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Abstract In this study, the employment of the X-ray irradiation as bioremediation method
to treat parchment has been deeply investigated. In particular, the effect of the irradiation
doses on the structural stability of collagen, the main constituent of parchment, has been
evaluated on a series of modern parchment samples by means of different opto-thermal and
spectroscopic techniques in order to obtain the dose-dependent effect of irradiation on col-
lagen. Moreover, the long-term behavior of the irradiated parchment has been considered by
analyzing the same series of samples after being hygrothermally artificially aged. Charac-
terizations by light transmission analysis, Fourier transform infrared spectroscopy and the
ultraviolet–visible–near infrared (UV–Vis–NIR) reflectance one have been performed for
the identification of the radio-induced effect on the parchment structure even in a dose range
much wider than the need for sterilization. The obtained results have proved the safeness of
the method in the short and long term confirming the applicability of this emerging procedure.

1 Introduction

Parchment has been one of the most important and popular mediums for writing. It was the
only writing support employed in the Western world, and its use was abandoned only after the
invention of printing and the diffusion of paper that became the cheapest and more suitable
support for printing (XV century). It is obtained from animal skins by peculiar manufacturing
processes and, in particular, the procedure of drying through tensioning makes the parchment
different from others collagen-based products such as leather or alum-tawed skin [1]. The
stretching of the pelt during the drying induces a reorganization of the fiber network in the
so-called dermal layer (the only one left after the treatments) producing a stable and resistant
material. These peculiar features, as well as its physico-chemical properties and mechanical
characteristics, are related to its complex structure and, in particular, to the conditions of the
collagen fibers network that constitute it [2, 3].
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As a collagen-based material, parchment undergoes inevitable degradation phenomena
over time mainly due to deteriorating agents present in the material or in the preservation
environment such as acid substances and humidity (acid hydrolysis), oxidizing agents and
atmospheric O2 (oxidation), microorganisms (bio-deterioration), or light (photo-degradation
by UV radiation). All these processes give a synergistic effect that leads to changes in the
crystallinity of the collagen matrix and a progressive shortening of the polymer chains through
depolymerization, with a ruinous loss of integrity of the parchment [4–6].

Among the cited phenomena, the parchment biodeterioration problem is largely studied
in the conservation field of the collagen-based artifacts and more generally of the cultural
heritage. Parchment damage due to the microbiological burden is harmful also for the health
of librarians, archivists and the scholars [7–13].

Currently, despite it is largely abandoned, in some countries the most common method
used to ensure the sterilization of library materials is the treatment with ethylene oxide, in
spite of previous studies have shown that it makes collagen more prone to be attacked by
mold [14], as well as being toxic to the humans and the natural environment.

An optional technique is the use of irradiation. Since the 1960s, thanks to their high
penetration, gamma rays have been applied in the disinfection treatment of large quantities
of library and archive artifacts [15–24]. A promising alternative, more accessible than gamma
rays, since the high and stringent security measures relating to access to nuclear plants and
radioactive sources are not necessary, is the use of X radiation produced by the conversion
of accelerated electron beams.

In previous works dealing with the microbiological aspects of the pest system and studying
the effectiveness of different radiation absorbed doses in the elimination of typical bacterial
colonies [25–28], promising results have been obtained. The decontamination of the microbi-
ologically infected collagen-based materials, such as parchment and leather, through X-rays
obtained in this way takes place by exploiting a process requiring short time and low radiation
dose with respect to the use of gamma rays.

This is a very important aspect not only for the cost and for the environmental economy
of the treatments, especially for huge quantities of objects, but also because it significantly
limits the post-irradiation degradation effects on collagen within the parchment.

Our approach has allowed the optimization of the irradiation conditions to ensure the
effectiveness of microbiological decontamination of the parchment and to ensure its own
safety regarding the protection of the intrinsic properties of the parchment as writing support
[26, 27]. The results obtained showed also that the complete removal of the biodegradation
from the parchment is reached carrying out single treatments at 350 Gy of total dose.

This work regards the investigation performed to determine the stability over time of
parchments subjected to X-ray beams produced by the REX (Removable Electrons to X-
rays) machine, a facility available at the ENEA laboratories of Frascati (Rome) [26, 29] to
show how the fast irradiation treatments preserve the artifact characteristics without further
deterioration of the parchment. The long-term stability was analyzed by artificially aging
the samples in an environment with severe hygrothermal conditions. In this first preliminary
work, the study of the long-term stability is carried out in parchment where the deterioration
was caused only by the sterilizing irradiation process, where no effects associated with the
presence of biological deteriogenic agents are at the moment considered.
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2 Materials and methods

2.1 Sample preparation and irradiation

The bioremediation experiments have been carried out on a not written modern parchment
prepared according to the traditional procedure using goat skin. Squares pieces of 20×
20 mm2 were cut for the optical and spectroscopic characterization considering the typical
intrinsic inhomogeneity of the primary material being animal origin and handmade. This is a
very important aspect that must be underlined as a starting point for the carried out analyses
as the case study we have dealt with is certainly representative of the widest typology of
parchment objects of interest for conservation and restoration.

In the present study, we want to investigate the response of the parchment support to
extreme conditions of high-dose irradiation to characterize the peculiarity of the X-ray beam
proposed as a safe intervention method for the conservation of the artefacts. Therefore, the
post-irradiation control and measurements were carried out on the samples processed up to
5000 Gy.

In order to evaluate the long-term effect of the irradiation on the collagen molecule,
after the bioremediation treatment the parchment samples have been artificially aged in an
environment with severe automatically controlled temperature and humidity conditions (T
� 80 °C and RH � 80%). The samples were treated for 32 days, a duration which previous
studies [30] showed producing the maximum aging effect for such conditions. All the samples
have been analyzed by the characterization techniques described in Sect. 2.2 before and after
the aging treatment.

The irradiation tests were carried out by the REX (Removable Electrons to X-ray) facility
[26, 29], working with an X-ray source based on an electron accelerator designed and manu-
factured in ENEA for clinical and industrial purposes. The electrons are accelerated up to an
energy of 5 MeV by a Linac, a device using high-frequency electromagnetic waves (about
3000 MHz) to accelerate charged particles, and operated in a micropulsed regime.

The accelerated electrons hit a removable target, built with a high atomic number material,
thick enough to stop them. X radiation emerges from the conversion head characterized by a
continuous distribution of radiation that becomes more intense and moves toward higher fre-
quencies with the increase in the energy of the bombarding electrons. The single characteristic
emission lines are superimposed on the continuous spectrum: for the specific application of
this source in the treatment of materials of cultural heritage interest, this is the characteristic
emission of tungsten (Z � 74).

The X-ray conversion target is inserted in a conical lead collimator (external diameter
30 mm) from which the photons come out with a circular spot that spreads into the irradia-
tion chamber in the air. The process control procedures have been defined according to the
capability to accurately deliver the specified dose to the sample as the success of radiation
treatment of cultural heritage objects depends mainly on it.

Figure 1 reports the digitized image of the radiochromic film (GAFchromic films with
lateral dimensions of 6.7 × 7.3 cm2) used to verify position and homogeneity of X-ray beam
in these irradiation campaigns. The dark halo (5.5 cm diameter) is the radiation footprint:
it has a 98% homogeneity on a circular ROI larger than 3 cm at the beam exit. The figure
shows also the enlargement in-air of the beam beyond the last filter in front of the source.

A plane parallel ionization chamber (model PPC05 from IBA), moved by a remote han-
dling system and connected to a reference class electrometer (model Dose 1 from IBA-
Wellhofer-Scanditronix), is used to measure the real-time dose rate in the 410 × 810 × 400
mm3 in-air irradiation volume (shielded by lead walls). This online active sensor is placed
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Fig. 1 X-ray beam
characteristics. Radiochromic
EBT3 film impressed by the
X-ray beam of the REX machine.
A in air X-rays propagation
verification for the selected
operational conditions: film
exposed in the parallel geometry;
B size and homogeneity
verification of the X-Rays spot at
the selected distance: film is
exposed orthogonally to the beam
direction with the application of a
diaphragm

at the bottom of the samples stack. The treatment dose rate is operated at 0.35 mGy/s, with
an adsorbed dose error less of 0.5 %. The temperature of the irradiated objects is monitored
with an infrared thermometer.

The use of the entire band produces the sterilization effect much more efficiently than with
monochromatic gamma sources. Although the contribution of the various energy regions to
the final results could not yet be detailed, the region with energy below 1.17-1.33 MeV is,
presumably, the most efficient.

2.2 Characterization techniques

2.2.1 FTIR-ATR spectroscopy

FTIR-ATR spectroscopy has been employed in order to characterize the chemical structure
of the parchment. It is one of the most powerful non-destructive methods for monitoring
changes in the proteins secondary structures, due, for example, to denaturation [31–33].

FTIR-ATR measurements were used to investigate, in a non-destructive way, the effects of
parchment deterioration induced by X-ray irradiation and artificial aging, at molecular level.
Given the high sensitivity to conformation, the information on the denaturation of parchment
proteins is provided analyzing the intensities and the relative displacements of the Amide I and
Amide II bands on the collected infrared spectrum. FTIR spectra of proteins provide global
structural information and consist of several infrared-active amide vibrational modes, among
which the Amide I and II modes are particularly sensitive to the nature of secondary structure
[34, 35] and allow to monitor its changes, due to denaturation, hydrolysis or oxidation [31–33,
36, 37]. The Amide I band (1700–1600 cm−1) is primarily associated with the C=O stretching
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vibration belonging to polypeptide chain, and different secondary structures produce Amide
I band at different frequencies. The Amide II band (1570–1500 cm−1), on the other hand,
is originated from NH in-plane bending, CN stretching and to a lesser extent, from other
vibrations of the amide group [38–41].

Experimentally, the FTIR absorption spectra were acquired with the Thermo-Scientific
instrument (model Is50) (Thermo Scientific Inc., Madison WI) in Attenuated Total
Reflectance (ATR) mode using a single reflection diamond cell. Spectra were recorded from
4000 to 750 cm−1, averaging over 32 scans with a resolution of 2 cm−1.

2.2.2 UV–Vis–NIR reflectance spectroscopy

UV–Vis–NIR diffuse reflectance spectra of parchment samples were measured at a tem-
perature of about 23 °C by using a set-up from Avantes BV (The Netherlands) [42]. The
UV–Vis–NIR source employed in the set-up is a combined deuterium-halogen AvaLight-
DH-S-BAL light source. This light source is connected by an 800-μm-diameter optical fiber
to a 30-mm-diameter Spectralon-coated integrating sphere (model AvaSphere-30-REFL).
The integrating sphere is used to illuminate the samples and collect the radiation diffusely
reflected from the parchment surface from all angles. Its sample port is 6 mm in diame-
ter. From the integrating sphere, radiation is sent by a 600-μm-diameter optical fiber to
an AvaSpec-2048×14-USB2 spectrometer equipped with a 2048×14 pixels CCD detector.
The spectrometer diffraction grating allows the acquisition of spectra in the 248–1050 nm
range with a constant 2.4 nm spectral resolution. Data acquisition is controlled by a personal
computer. Two areas 6 mm in diameter were measured for each parchment sample. Each
reflectance spectrum was obtained by averaging 5 acquisitions lasting 5 seconds each. Since
parchment samples have a finite thickness, two sets of spectra were measured. The first one
(Rw) is obtained with the parchment samples placed over a white background (i.e., with
reflectance close to 1); the second one (Rb) is obtained with the parchment samples placed
over a black background (i.e., with reflectance close to 0). The reflectance of the background
materials (Rwb and Rbb for white and black, respectively) was measured separately. All mea-
sured spectra were normalized to a factory calibrated Spectralon diffuse reflectance reference
standard (Labsphere, USA), allowing the absolute reflectance to be recovered.

Once Rw, Rb, Rwb, and Rbb are measured, the Kubelka–Munk (KM) theory [43–45] allows
to calculate the reflectance R∞ that would have a layer of infinite thickness of the parchment
samples:

R∞ � a −
√

a2 − 1

where

a � (Rwb − Rbb)(1 − Rw Rb) − (Rw − Rb)(1 + Rwb Rbb)

2(Rb Rwb − Rw Rbb)

Once R∞ is determined, it is possible to recover the KM absorbance (AKM), which is the
ratio of the phenomenological absorption K and scattering S coefficients [46]:

AKM � K

S
� εc

S
� (1 − R∞)2

2R∞
AKM is a pure number, which depends on the concentration, c, of a specific compound

within the sample and on its molar absorptivity ε. For optically inhomogeneous media such
as parchment, which is made of a collection of non-uniformly sized rough-surfaced collagen
fibers, S varies smoothly with the wavelength and can be considered constant within the
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studied UV–Vis–NIR spectral range [45]. In addition, c is proportional to the volume fraction
of collagen fibers within the samples and, therefore, to the density of the samples [47].

2.2.3 LTA

Hydrothermal stability can be related to the level of deterioration of collagen fibers [48]. It
is typically investigated by determining a characteristic temperature associated to the denat-
uration process that takes place when the collagen fibers are heated in water. A number of
techniques, like MHT, DSC, ASC [30, 49, 50] can be used to investigate the hydrothermal
denaturation process. Among them, light transmission analysis (LTA) has proved to be a
reliable technique for determining the hydrothermal denaturation temperature (Td) of colla-
gen structured in parchment fibers. The Td value depends on the degree of integrity of the
collagen whose deterioration produces a decrease in the Td value [30]. Therefore, when the
sample is artificially deteriorated with specific treatments, the amount of damage produced
can be monitored by measuring the Td downshift. In this work, Td has been measured as a
function of the dose.

In the LTA denaturation characterization, the light transmitted through a suspension of
parchment fibers in water is analyzed while their hydrothermal denaturation process is
induced by increasing the specimen temperature at a constant rate of about 0.8 °C/min,
from room temperature up to 90 °C. The light source is provided by a He-Ne laser beam that
crosses a 0.1-mm-thick suspension while the LTA signal, L, is generated by a photodiode
onto which the light emerging from the cell and collected by a lens is focused. The LTA
experimental setup is also integrated by a polarization microscopy facility so that inspection
of the sample texture changes induced by the denaturation process can also be carried out.

During the denaturation process, the collagen molecules that form the parchment fibers
lose their characteristic triple helix shape transforming their structure from an ordered hier-
archical to an amorphous one, characterized by a considerably smaller capability to scatter
the light of the probe beam. This causes an increase in the transmission signal which is
larger the greater the quantity of material that is transformed at that given temperature. This
aspect is well characterized by the LTA signal derivative with respect to temperature whose
curve shows a peak at the temperature value where the maximum hydrothermal denaturation
activity takes place, considered as the denaturation temperature Td.

It is worth noting that the hydrothermal denaturation of the collagen is mainly associated
with the breaking of the molecules hydrogen bonds induced by the heating of the sample.
In damaged collagen, the molecular bonding is weaker than in a sound one and a smaller
amount of thermal energy is required to denaturate it. Consequently, the denaturation will
take place at a lower temperature.

3 Results

3.1 FTIR

The results obtained by means of ATR-FTIR spectroscopy do not reveal any deterioration pro-
cess (denaturation or hydrolysis) attributable to irradiation procedure on collagen molecules.
As shown by the data reported in Fig. 2, indeed, the ratio values between intensity of the
Amide I and II bands do not change after the irradiation treatment indicating that hydrolysis
of the collagen does not occur. At the same time, the relative distance between Amide I
and II bands does not change significantly after the same treatment (it is 88 cm−1 in every
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Fig. 2 FTIR data of the ratio between the intensities of the Amide I and II bands. Not aged (empty squares)
and aged (full squares) parchment samples

sample; see Fig. 3), demonstrating that no denaturation (gelatinization) process took place
[51–53]. The most noticeable effect of samples X-ray irradiation is oxidation, shown by
the appearance of the bands at about 1745 cm−1 due to the formation of carboxyl group
and that at 1795 cm−1, associated with the C=O stretching of acyl halide, probably due to
irradiation treatment (Fig. 3). The presence of the last compound is attributable to radical
reactions involving chlorine probably derived from calcination baths and/or bleaching, treat-
ments performed during the parchment manufacturing process [54]. The intensities of these
last bands due to oxidation are not X-ray irradiation dose dependent, as expected by the inner
complexity of the oxidation processes involving also radical ions [55]. In accordance with
LTA results presented below, FTIR spectra show independent trends for the two processes
(oxidation and hydrolysis due to artificial aging) just described.

3.2 UV–Vis–NIR reflectance spectroscopy

The non-irradiated parchment sample shows a maximum of the AKM absorbance in the UV
side of the measured spectral range, followed by an evident shoulder at about 280 nm, a
descent with a shoulder at about 330 nm and a tail in the Vis range, up to about 500 nm, as
shown in Fig. 4a. From 500 up to 1050 nm, the samples show negligible values of absorbance.
The spectral features observed in these ranges have been identified as due to the π→π* and
n→π* electronic transition of C=O, NH and CONH groups in collagen molecules [49, 56].

These spectral features are maintained in non-aged parchment samples irradiated with
increasing X-rays doses (Fig. 4a). Overall, only small AKM intensity changes are observed
within the measured spectral range. In order to obtain a quantitative evaluation of these
intensity changes, the integrals of AKM were calculated in the range 250–600 nm for all
irradiation doses. Results are shown in Fig. 5 (empty symbols). The integrals of the absorbance
are overall constant up to the irradiated dose of 5000 Gy, and only random changes are
observed from one sample to another. The extent of these changes is at most±15% of the
mean value, a value compatible to the relative uncertainty of the measured density of the
parchment samples (0.74±0.11) g/cm3.
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Fig. 3 FTIR spectra, before and after artificial aging. Upper panel: the Amide I and Amide II region of not
irradiated sample (full line), of parchment irradiated with a dose of 350 Gy (dashed line) and with a dose of
2000 Gy (dotted line). Lower panel: in the 1815–1680 cm−1 region of not irradiated sample (full line), of
parchment irradiated with a dose of 350 Gy (dashed line) and with a dose of 2000 Gy (dotted line)

After aging, a similar spectral behavior is observed with the difference that the shoulder at
about 280 nm is now less evident and that overall the AKM absorbance shows higher values
(Fig. 4b). Difference spectra obtained by subtracting the spectra measured after the artificial
aging from those measured before show the presence of a broad band with a maximum at
about 300 nm (Fig. 4c).

The presence of this spectral feature was already reported for ancient naturally aged
parchments as a bathochromic shift of the bands at about 280 nm assigned to –CONH–
groups as compared to unaged samples. The band was attributed to some structures with
extended conjugation resulting most likely by oxidation of organic acids existent in the
parchment in agreement with FTIR results. Our measurements for the first time reveal that
this UV band develops even for artificially aged parchment also confirming the goodness of
the used aging procedure. In addition, this band extending up to a wavelength of 500 nm can
be considered the responsible for the yellowing of parchment with age.

The integrals of AKM after aging calculated in the range 250–600 nm are overall constant
up to the irradiated dose of 4000 Gy and only random changes are observed from one sample
to another. The extent of these changes is still compatible to the relative uncertainty of the
density of the parchment samples (Fig. 5, filled symbols).
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Fig. 4 Kubelka–Munk absorbance (AKM) of irradiated parchment samples as a function of wavelength. Panel
A: AKM spectra before aging; Panel B: AKM spectra after aging; Panel C: AKM difference spectra obtained
by subtracting the spectra measured after the artificial aging from those measured before

Fig. 5 Integrals of Kubelka–Munk absorbance (AKM) of irradiated parchment samples as a function of the
dose. AKM absorbance integral in the range 250–600 nm: before aging (empty symbols) and after aging (filled
symbols). The error bars indicate the difference of the two measurements made on each parchment sample

3.3 LTA

In Fig. 6 the Td behavior is reported for parchment samples exposed to increasing irradiation
dose D (empty symbols). In the graph, the behavior obtained with the same irradiated samples
after treating them by a 32 days long accelerated aging is also shown (filled symbols).

Both the sets of Td values obtained as a function of D show a low dose regime characterized
by approximately constant Td value, highlighted by the horizontal lines in the graph, followed,
for larger doses, by a decay regime characterized by an initial substantial decrease of the Td

values that tend to stabilize at a very large doses (D > 5000Gy).
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Fig. 6 Parchment denaturation temperature measured by LTA. Td as a function of the irradiation dose. Empty
symbols refer to unaged samples. Filled symbols refer to aged samples

By indicating with DC the dose crossing value between the two regimes, the Td vs D
decay can be well described by the following exponential dependence:

Td(D) � (T0 − TL) e−λ(D−Dc) + TL (1)

where T0 and TL indicate the denaturation temperature of the non-irradiated sample and the
one at which Td tends to saturate for samples treated with very large doses, respectively, while
the quantity λ is equivalent to an effective decay coefficient of the hydrothermal stability that
characterizes the sensitivity of the parchment stability to the delivered dose under the present
irradiation conditions. Given the above definitions, �T � (T0 − TL) represents the maximum
hydrothermal stability variation that can be produced by a specific deterioration treatment,
λ its deterioration effectiveness and DC the threshold below which no substantial effect can
be detected by the technique.

It is worth noting that if one looks at experimental data of the unaged samples reported
in Fig. 6, Td does not show appreciable variations for doses up to 300 Gy, consistently with
the results of earlier investigation [26]. In the limit of the given uncertainty, from dose values
equal or larger than about 500 Gy a crossing from the constant initial Td value of about
59.5 °C to a regime of decreasing values that tends to saturate approaching a temperature
value of about 55.2 °C, can be observed. Based on this, if we assign the values T0=59.5 °C,
TL=55.2 °C and DC �300 Gy to the quantities appearing in the expression (1), the dotted
curve reported in the graph is obtained by assuming the value λ=10−3Gy−1 for the decay
coefficient of the hydrothermal stability.

In Fig. 6, the dose dependence of Td is shown also for the irradiated samples that were
subsequently artificially aged. The results point out that the hydrolysis associated with the
induced aging produced a general additional reduction of the hydrothermal stability for all
the previously irradiated samples. Moreover, it appears that the Td value of the irradiated
and aged samples does not vary substantially for irradiation doses smaller than D values of
approximately 1500 Gy, while a progressive additional lowering is observed for larger doses.
It thus appears that the irradiation and artificial aging effects on the hydrothermal stability
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accumulate and add up once extensive and complex enough damage in the parchment collagen
structure is produced at the larger irradiation doses.

4 Discussion

4.1 Unaged irradiated parchment

The reference studies of the radiation induced effects on parchment refer only to the use of
gamma rays, and the analysis of texture, color, mechanical properties and thermal stability
was carried out on very different samples in terms of nature and manufacturing process.
The characterizations highlight major difficulties due to the intrinsic non-uniformity of the
material and crafts. In general, there is no systematic investigation approach and in particular,
there are no specific studies aimed at understanding the effects induced by radiation at the
molecular level in a dose range smaller than 5 kGy. This can be related to the fact that despite
the intrinsic differences between the measured samples, the gamma radiation absorbed below
10 kGy, with a large emission rate, does not generate consequences on the hardness and
elasticity of the material and it is therefore considered harmless for the new parchment [57]
as well as for the naturally aged one [24].

It is worth noting that the results reported and discussed in this paper refer to samples
irradiated with radiations belonging to a different spectral range that cannot be directly
compared to the above-mentioned ones and quite different effects may be expected. On the
other hand, it must be remarked that, up to now, no systematic study based on X-ray irradiation
is available in the literature.

The results obtained with the FTIR technique and described in paragraph 2 indicate that
the sterilization treatment does not generate denaturation or hydrolysis processes of the
collagen (the ratio of the intensities of the Amide I and II bands remains constant) neither
gelatinization (the relative distance between the Amide I and II bands remains substantially
unchanged). However, FTIR spectra reveal the presence of oxidation processes triggered by
the high radiation doses (specifically 2000 Gy, an order of magnitude larger than the dose
level necessary to decontaminate the support) and caused by production of radicals.

Similar results are obtained by UV–Vis–NIR spectroscopy where no significant
absorbance variation is measured as the radiation dose increases. The spectral features of
non-irradiated sample, taken as a reference, do not show significant changes in the range of
irradiation doses.

On the other hand, the LTA data do show a dose dependence for X-ray doses≥500 Gy:
displaying a decrease in the parchment denaturation temperature of up to about 4 °C, as
the irradiation dose increases. These last observations are consistent with the morphological
analyses carried out by SEM and AFM [27]. Both the SEM micrographs and the AFM
topographic images showed the typical ordered fibrillar network of a parchment in good
condition, recognizable in the samples treated with X-ray doses up to 500 Gy: the fibrils are
grouped in aligned and non-discontinuous bundles. As the radiation treatment dose increases,
above 700 Gy, the triggering of a first degradation effect by the radiation is identified from
the micrographs.

Namely, a size reduction of the molecular bundles can be observed as the amount of
absorbed radiation energy increases. The altered wavy appearance of the fibers reflects the
beginning of the deterioration process of the collagen matrix ordered structure. The mechan-
ical stress measurement reveals a decrease in molecular cohesion induced by the irradiation
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and supports the indication that the collagen hierarchical structure becomes more fragile and
therefore softer as the X-rays dose increases.

All the reported characterizations of the irradiated parchment indicate that up to about
500 Gy the hierarchical structure of collagen is able to resist the stress generated by the
radiation and the interaction concerns the portion of collagen distributed in the fibrils outer
sheath which retains its properties.

For X-ray doses exceeding 500 Gy, the damage becomes relevant also in the innermost
molecular portions and starts altering the native collagen located in the fibrils central regions.
This phenomenon generates a deformation of the fibers which results to be not detectable by
means of conventional spectroscopic techniques and thus it is not expected to induce a severe
structural alteration in the collagen fibers. The supra-macromolecular structure remains intact
with a stiffening of the reticular layer revealed by the Young’s modulus measurement.

4.2 Parchment irradiated and artificially aged.

The aging effect on the collagen molecules within the parchment has been reported in lit-
erature obtained by thermal analysis studies complemented by SEM microscopy and both
FTIR and UV–Vis–NIR spectroscopy, although no parchment NIR spectra report is available
but only NIR spectra concerning separately water and proteins to be used for comparative
purpose.

Heating at 80 °C in almost dry conditions (10% of relative humidity in [58] but the
literature reports studies carried out up to 220 °C for example in [59]) produces large fused
areas and cracks in the outer molecular layer that loses its compactness while maintaining the
underlying fibrous network intact. This effect is due to the weakening of the hydrogen bonds
whose primary cause is the oxidation of the outer sheath of the molecule. The consequence
of this aging process on the parchment denaturation temperature is a progressive decrease
with the treatment time, reflecting the progressive collagen molecule deterioration.

For aging in conditions of large relative humidity (80%), there is an increase in the free
water content within the matrix. This increases the inter-fibrillar spacing and generates a
more unstable phase [49, 50].

The FTIR spectra obtained on irradiated and artificially aged parchment samples show
a major difference from those irradiated but not aged, i.e. the additional aging treatment
hydrolyzes the collagen molecules. The analysis reveals that the two subsequent processes,
which the parchment was subject to, seem to produce damage independently from one another
as indicated by the FTIR spectra (Fig. 2).

Furthermore, hygrothermal artificial aging is able to modify the UV–Vis–NIR spectra
through the formation of a broad spectral band centered at about 300 nm. The intensity of
this band is, however, not correlated to the irradiated dose even for artificially aged samples.
This behavior indicates that the sterilization treatment does not generate changes in the optical
properties of the parchment for all employed doses in both the non-aged and artificial aged
samples.

Quite different are the results displayed by the LTA data. They show a clear dose depen-
dence for both the unaged and aged irradiated samples. For the irradiated non-aged samples,
a detectable change in the properties of the collagen structure can be observed for doses larger
than 500 Gy, while, for those which were also aged after the irradiation, a clear dose depen-
dence of the denaturation temperature, related to changes in the properties of the collagen
structure, emerges only for doses exceeding 1500 Gy.

Accordingly, it may be thought that the irradiation doses between 500 and 1500 Gy pro-
duce non-substantial modifications of the native collagen and a population of heterogeneous
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molecules is generated, similarly to what occurs in UV-associated photoaging processes [60].
In particular, it may occur that the penetration capability and the interaction length of the used
X-rays are such that up to the irradiation dose of 1500 Gy, only small, random and discontin-
uous changes in the fibrillar structure of the collagen triple helix are induced, producing no
substantial alteration of the triple helix organization and with the average molecular length
remaining basically the same as in the non-irradiated samples, as suggested by the FTIR
results. The degradation induced by the artificial aging process on this partially damaged
phase of the parchment is more severe than that generated by the irradiation alone, inducing
an additional lowering of the thermal stability to a level which turns out to be independent
of the irradiation dose up to 1500 Gy. For larger doses, a presumed more extensive and com-
plex damage produced by the radiations provides the conditions to make the deterioration
associated with the hydrolysis more effective inducing a greater additional decrease in the
parchment collagen structure stability.

Finally, it is worthwhile to point out the LTA technique turned out to be the only optical
probing technique sensitive enough to detect systematic dose dependent effects of the collagen
deterioration. This is possibly due to the fact that the LTA measurements in some way probe
the energy associated with the collagen structure in water. It may in fact occur that the radiation
damage random breaks some of the bonds to the extent of locally weakening the collagen
structure without altering it substantially. This is reflected in the fact that the spectroscopic
techniques do not detect any change while LTA, by monitoring the denaturation temperature,
can detect a reduction of the general strength of the structure.

It must be finally remarked that, as stated earlier on, the present study has only con-
sidered parchment samples where the initial deterioration was caused exclusively by the
sterilizing irradiation process, and no effects associated with the presence of biological dete-
riogenic agents is for the moment considered. The results obtained here can be used as general
information concerning the extent of the damage introduction in the dose range where the
radiation successfully sterilizes the biological agents and will be useful for future studies. It
is in fact planned to shortly investigate also the cases where biologically induced damage is
also present in the irradiated and aged samples, and also study the case where the biological
and irradiation deterioration effects will be analyzed in initially partially aged samples.

5 Conclusions

The X-ray treatment has been shown to be an adequate contrast agent of the main biological
threats of the parchment (specific bacterial colonies isolated in vivo) which is a writing
support of high importance for the cultural heritage.

With respect to the ionizing radiation treatment proposed in the literature, in this work we
presented the recent improvement of a new sterilization treatment delivered performed by X-
rays produced by a light and compact machine allowing the effectiveness of decontamination
at dose levels contained below 1 kGy. In particular, this study dealt with characterization
of the possible changes undergone by the parchment subjected to the combined action of
radiation and aging performed through LTA analysis and FTIR, UV–Vis–NIR spectroscopy.
The achieved results lead to a possible understanding of the phenomenon occurring on the
parchment irradiated with doses between 500 Gy for unaged samples and 1500 Gy for the
aged one’s. Our results indicate that X rays can mainly produce random and discontinuous
changes in the fibrillar structure of the collagen, most likely by the breaking of some hydrogen
bonds between collagen fibrils, but no substantial alteration of the triple helix organization.
For doses up to 500 Gy for unaged samples and 1500 Gy for aged samples, the number
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of broken hydrogen bonds is so low that collagen fibrillary structure is able to maintain its
stability even when exposed to liquid water in the LTA measurements. The alteration thus
remains below a critical level which appears to be overcome with a deeper modification in
the samples treated with doses above 1500 Gy which also suffer damage from aging.

In any case, the carried out analyses have made it clear that the sterilization and biodegra-
dation removal process operated with X-ray beams is a safe treatment for parchment also
from the perspective of conservation and not just as a recovery treatment.
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