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ARTICLE INFO ABSTRACT

Keywords: This study is aimed at proposing an analytical protocol to study the in-depth effects of ion beams technique on
In depth damage detection protein-based heritage materials such as parchment and silk, exploiting the penetration of Near-Infrared (NIR)
FTIR and of confocal micro-Raman (p-Raman) spectroscopy. The objective is to verify if the two techniques are
g;l:chmem suitable to identify the main chemical modifications induced by varying proton beam fluences. As a proof of
Silk concept a series of parchment and silk samples were exposed to varying doses of proton beam irradiation (from

0.125, up to 20 pC/cm? provided by ATOMKI) and then submitted to micro-FTIR spectroscopy (u-FTIR) in
mapping mode (7000-675 cm™!) and p-Raman spectroscopy. By collecting three-dimensional dataset of irra-
diated versus unirradiated regions, the extent of degradation in response to different levels of proton beam
dosage was identified employing a multivariate statistical approach based on principal component analysis
(PCA). PCA proved efficient in reducing the dimensionality of the large spectroscopic datasets and in highlighting
the most relevant spectral features responsible for the irradiation-induced modifications across the near-infrared
and mid-infrared regions. Results from this study indicate that p-FTIR mapping in the NIR spectral region enables
intuitive identification of modifications induced by proton beam fluence range from 0.5 to 20 pC/cm? for
parchment and 1 to 20 pC/cm? for silk. In addition, the y-Raman analysis revealed that deeper layers of the
samples are susceptible to damage at doses as low as 0.125 pG/cm?. This finding provides valuable insights into
the vulnerability of protein-based materials when subjected to ion beam analysis (IBA), contributing to the
determination of safe analytical conditions for performing such analyses.

1. Introduction denaturation, hydrolysis, and oxidation processes [2-4]. These chemical

changes can alter the material’s chemical structure and cause visible

Ion Beam Analysis (IBA) is recognized for its unique capabilities in
the non-destructive elemental analysis of cultural heritage artifacts.
External beam IBA techniques, such as Particle Induced X-ray Emission
(PIXE), Particle Induced Gamma-ray Emission (PIGE), and Rutherford or
Elastic Backscattering Spectrometry (RBS/EBS), offer complementary
information, allowing the detection of both light and heavy elements
[1]. However, a key limitation of IBA concerns radiation damage,
particularly in organic-based materials.

Recent studies have increasingly focused on evaluating its effects on
protein-based materials like parchment and silk [2,3]. High-dose expo-
sure to ion beams can lead to collagen degradation through
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damage such as yellowing or darkening of the analyzed area. Moreover,
the internal structure may also be affected due to the Bragg peak phe-
nomenon [5], where protons lose energy gradually as they traverse a
medium, with a dramatic energy deposition occurring near the end of
their path. This localized energy transfer can cause substantial internal
damage, while the dose sharply declines beyond the Bragg peak. This
property is utilized in therapeutic applications to enable precise energy
deposition, as exemplified by proton therapy for cancer treatment,
which permits the delivery of high radiation doses to tumours while
sparing adjacent healthy tissues [6].

On the other hand, the possible occurrence of in-depth damage on

Received 15 July 2025; Received in revised form 16 September 2025; Accepted 26 September 2025

Available online 28 September 2025

0026-265X/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:s.prati@unibo.it
www.sciencedirect.com/science/journal/0026265X
https://www.elsevier.com/locate/microc
https://doi.org/10.1016/j.microc.2025.115559
https://doi.org/10.1016/j.microc.2025.115559
http://crossmark.crossref.org/dialog/?doi=10.1016/j.microc.2025.115559&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Ma et al.

cultural heritage artefact analyzed with IBA creates concerns, especially
when fragile substrates are analyzed such as parchment and silk.

In the specific case of PIXE applied to paintings, a safety threshold of
1 pC/cm? has been established for organic binders, known to be among
the most sensitive components in paint layers [7]. For painted parch-
ment, Miiller et al. determined a lower safety limit of 0.5 pC/cm? for 2.3
MeV protons, using synchrotron-based two-dimensional Fourier Trans-
form Infrared (Sy-2D-FTIR) mapping. Exceeding this threshold (e.g.,
above 4 pC/cm?) led to observable degradation, such as cavity formation
and collagen fiber denaturation extending to depths of approximately
100 pm.

Subsequent work by Csepregi et al. [3] employed different tech-
niques to study parchment exposed to different doses. Fourier Transform
Infrared Spectroscopy in Attenuated Total Reflectance (FTIR-ATR) mode
were capable to identify degradation features in samples exposed to 2.3
MeV, 5-10 pC/cm? While changes were less apparent below this
threshold, complementary imaging via Optical Coherence Tomography,
performed after sample immersion, revealed crater formation and
confirmed a proton penetration depth of around 100 pm, even at doses
as low as 1 pC/cm?.

Numerous studies proposed FTIR spectroscopy in the mid-infrared
(MIR) range to evaluate parchment aging [2-4]. Collagen, the primary
component of parchment, exhibits characteristic amide I, II, and III
bands in FTIR spectra. Degradation processes such as denaturation,
hydrolysis, and oxidation manifest through specific spectral shifts and
intensity changes. For instance, collagen denaturation is evidenced by
shifts in the amide I band and amide II respectively to higher and to
lower wavenumbers, increasing the distance between them [8]. Hy-
drolysis leads to scission of the polypeptide chains, altering the amide I/
amide II intensity ratio, while oxidation (e.g., from light and pollutants)
can generate carbonyl groups, seen as an enlargement of the amide I
band area [4].

Similar to FTIR, the Raman spectrum of parchment is characterized
by the distinctive vibrational features of collagen [9]. Prominently,
amide I and III bands appear, while the amide II band is usually quite
weak. A band near 1450 cm ™! corresponds to aliphatic C—H bending
vibrations, and the intensity ratio between amide I and this band has
been proposed as a marker of collagen degradation [10,11]. In the
1100-900 cm ! region, several bands appear that are attributed to the
C—C stretching of both proline and hydroxyproline rings and of protein
backbone [12]. Changes across the fingerprint region are identified,
which are related to aging processes [13]. In particular, after 24 h of UV
irradiation, Reina et al. [14] found that the Raman spectrum of parch-
ment displayed significant broadening between 800 and 1200 cm ™,
with bands associated with C—C vibrations becoming less defined and
accompanied by the occurrence of a new feature at 1084 cm™, likely
attributable to disordered C—C stretching modes from random coil
configurations.

Silk, composed primarily of fibroin and sericin, is also highly sus-
ceptible to degradation caused by humidity, UV light, and pollutants.
These factors can induce oxidative chain breaks, reducing mechanical
performance and altering the fiber’s secondary structure [15,16]. In MIR
spectra, oxidation in silk is typically identified by changes in the
carbonyl region (1775-1700 cm™'), associated with B-turns in the
B-sheet structure [17]. However, unlike parchment, silk does not show
significant amide I variation with aging. Instead, the crystalline index of
amide III serves as a more sensitive marker for structural changes [16].
Key Raman bands of silk fibroin provide information about secondary
structure and local environment, and therefore degradation processes
[18,19]. The tyrosine doublet at 830 and 850 cm~! reflects local in-
teractions involving tyrosine residues. The structured amide III region
(1300-1200 cm 1) is sensitive to backbone conformation and B-sheet
orientation. The amide I band, typically centered around 1670-1665
em™}, also serves as a marker for p-sheet content. While prior studies
have mainly focused on the amide I and tyrosine bands, the amide III
region also provides valuable conformational information [18].
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FTIR-ATR provides surface information, with a penetration depth of
about 1.66 pm at 1000 em™! for parchment (Csepregi et al. [3]), and
requires intimate contact with the artefact. Based on the evanescent-
wave penetration depth equation reported by Rosi et al. [20], the use
of a Ge crystal (n ~ 4) in the range 4000-675 cm~! confines measure-
ments to the near-surface region and does not capture deeper modifi-
cations induced by proton beam irradiation. Moreover, Badillo-Sanchez
et al. [21] suggested that the mechanical pressure exerted by the ATR
crystal can alter silk fibers, potentially masking spectral differences
between pristine and aged samples. Since ion-beam damage (PIXE) can
extend tens to hundreds of microns beneath the surface, techniques with
greater probing depth are required.

Padalkar and Pleshko [22] demonstrated that in collagen-rich tissues
such as cartilage, NIR penetration depths of 1-3 mm are achievable.
Since parchment is likewise predominantly composed of collagen, NIR
spectroscopy is expected to probe depths well beyond 100 pm, where
Csepregi et al. [3] previously observed ion-beam damage with 2.3 MeV
protons.

To identify a suitable analytical approach capable to sample in depth
degradation processes due to ion beam exposure [2,3], this study
examined a new set of goatskin samples and silk samples that have
undergone proton beam irradiation using p-FTIR mapping, isolating
MIR (4000-675 cm™!) and NIR (7000-4000 cm™!) regions. Principal
Component Analysis (PCA) and brushing techniques [23] revealed that
NIR spectroscopy effectively detects subsurface proton-induced modi-
fications not evident in surface analyses.

In parallel, confocal p-Raman spectroscopy was employed to exploit
its probing depth determined by its axial resolution [24], which reflects
the depth from which the Raman signal is effectively collected and
spatially resolved. The axial resolution is, in turn, a function of the setup
optics and of the excitation wavelength, as well as of the refraction index
of the probed medium and its scattering and absorption properties.
Therefore, the knowledge of the axial resolution allows to assess the
spatial extent of modifications within the samples.

In this work, lower-energy protons were used compared to previous
studies [2,3], producing damage confined to the first 50-60 pm. This
experimental choice allowed us to test whether the in-depth penetration
of NIR and p-Raman spectroscopy, which extends beyond this thickness,
is suitable for detecting the expected modifications within the irradiated
volume.

Overall, the results highlight the enhanced sensitivity and suitability
of NIR and p-Raman spectroscopy for monitoring ion-beam-induced
damage in fragile organic materials such as parchment and silk, sup-
porting their application in the study of cultural heritage affected by Ion
Beam Analysis (IBA).

2. Materials and methods
2.1. Parchment and silk samples

Commercially available goatskin parchment produced traditionally
in Turkey and silk samples were exposed to proton beam irradiation at
the external beamline of the Tandetron accelerator of HUN-REN
ATOMKI [25,26] with protons produced at 2.0 MeV that, mainly as a
result of Coulomb interactions with electrons, hit the sample with an
energy of 1.73 MeV.

The beam spot was 2 mm x 2 mm, and the samples were scanned in
front of the beam, covering an area of 8 mm x 9 mm (Fig. S1). Different
fluences, corresponding to the amount of charge, deposited on a unit
area of the sample surface [27], were employed from 0.125 to 20 pC/
cm? with the current ranging from 1 nA (lowest fluence) to 9 nA (for the
other fluences), resulting in noticeable discoloration (yellowing) on
parchment surface associated with the highest dose exposure. The range
of applied fluences includes conditions commonly employed for IBA
purposes [28]. The highest fluence condition (20 pC/cmZ) has been
included to assess more extreme conditions. The deposited charge is
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expected to be homogeneous on the surface, perpendicular to the beam
axis, except from the edges of the irradiation. Details regarding the beam
fluences for the analyzed samples and the irradiation scheme are out-
lined in Table 1.

2.2. Stereo microscopy

All samples were documented prior to FTIR analysis using a Leica
MZ6 stereo microscope equipped with Tungsten lamp, and a Canon®
Power Shot 550 digital camera mounted on the ocular. The irradiation
spots were positioned on the lighter and smoother side (for the parch-
ment), measuring approximately 8 x 8 mm?. This method can utilize the
surface discoloration observed in highly irradiated samples to locate
areas for the following p-FTIR analyses.

2.3. Micro-FTIR point analyses and mapping

An Infrared Microscope Thermo Scientific Nicolet (Thermo Fisher
Scientific, Waltham, MA, USA) iN™10MX spectrometer cooled by liquid
nitrogen, equipped with a X-Y-Z motorized stage, was used in ER mode
to record the spectra in the range 7000-675 cm ™!, with a spectral res-
olution of 8 cm™!. The optical aperture was 300 x 300 pm?. Background
was collected from a 200 nm gold-coated slide. Point analyses were
performed on both the irradiated and unirradiated areas of parchment
P20 and silk S20 to compare degradation spectral features. Maps were
acquired by attaching two sides of parchment and silk samples with
adhesive tape onto a gold coated glass slide, ensuring the tissue was
placed flat to maintain a planar surface. The analyses were carried out
on the regions around the midsection of P0.125 to P20 and S0.125 to
$20, which also included the unirradiated areas, as indicated by a red
rectangle (Fig. S4a).

2.4. Data-processing methods

The preliminary data-handling of the spectral datasets obtained by
p-FTIR mapping was carried out using the specialized software
OMNIC™ and OMNIC Picta™ (Thermo Fisher Scientific, Waltham, MA,
USA), and data-processing was performed by MATLAB (R2023b, The
MathWorks, Inc.). During data pre-processing, MIR (4000-675 cm ')
and NIR (7000-4000 cm ™) were treated with individual methods. The
MIR and the NIR components were elaborated separately using PCA.
Standard Normal Variate (SNV) correction followed by quadratic
detrending was effectively applied to compensate for baseline shifts and
slope variations [29,30]. Savitzky-Golay (SG) first derivative to further
enhanced spectral features. The NIR region between 7000 and 5200
cm ™}, predominantly reflecting water content, was excluded due to low
Signal-to-Noise Ratio (SNR). For silk, a tailored approach using SG
smoothing and second-derivative transformation was employed to
address unique scattering and baseline drift challenges in both MIR and
NIR ranges [31,32].

Based on the PCA results, a brushing workflow (Fig. 1) was applied
for an in-depth exploratory analysis. This approach enabled the inter-
active selection of pixel clusters directly from the PCA score map
(Fig. 1a), which were then analyzed in the corresponding score plot

Table 1
Fluences applied to parchment (P) and silk (S) samples.

Sample name Charge per unit area (1C/cm?)

P20/520 20
P10/S10 10
P4/S4 4
P2/S2 2
P1/81 1
P0.5/50.5 0.5
P0.25/50.25 0.25

P0.125/50.125 0.125
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(Fig. 1b) to distinguish chemically distinct regions. The associated
spectral profiles (Fig. 1¢) and PC loadings (Fig. 1d) were subsequently
examined to correlate specific spectral variations with chemical changes
induced by proton beam irradiation. This method effectively revealed
irradiation-driven chemical transformations and allowed the charac-
terization of the distinct spectral features of the two materials.

Average spectra for each region were selected by brushing on the
score maps, the corresponding spectra were extracted from the original
dataset and then pre-processed to facilitate the interpretation of spectral
features and their correlation with the effects of proton beam irradia-
tion. For the parchment samples, the raw dataset was treated with SNV
and detrending, whereas for the silk samples, an auto baseline correction
preceded SNV. PCA score maps show how pixels are grouped based on
spectral similarity, allowing the identification of chemically distinct
regions, such as irradiated and non-irradiated areas. The loading profiles
indicate which wavenumbers (variables) contribute mostly to this sep-
aration. Wavenumbers with positive loadings are more strongly associ-
ated with pixels having positive scores, whereas wavenumbers with
negative loadings are more strongly associated with pixels having
negative scores. Thus, by combining information from score maps and
loadings, it is possible to verify wether it is possible to distinguish
irradiated and non-irradiated regions and to identify the spectral fea-
tures, which may mainly drive the differentiation.

2.5. Confocal micro-Raman (u-Raman) spectroscopy

Raman spectra were acquired using a confocal Raman microscope
(Xplora Plus, Horiba) equipped with a 785 nm diode laser as the exci-
tation source. The laser was operated at 25 % of its nominal 100 mW
power to minimize the risk of thermal damage of the sample. The
spectrometer is equipped with edge filters enabling the scattering
collection down to 50 cm ™! from the Rayleigh line. All data presented in
this work were recorded using the 5x objective, which was selected to
access the maximum possible penetration depth under the excitation at
785 nm in order to observe in depth damages in the range 50-60 pm as
explained above. This configuration was purposefully adopted to assess
structural alterations induced by proton beam irradiation at the greatest
depth accessible by the system. In a confocal setup, the effective sam-
pling depth depends on the excitation wavelength A, the numerical
aperture NA of the objective, and the pinhole diameter. With the fixed
pinhole aperture applied for these measurements, axial resolution is
governed only by the optical characteristics of the objective, i.e. NA and
working distance, which also define the confocal volume and collection
efficiency. Following Chalmers et al. (2002) [24], the theoretical axial
resolution Az is calculated with Eq. (1) and the penetration depth can be
thus estimated. For the 5x objective, the maximum penetration depth
thus reaches approximately 100 pm. Even though actual depths may
vary depending on the sample’s scattering and absorption properties, it
is reasonable to assume that, in not strongly absorbing samples, the
penetration depth is approximately equal to the axial resolution, as both
are primarily governed by the optical characteristics of the confocal
setup [33].

4.4n)

1
27(NA)? W

For each sample, both of parchment and silk, irradiated with varying
proton beam doses as described in Section 2.1, five spectra were ac-
quired and averaged. Each spectrum, focused on the 800-2000 cm *
range, resulted from a 50 s accumulation, chosen to accurately deter-
mine Raman peak positions and improve the signal to noise ratio.
Spectra were collected from at least three distinct points within the
selected micro-area for each experimental condition. Data processing,
including baseline correction and peak assignment, was performed using
OriginPro 2024.



M. Ma et al.

PCx score map

Absorbance

Wavenumber

Microchemical Journal 218 (2025) 115559

Scores on PCy
[ ]
EE TR 2 el

Scores on PCx

Loadings on PCx

Wavenumber

Fig. 1. Workflow for PCA brushing: (a) selection of pixels based on the PCx score maps; (b) identification of cluster in the PCx-PCy score plots; (c) and (d) evaluation

of the average spectra and of the loading profiles.
3. Results

Parchment and silk samples were exposed to proton beam irradiation
with protons that hit the sample with an energy of 1.73 MeV, a value
that is within the typical energy range for ion beam analysis (MeV
range), although somewhat lower than the energy used in previous
studies [2,3]. The selected conditions allow to reduce the penetration
depth of the particles into the material with the aim to verify whether
techniques with can penetrate up to hundreds of microns can be suitable
to detect changes which occur below the first 100 pm [28]. The in depth-
dose profile, is not uniform due to the Bragg peak phenomenon [34].
Consequently, damage is expected to be more pronounced near the end
of the proton’s path. In particular, since the penetration depth of the
protons depends just on the energy of the particles and on the type of
material, for parchment, the projected penetration depth can be esti-
mated to be in the order of 50-60 pm. For silk, the woven microstructure
and porosity introduce local density/voids that can disturb the effective
path length, therefore range values should be interpreted with greater
caution than for parchment.

Parchment and silk samples exposed to various irradiation condi-
tions were analyzed using p-FTIR microscopy in external reflection (ER)
mode, acquiring spectral maps of areas that included both irradiated and
non-irradiated zones in the MIR and the NIR range. The two regions
were then elaborated separately exploiting the different penetration
depth in the two regions of the infrared range and the data were pro-
cessed using PCA. It is important to note that spectra acquired in ER
mode appear distorted in the MIR range compared to those obtained
using ATR or transmission modes. These distortions arise from the
combined effects of specular reflection (Rs) and volume reflection (Rv)
contributing to the total reflected signal.

Rs can introduce spectral distortions such as derivative-like features
and band inversion (Reststrahlen effect), making mathematical correc-
tion difficult when these effects coexist. In such cases, signal identifi-
cation will rely on pseudobands, apparent features not linked to true

vibrational transitions but to optical artifacts. In contrast, as light is
scattered back from within the bulk, Rv enhances weak bands, especially
overtones and combinations in the NIR which are not distorted. Since
silk and parchment have different morphology, the relative contribu-
tions of Rs and Rv will be different such as their characteristic spectral
features [35].

Fig. S2 show ER spectra collected from untreated areas of pristine
parchment and silk, while Table S1 summarizes the band assignments
based on the observed spectral distortions.

In ER-FTIR spectra of parchment (Fig. 1a), the Amide I and Amide II
bands display typical derivative-like distortions, with inflection points
located at approximately 1665 cm~! (Amide I) and 1555 cm ™! (Amide
II). The pseudo bands employed for their detection correspond approx-
imately to 1690 cm ™! and 1580 cm ™! as observed in reflection spectra
acquired on collagen based materials [36].

In the case of silk, although the macroscopic surface may appear
uneven, individual fibers are microscopically glossy. This intrinsic
glossiness enhances specular reflection, contributing to prominent
spectral distortions in ER mode, especially the appearance of inverted
bands in the amide region. As shown in Table S1, the most informative
pseudo absorbance bands for identifying Amide I and Amide Il in silk are
located around 1705 cm’l, 1680 cm’l, and 1565 cm™! [35].

In the NIR range overtones and combination bands are reported in
Table S1.

PCA analyses reported in the following paragraphs were performed
after the selected pre-treatments, taking into consideration the different
morphology of the two materials which impact the baseline of the
spectra, especially in the NIR region. In particular, silk tends to be
smooth and glossy, resulting in more specular reflection, whereas
parchment is rough and fibrous, leading to more diffuse scattering
exhibiting greater baseline drift compared to the silk.
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3.1. Parchment degradation

Calf parchment samples exposed to various proton irradiation doses
with protons of 2.4 MeV were analyzed in a previous paper using ATR-
FTIR [3] showing spectral changes induced by proton beams especially
at higher doses (5-10 pC/cm?). A shift of the amide II peak from 1534 to
1540 cm ™! to 1522 em™! was noted, suggesting increased molecular
disorder and collagen denaturation [4].

The application of PCA to the spectra acquired on the new set of goat
skin samples in the MIR range revealed more information than previ-
ously reported [2,3], even if they were treated with proton at lower
energy. Indeed the irradiated i regions can be distinguished from the
unirradiated ones at doses as low as 2 pC/crn2 (Fig. S3a).

As an exmaple, the PC1 score map for sample P20 (Fig. S4a) clearly
differentiates treated and untreated zones. Based on PC1 values on the
PC1 score map, it is possible by brushing to identify three clusters as
confirmed by the PC1-PC2 score plot (Fig. S4b). Cluster A corresponds
to the unexposed region and its average spectra reported in logl/R is
characterized by the typical spectral features of pristine parchment,
including the pseudo bands at 1700-1600 cm~! (amide I) and
1580-1510 cm ™! (amide II), as reported in Table S1 (Supplementary).

The average spectrum of Cluster B (treated area, Fig. S4c) shows
spectral changes associated with degradation [2,4]:
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. A shift of the amide I pseudoband to higher wavenumbers and an
increased separation between amide I and II pseudobands, charac-
teristic of collagen denaturation.

. Altered amide I/amide II intensity ratio, indicating hydrolysis of
collagen polypeptide chains.

. Broadening of the amide I pseudoband, possibly linked to oxidation
processes.

A third separation can be done in the frame of cluster B based on the
PC1 values identifing a third group of pixels (cluster C, Fig. S4a). The
average spectra, while similar to cluster B, exhibit an additional
enlargement of the amide I band and a shift of the amide II towards
lower wavenumbers ascribable to denaturation processes [4]. These
changes align with the more pronounced yellowing observed in the
corresponding area under visible light, as shown by the spatial corre-
lation in Fig. S4a.

Notable variations in the loadings are observed in the 1750-1500
cm ™! range, corresponding to the Amide I and Amide II bands (after first
derivative correction). In particular, the positive loadings at 1566 cm ™
reflects a change in the shape of the Amide II band, while the negative
loading at 1704 cm ™! is associated with a shift in the Amide I band when
comparing treated and untreated areas. These changes in the Amide I
region also appear to contribute to the slight separation observed be-
tween clusters B and C.
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Fig. 2. PCA brushing results of P20 on PC2 score map with a focus on selected NIR region (5200-4000 cm 1). (a) PC2 score map brushing areas; (b) highlighted
scores in PCA score plot of two clusters: unirradiated area (A); irradiated area (B); (c) corresponding average spectra with (d) PC2 loading profile from the first

derivative PCA model.
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Similar spectral features were observed in samples exposed to 10, 4
and 2 pC/cm2 (samples P10-P2), while at lower doses, MIR spectra could
not clearly differentiate treated from untreated zones (Fig. S7-S9).

In the NIR region, PCA of the spectral maps allowed for the differ-
entiation of treated and untreated zones even in the sample irradiated
with only 0.5 uC/cm? (P0.5), as shown in Fig. S3b.

The PC2 score map for sample P20 (Fig. 2a) allow to distinguish two
clusters which correspond to two separate groups in the PC1-PC2 plot.
(See Fig. 2b.)

The average spectrum for cluster A (untreated region) shows sig-
nificant differences in the relative intensities of water-associated bands,
particularly the water-related signal at 5157 cm ™! [8] with respect to
the band around 4601 ¢cm ™! (linked to the combination band of amide II
and first overtone of carbonyl stretching [37]), and of the broad bands in
the 4464-4049 cm™! range, attributed to CH stretching and bending
combination modes with respect to the untreated areas [38]. Moreover,
a change in the shape of the band at about 4902 cm ™! ascribable to the
combination band of amide II and first overtone of carbonyl stretching
can be observed [37]. The loading plot, derived from spectra processed
with a first derivative correction, indicates that the shape of this band
significantly influences the separation of the clusters. In particular, the
broadening of the amide I band and the shift between the amide I and
amide II bands, as previously observed in the MIR range, likely
contribute to the variations observed in this spectral region.

These distinctions remain evident in for samples P10, P4, P2, and P1
(Figs. S10-S13). Although cluster separation is less pronounced in the
lower-dose samples, brushing the PC1 or PC2 score maps still yields
average spectra that confirm the same degradation features.

In sample P0.5 the separation appears less pronounced and the an-
alyses of loadings is not completely clear (Fig. S14).

Interestingly, exploiting just the MIR region it was not possible to
distinguish the samples exposed to lower dose, emphasizing the role of
the Bragg peak, which causes greater energy deposition, and thus more
damage, within the internal layers of the sample rather than on its
surface. Consequently, the radiation-induced changes observed in P2, P1
are not detectable under stereomicroscopy or through surface-level FTIR
analysis in the mid-IR range.

On the other hand, it is interesting to note that in the P20 treated
samples just the superficial information allowed to distinguish cluster C
from cluster B which appear not distinguishable considering the NIR
range.

To complement the findings of IR spectroscopy techniques, p-Raman
spectroscopy was applied to the parchment samples to verify the depth
of the sample damage, depending on the doses. As described in Section
2.5, spectra were recorded using the 5x objective, chosen to achieve the
maximum possible penetration depth of 100 pm under the excitation
source of 785 nm. The fingerprint region between 800 and 1200 cm ™
displays the most pronounced effects of proton-induced damage. As
Reina et al. have demonstrated, the exposure of parchment to UV radi-
ation causes the bands of the fingerprint region to become broader and/
or decrease dramatically in intensity, indicating a protein structural
modification [14]. For the parchment samples exposed to the proton
beam, no significant changes were observed in the fingerprint region
when comparing the untreated PO sample with those irradiated at doses
up to 4 pC/cm?. At higher doses, i.e. above 10 pC/cm?, some bands start
to exhibit a marked reduction in intensity and/or broadening, indicating
progressive structural degradation. Although the measured signal at
each specific micrometric spot showed some dependence on accumu-
lation time, and increasing the SNR required careful control to avoid
fluorescence emission and/or excitation-induced damage, the results
were consistently uniform over all measured spots. These observations
are consistent with those reported by Miiller et al. (2022), who found
that beam fluences exceeding 4 pC/cm? led to substantial modifications
in the spectral feature over this range [2].

However, rather than the absence of broad spectral degradation at
low doses, a specific marker of early damage, namely, the appearance of
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a new vibrational band at approximately 1087 cm™! characterizes the
Raman spectra (Fig. 3). This band, not observed in the pristine sample, is
attributed to C—C random coil vibrations and should be indicative of
C=C double bond breakage induced by the proton beam irradiation
[14,39,40]. Indeed, a signal corresponding to this band is detected
starting from the 0.125 pC/cm? fluence, thus suggesting a damage at the
beam penetration depth of at least 100 pm, despite the level of noise of
this acquisition. As expected, the relative intensity of the 1087 cm™!
band varies across the sample, but when present it provides compelling
evidence of collagen structural modification at the site of the proton
beam exposure.

Unlike what was found in the IR analyses, no clear evidence of the
degradation of the secondary structure of the parchment’s protein
content by proton beam treatment was observed in the Raman spectra
under the present experimental conditions. This is supported by the
consistent frequency of the Amide I band (1670 cm™!, CO stretching)
across all doses and sample layer and the constant intensity ratio be-
tween the Amide I and C—H bending (1450 cm’l) bands, whose is
considered a marker for collagen degradation [41]. Similarly, the Amide
III (1243 cm ™ 1), attributed to CN stretching, appear unchanged in all test
conditions. The Amide II band, expected around 1550 em! is not
detectable. The lack of clear Raman information of collagen degradation
in the amide bands of treated parchment may arise from using the 785
nm laser excitation source. While this wavelength effectively suppressed
the sample fluorescence, it turned out not to be optimal for detecting the
subtle conformational changes identified by NIR and mid-IR spectros-
copies. Thus, IR spectroscopy appears to stand as the gold standard in
the analyses of amide I and III bands, due to its higher intrinsic sensi-
tivity to peptide backbone vibrations and its widespread use in quanti-
tative curve fitting for secondary structure assessment [42].

3.2. Silk degradation

Silk samples appear to be more stable than parchment, showing only
slight visual changes in the treated areas even at high radiation doses
(Fig. S5c¢).

Using MIR spectroscopy combined with PCA, subtle differences

817 856
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Raman shift (cm™)
Fig. 3. p-Raman spectra of proton-irradiated parchment samples. Samples are

labeled as in Table 1. The effects of the proton beam were analyzed at the
penetration depth of ~ 100 ym.
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between treated and untreated areas are detectable up to sample S4
(Fig. S5a).

In sample S20 (Fig. S6), brushing based on PC2 values in the PC2
score map enables a clear distinction between treated and untreated
regions. The average spectra highlight differences in the shape of the
amide I and amide II bands (Fig. S6c). The slight broadening of the
Amide I band, is possibly due to oxidation processes. Additionally,
changes around 1566 cm ™! likely correspond to alterations in the shape
of the amide II band. The PC2 loading profile (Fig. S6e) further supports
the interpretation that variations in both the shape and position of the
amide I and II bands are key factors driving the separation between
treated and untreated areas based on PC2 values. Similar trends are
observed in samples S10 and S4 (Figs. S15-S16), although the separa-
tion between treated and untreated areas is less pronounced.

In the NIR region (Fig. S5b), treated and untreated areas can be
distinguished through brushing, up to sample S1. The average spectra of
the two clusters isolated from sample S20 (Fig. 4), reveal spectral dif-
ferences in the regions corresponding to the bands at 4860, 4625, and
4536 cm ™! ascribable to combination bands of amide I, amide II, amide
A, and amide B, as detailed in Table S1. A certain difference can be
visible also in in samples S10, S4, S2, and S1 (Figs. S15-S20), where
brushing permits a separation, even if less evident.

To assess whether the higher resilience of silk compared to parch-
ment, as revealed by IR techniques, was consistent across different
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sample depths, the materials were also analyzed using p-Raman spec-
troscopy. Fig. 5 displays the spectra acquired from each sample using the
5x objective with a penetration depth of 100 pm. Amide I and Amide III
band appear constantly at 1665 and 1233 cm ™, respectively, indicating
that both untreated and treated samples adopt predominantly a -sheet
conformation [19,43] in all the tested conditions. It is worth noting that
native fibroin, the primary protein in silk, predominantly adopts random
coil and a-helix conformations before being spun or processed [19,44].
After extraction from the silkworm cocoon and subsequent reprocessing
for the fabrication of silk fibers, molecular alignment occurs, especially
under higher drawing ratios, which results in the formation of ordered
B-sheet structures [19]. Zheng et al. (1989) identified the band at 1085
cm ! as highly sensitive these structures, and proposed it as a marker of
protein conformation [19]. The presence of this band in the spectrum of
sample SO under the reference conditions suggests that the protein is
already predominantly in a p-sheet conformation, with no further
detectable changes observed in the Raman spectra upon irradiation at all
depths. A tentative PCA analysis, comparing the sets of silk samples
irradiated with different proton beam fluences further supported this
interpretation, indicating that no significant conformational differences
are detectable under the tested conditions.

Interestingly, Shao et al. [45] have reported that the photosensitive
amino acids such as tryptophan, tyrosine, and phenylalanine are key
markers of silk structural changes induced by UV/ozone irradiation. In
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Fig. 5. p-Raman spectra of proton-irradiated silk samples. Samples are labeled
as in Table 1. The effects of the proton beam were analyzed at the penetration
depth of ~ 100 ym.

particular, a decrease in the band intensities at 855 and 830 cm ™! was
observed in treated samples, indicating degradation or loss of tyrosine.
The intensity ratio of this doublet is also sensitive to hydrogen bonding
and phenolic hydroxyl ionization: a stronger hydrogen bond is suggested
when the 830 cm ! band exceeds that at 855 cm ™! [45]. Based on this,
and considering that proton beam is expected mainly to affect deeper
silk layers, we analyzed the 855/830 cm™! intensity ratios for samples
irradiated with 0, 4, 10, and 20 pC/cm? measured using a 5x objective,
and compared them to virgin silk. As shown in Fig. S21, no significant
damage is observed below 10 pC/cm? However, slight tyrosine modi-
fication appears at 20 pC/cmZ.

4. Conclusion

This paper proposes an anlytical protocol based on the integrated use
of NIR-MIR hyperspectral imaging and p-Raman microscopy to detect
early-stage or hidden damage induced by ion beam.

As a proof of concept, we focused on parchment and silk samples
treated at different fluences selecting protons accelerated at 1.7 MeV
corresponding to a penetration depth of about 50-60 um.

The NIR and MIR results demonstrate the importance of processing
the data with chemometric tools to reveal subtle chemical and structural
changes that may be invisible to conventional surface-level techniques.
For parchment treated with proton energy at 1.73 MeV, spectral features
in the MIR range, particularly shifts and broadening in Amide I and II
pseudobands, confirmed collagen denaturation at fluences >4 pG/cm?
consistent with hierarchical disruption of collagen fibers under ionizing
radiation. Notably, PCA of hyperspectral maps acquired in the NIR range
allowed the detection of chemical modifications even at 0.5 pC/cm?,
well below the threshold for visible damage. This is significant, as pre-
vious single-point ATR measurements performed on samples treated
with higher energy protons failed to detect such early changes (Csepregi
et al.; Miiller et al.). These results emphasize the ability of NIR spec-
troscopy to probe subsurface layers and capture degradation processes
driven by energy deposition at the Bragg peak.

Micro-Raman spectroscopy enabled the detection of proton beam-
induced damage in parchment treated with a dose as low as 0.125 pC/
cm?, suggesting the band at 1087 cm ™' as a spectroscopic marker of
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proton-induced molecular collagen damage. The applied measurement
settings allow the detection of changes down to a depth of 100 pm; thus,
the entire layer affected by ions in this experiment could be probed.

For silk treated in the same conditions, no visible changes were
observed even at the highest dose tested (20 pC/cmZ), indicating a
higher resistance to macroscopic damage than parchment. However,
PCA applied to both MIR and NIR datasets revealed subtle alterations.
While MID spectra allow to identify superficial modifications up to 4 pC/
cm? and Raman detected a slight tyrosine modification in the sample
treated at 20 uC/cm?, NIR analyses allowed to identify changes up to the
samples exposed to 1 pC/cm?, further supporting the occurrence of in-
ternal chemical modifications. Thus, although silk is more stable
morphologically, it is still chemically sensitive to irradiation, especially
in relation to oxidation pathways.

The distinct behaviour of parchment and silk under proton irradia-
tion, despite both being protein-based, highlights the influence of mo-
lecular structure and material morphology on radiation susceptibility.
Parchment, primarily composed of cross-linked collagen fibrils, is
structurally rigid and more prone to hierarchical degradation. Silk
fibroin, by contrast, has a semi-crystalline and less cross-linked archi-
tecture, which may confer resilience to structural disruption.

These observations underscore the value of NIR hyperspectral im-
aging and p-Raman microscopy to detect incipient or hidden damage in
historical materials. Importantly, in parchment samples exposed to in-
termediate doses, certain features (e.g., cluster C in P20) were only
detectable using MIR surface-sensitive data, whereas the NIR signal
failed to differentiate them, which suggests that MIR and NIR provide
complementary insights into depth-selective damage phenomena.
p-Raman spectroscopy allowed to distinguish subtle effects of lower
proton beam irradiation doses in parchment, on the other hand just few
modifications were observed in silk, proving that the different setups are
complementary.

Future experiments will extend this protocol considering different
ion beam conditions in order to define safety thresholds for different
kind of materials taking into consideration also variables, such as the
state of conservation and the presence of additives in the analyzed
objects.
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