Figure S9: µ-ATR/FTIR spectra between 1720–1580 cm−1 of light-, humidity- and SO2-
exposed hair side of parchment. Averaged band areas for the amide I band components after (a) light,
(b) humidity and (c) SO2-expsure as percentage from the band envelope. Figure S10: µ-ATR/FTIR
spectra between 1720–1580 cm−1 (amide I) and 1590–1480 cm−1 (amide II) of light-exposed flesh
side of parchment. (a) Exemplary band deconvolution of the amide I band envelope of unaged and
750 h-aged sample P1F1. (b) Band areas for amide I band components as percentage of the band
envelope. Separation of unaged and aged samples observed in (c) score plots and contributing
variables in (d) loading plots. (e) Exemplary band deconvolution of the amide II band envelope of
unaged and 750 h-aged sample P1F1. (f) Band areas for amide II band components as percentage
of the band envelope. Separation of unaged and aged samples observed in (g) score plots and
contributing variables in (h) loading plots. Figure S11: µ-Raman spectra between 1425–1150 cm−1

of light- and humidity-exposed hair side of parchment. (a) Exemplary band deconvolution of
amide III band envelope of unaged and 750 h-aged sample P5H1. Band areas for amide III band
components after exposure to (b) light and (c) 30%RH/50%RH/80%RH as percentage of the band
envelope. Separation of unaged and aged samples observed in score plots and contributing variables
in the loading plots (d-e) after light- and (f-g) humidity-exposure. Figure S12: µ-Raman spectra
between 1425–1150 cm−1 of SO2-exposed hair side of parchment. (a) Band areas for amide III band
components after exposure to 50 ppm SO2 and 30%RH/50%RH/80%RH as percentage of the band
envelope. Separation of unaged and aged samples observed in (b) the score plot and contributing
variables (c) in the loading plots. Figure S13: µ-Raman spectra between 1425–1150 cm−1 after
exposure to light, humidity and SO2 of flesh side of parchment. Band areas for amide III band
components after exposure to (a) light, 30%RH/50%RH/80%RH (b) without and (c) with 50 ppm
SO2 as percentage of the band envelope. Figure S14: µ-Raman spectra between 1000–800 cm−1

of SO2-exposed hair side of parchment. (a) Band areas of the respective band components after
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exposure to 30%RH/50%RH/80%RH and 50 ppm SO2 as percentage from the band envelope area.
Separation of unaged and aged samples observed in (b) score plots and contributing variables in
(c) the loading plots. Figure S15: µ-Raman spectra between 1000–800 cm−1 of light-, humidity-
and SO2-exposed flesh side of parchment. Band areas of the respective band components after
exposure to (a) light, 30%RH/50%RH/80%RH (b) without and (c) with 50 ppm SO2 as percentage
from the band envelope area. Figure S16: µ-Raman spectra between 800–720 cm−1 of light, humidity
and SO2-exposed of parchment. Band areas of the respective band components after exposure to
(a) light, 30%RH/50%RH/80%RH (b) without and (c) with 50 ppm SO2 as percentage from the band
envelope area of flesh sides. (d–f) of exposed hair sides. Figure S17: µ-Raman spectra between
710–650 cm−1 of light- and humidity-exposed hair side of parchment. (a) Band areas of the respective
band components after light-exposure over 750 h and (d) RH-exposure to 30%RH/50%RH/80%RH
as percentage from the band envelope area. Separation of unaged and aged samples observed in
score plots and contributing variables in the loading plots (b,c) after light-exposure and (e,f) after
RH-aging. Figure S18: µ-Raman spectra between 710–650 cm−1 of light-, humidity- and SO2-exposed
flesh side of parchment. Band areas of the respective band components after exposure to (a) light,
30%RH/50%RH/80%RH (b) without and (c) with 50 ppm SO2 as percentage from the band envelope
area. Figure S19: µ-Raman spectra between 590–470 cm−1 of light- and humidity-exposed hair side
of parchment. (a) Band areas of the respective band components after light-exposure over 750 h and
(d) RH-exposure to 30%RH/50%RH/80%RH as percentage from the band envelope area. Separation
of unaged and aged samples observed in score plots and contributing variables in the loading
plots after (b,c) light-exposure and (e,f) humidity-aging. Figure S20: µ-Raman spectra between
590–470 cm−1 of light-, humidity-, and SO2-exposed parchment. Band areas of the respective band
components after exposure from the band envelope area of flesh sides. (d,f) if exposed hair sides.
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