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a b s t r a c t 

The conservation of Cultural Heritage (CH) materials, particularly archival documents and manuscripts, 

faces ongoing challenges due to biological deterioration caused by mold, bacteria, and insects. Traditional 

conservation and restoration methods are often invasive, time-consuming, and may involve the use of 

hazardous chemicals. In this context, ionizing radiation emerged as an effective, non-invasive alternative 

for the stabilization of fragile historical materials. This study presents the results of an experimental treat- 

ment using gamma irradiation applied to selected parchment fragments and paper documents from the 

historic collection of the Archive of Montecassino Abbey (Italy). The treatment aimed to assess the com- 

patibility of gamma radiation for the conservation of both paper and parchment-based heritage objects. 

Pre- and post-irradiation analyses were conducted by coupling microbiological analyses with Raman, At- 

tenuated Total Reflectance Fourier Transform Infrared (FTIR/ATR), UV–Vis spectroscopies and colorimetric 

measurements. The results confirm that gamma irradiation at the applied doses does not cause any sig- 

nificant structural or chromatic alterations to the treated materials, while ensuring a substantial decrease 

in fungal and bacterial microbial load. These findings support the suitability of gamma irradiation as a 

non-invasive and efficient approach for the decontamination of delicate CH objects, such as parchment 

and paper documents. 

© 2026 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY 

license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction and research aim 

The preservation of archival, architectural, and literary Cultural 

eritage (CH) is a milestone for safeguarding the tangible mem- 

ry of human civilization [ 1–3 ]. In particular, the conservation of 

istorical documents, such as manuscripts and books, is crucial 

o ensure accessibility for future generations. In this context, the 

estoration and long-term care of these delicate objects present 

ignificant challenges. Traditional conservation techniques often in- 

olve lengthy interventions and the use of chemical agents, which 

ay pose risks not only to the materials themselves but also 

o conservators [ 4 , 5 ]. Furthermore, many libraries, archives, and 

onastic institutions store their collections under suboptimal en- 
∗ Corresponding author. 

E-mail address: rocco.carcione@enea.it (R. Carcione) . 

v

m

C

o

ttps://doi.org/10.1016/j.culher.2026.07.013 

296-2074/© 2026 The Authors. Published by Elsevier Masson SAS. This is an open access
ironmental conditions, such as elevated humidity levels, that fos- 

er the proliferation of fungi, bacteria, and insects, accelerating the 

eterioration of paper and parchment materials [ 6–8 ]. Insects may 

lso leave behind larvae or eggs, continuing the cycle of biodeteri- 

ration if not properly eradicated. 

In this scenario, innovative methodologies based on ionizing 

adiation have increasingly been adopted by heritage institutions 

orldwide [ 9–15 ]. Among the various ionizing sources, gamma ra- 

iation exhibits distinct advantages, due to its high penetration 

apacity, allowing for homogeneous and large-scale disinfection 

ithout increasing temperature or leaving chemical residues [ 16–

1 ]. Currently, gamma irradiation is already a well-established and 

idely applied technology for other material classes, medical de- 

ices and inorganic CH objects. Unlike chemical or thermal treat- 

ents, gamma radiation can penetrate deeply through the whole 

H object, reaching not only the surface but also the inner layers 
f artifacts. 

article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

https://doi.org/10.1016/j.culher.2026.07.013
http://www.ScienceDirect.com
http://www.elsevier.com/locate/culher
http://crossmark.crossref.org/dialog/?doi=10.1016/j.culher.2026.07.013&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:rocco.carcione@enea.it
https://doi.org/10.1016/j.culher.2026.07.013
http://creativecommons.org/licenses/by/4.0/


B. D’Orsi, R. Carcione, I. Di Sarcina et al. Journal of Cultural Heritage 81 (2026) 164–176

t

m

c

n

l  

r

o

p

t

n

c

m

r

g

i

m

w

t

w

c

p

I

r

a

s

a

i

i

h

d

g

r

T

a  

e

a

w

E

g

n

t

c

s

t

d

i

m

o

a

i

a

t

I

i

m

1

b

f

p

1

T

d

s

d

a

d

a

t

i

t

w

a

t

n

e

p

a

h

o

a

o

h

g

w

2

2

w

a

p

(

s

l

s

m

l

L

s

4

t

w

h

a

f

t

t

e

o

A

a

a

p

t

(

t

p

D

S

The combination of such properties makes gamma irradia- 

ion techniques particularly suitable for the treatment of organic 

aterials such as ancient documents, especially when microbial 

ontamination is present. However, despite its proven effective- 

ess, the adoption of gamma irradiation in the field of CH remains 

imited in some countries, such as Italy [ 22 , 23 ]. Skepticism and

egulatory hesitations have contributed to the underutilization 

f this method, specifically in the context of paper-based and 

archment-based heritage objects. This is mainly due to the in- 

rinsic sensitivity of these materials, which are highly susceptible 

ot only to biodeterioration but also to potential radiation-induced 

hemical and structural modifications. This dual vulnerability 

akes paper and parchment particularly challenging substrates, 

equiring careful optimization of treatment parameters. Conversely, 

amma irradiation could represent an attractive option, especially 

n situations involving large collections, where alternative methods 

ay be more difficult to apply on a large scale and on objects 

ith differing nature. 

Initial studies carried out on both model systems and au- 

hentic historical samples have shown that gamma irradiation, 

hen applied under controlled conditions, can eliminate microbial 

ontaminants without altering the chemical, physical, or visual 

roperties of paper-based artifacts [ 22 , 23 ]. In agreement with 

nternational Atomic Energy Agency (IAEA) guidelines [ 24–26 ], our 

ecent study pointed out that a dose of 8 kGy was effective to 

chieve near-complete fungi eradication, while maintaining the 

tructural integrity of the treated materials [ 27 ]. Ionizing radiation 

ffects microor ganisms through two main mechanisms: direct 

nteraction with cellular components such as DNA, and indirect 

nteraction via free radicals generated by water radiolysis. Here, 

ydroxyl radicals cause about 90% of DNA damage, inhibiting cell 

ivision [ 28 ]. 

On these bases, we previously demonstrated the efficacy of 

amma exposure for heritage conservation applications, describing 

adiation-based treatments conducted on archival case studies [ 27 ]. 

hese findings agree with recent studies of other groups. For ex- 

mple, Ashour et al. [ 29 ] and Jo et al. [ 30 ] have demonstrated the

ffectiveness of gamma irradiation in inhibiting fungal growth in 

rchaeological manuscripts, even in the case of resistant species, 

hile preserving the mechanical integrity of the paper. Similarly, 

rgun et al. [ 31 ] showed how synergistic approaches, combining 

amma irradiation with antimicrobial agents, enhance decontami- 

ation efficiency. Furthermore, Delgado Vieira et al. [ 32 ] disclosed 

he effectiveness of ionizing radiation not only against biological 

ontaminants but also in degrading hazardous chemical residues, 

uch as pesticides, without inducing significant alterations in the 

reated materials. Here, we present an application of gamma irra- 

iation to original archival materials of significant historical value 

n Italy, a context in which such treatments are still rarely imple- 

ented. The tested items are part of the collection of the Archive 

f Montecassino Abbey (Cassino, Italy), one of the most emblem- 

tic monastic institutions in Europe. Founded by Saint Benedict 

n 529 CE, the Abbey has played a key role in the preservation 

nd transmission of western cultural heritage for over fifteen cen- 

uries [ 33 ]. Despite the devastation it suffered during World War 

I, the monastic community has retained a substantial portion of 

ts manuscript and documentary holdings, which include approxi- 

ately 1150 codices, thousands of parchment fragments, and over 

5,0 0 0 archival documents. 

Within this preservation framework, the present study is 

ased on a limited number of archival samples. Specifically, 

our representative samples, namely two paper-based and two 

archment-based documents dating back between the 15th and 

8th centuries, were selected from Abbey’s private collection. 

hese CH objects were affected by microbiological contamination 

etected by isolation and in vitro cultures. Therefore, the microbial 
165
trains isolated from the documents were subjected to gamma ra- 

iation and a substantial reduction of microbial load was achieved, 

s observed through subsequent in vitro tests after each absorbed 

ose. It should be noted that such microbiological assessments 

re mainly qualitative. To evaluate and ensure the integrity of 

he objects, several non-invasive and non-destructive techniques, 

ncluding UV–Vis spectroscopy, micro-Raman and FTIR/ATR spec- 

roscopies, along with colorimetry were carried out. Importantly, 

here possible, both the writing substrates and the organic 

nd/or inorganic inks were also investigated to determine the 

reatment’s overall impact. The experimental approach followed 

on-destructive protocols developed in previous research [ 27 ], 

nsuring the integrity of the original materials throughout the 

rocess. This study supports the potential of gamma irradiation 

s a non-invasive and effective approach for the conservation of 

istorical documents. Although not novel in the broader context 

f CH conservation, this work represents a relatively original and 

dvanced application within the Italian framework, where the use 

f radiation-based treatments on archival materials of significant 

istorical value remains limited. This contributes to fostering 

reater awareness and acceptance of these techniques in contexts 

here their implementation is still uncommon. 

. Materials and methods 

.1. Samples description 

Documents conserved in the Archive of Montecassino Abbey 

ere labelled as Doc1, Doc2, Doc3 and Doc4 ( Fig. 1 a-b-c-d). Doc1 

nd Doc4 are parchment documents, while Doc2 and Doc3 are pa- 

er documents. 

Doc1 (15th Century): A legal document dated July 31, 1448 

Sulmona). This animal-skin membrane (570 ×227 mm) exhibits 

ignificant mechanical damage, being severely lacerated and muti- 

ated along the entire left margin and the lower edge. The surface 

hows signs of biological staining and uneven thickness typical of 

edieval manufacturing. 

Doc2 (15th Century): A fragment of a paper leaf (102 ×170 mm) 

ikely originating from a 15th-century incunabulum (Gospel of 

uke). The paper is characterized by high cellulose purity but 

hows typical age-related yellowing and edge fraying. 

Doc3 (16th Century): Detached leaves (numbered 185–192, 

18 ×285 mm) from the legal treatise In Digestum vetus interpreta- 

iones (Lyon, 1552). These samples show critical preservation state, 

ith extensive lacerations and structural weakening caused by 

istorical exposure to high humidity levels and subsequent fungal 

ctivity. 

Doc4 (18th Century): An altar Cartagloria (263 ×366 mm) used 

or liturgical celebrations. Compared to Doc1, this parchment is 

hinner and more refined, though it presents substantial mutila- 

ions at the bottom and localized brittleness. The ink coverage is 

xtensive. 

The samples consist of naturally aged, compromised documents 

riginally stored in the historical archives of the Montecassino 

bbey under fluctuating microclimatic conditions. Because of their 

lready degraded state, they were selected for experimental irradi- 

tion studies to preserve intact archival heritage. 

Specialized cultural heritage professionals handled the trans- 

ort using custom-designed wooden crates. Prior to analysis, 

he samples were stabilized in a controlled environment ( T = 

20 ± 2) ◦C ; RH = (50 ± 5)% ). To preserve the original degrada- 

ion baseline, no chemical pre-treatments or cleaning were ap- 

lied, and all handling was performed using lint-free cotton gloves. 

etailed manuscript contents are provided in the Supporting 

ection. 
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Fig. 1. Images of (a–d) documents from the Archive of the Montecassino Abbey and (e–g) the sampling tools used. The documents were sampled using (e) sterile velvet, (f) 

swabs, and (g) tweezers. 
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.2. Microbiological analysis 

.2.1. Media 

Petri plates containing Yeast Peptone Dextrose (YPD: 10 g/L of 

acto-peptone, 10 g/L of yeast extract, 20 g/L of glucose and 21 g/L 

f agar) and Luria Bertani (LB: 10 g/L of bacto-tryptone, 5 g/L of 

east extract, 5 g/L of NaCl, 1 g/L of NaOH 1 N and 21 g/L of agar)

ere used for fungal and bacterial growth, respectively. All plates 

ere incubated for two weeks at 28 °C and monitored daily. 

.2.2. Sampling procedure 

Fig. 1 shows the documents and the sampling tools used. Mi- 

robiological samples were collected from visibly deteriorated ar- 

as of all documents using sterile velvet fabrics as described in 

 34 ] and swabs ( Fig. 1 e-f-g). Velvet fabrics were plated directly on

lates while the swabs were soaked in a sterile solution of NaCl 

.8% and streaked onto different culture media. Detached frag- 

ents of the documents were also sampled with sterile tweezers. 

.3. Gamma irradiation tests 

The gamma irradiation tests were carried out at the Calliope 

amma irradiation facility [ 35 ], which is equipped with a 6 0 Co ra- 

ioisotopic source array, as well as dedicated dosimetric and char- 
166
cterization laboratories. The dose rate was about 1.5 kGy/h, and 

ll tests were performed in air at Room Temperature (RT). 

Preliminary irradiation tests were conducted to evaluate the ef- 

ects of the gamma irradiation on the microbial strains selected 

s representative contaminants. The microbial strains, grown on LB 

nd YPD plates, were irradiated at different absorbed doses (2 kGy, 

 kGy and 10 kGy). All experiments were performed in triplicate. 

ontrol plates were not exposed to irradiation. Following gamma 

rradiation, the strains were transferred to fresh plates media and 

ere incubated for two weeks at 28 °C, with daily monitoring to 

ssess survival. 

The effective dose for microbial inhibition was qualitatively de- 

ned as the lowest tested dose resulting in no visible microbial 

rowth on the plates during the incubation period. 

Based on the microbiological analysis, the documents were 

rradiated up to 8 kGy absorbed dose in two steps of 4 kGy. 

fter the first irradiation step at an absorbed dose of 4 kGy, all 

he documents were characterized by non-invasive spectroscopic 

echniques. The samples were then further irradiated up to 8 

Gy and analyzed again. This fractional approach was specifically 

esigned to allow for intermediate non-invasive spectroscopic 

haracterization. 

To minimize the time interval between the two irradiation 

tages and prevent potential post-irradiation recovery or envi- 
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onmental interference, a high-throughput analytical protocol 

as adopted. After the first 4 kGy step, the protective paper 

overs were removed, and the samples were immediately ana- 

yzed by multiple operators working simultaneously on different 

nstruments. 

The entire intermediate characterization phase was completed 

ithin approximately one hour. Following the measurements, the 

ocuments were promptly repackaged in their protective layers 

nd returned to the irradiation cell for the final 4 kGy step. Given 

he short duration of this interval and the controlled laboratory 

onditions (RT), it is remarkably improbable that this interval was 

ufficient to trigger significant physico-chemical changes or micro- 

iological regrowth. 

.4. Characterization techniques 

All documents were characterized before and after each irra- 

iation step using non-invasive and non-destructive techniques, 

pplied to selected areas for each document. A Horiba XploRA 

lus micro-Raman spectrometer was employed to acquire optical 

icroscope images and Raman spectra by using 785 nm laser 

xcitation, a 50 mW laser power and a diffraction grating of 

200 gr/mm. FTIR/ATR spectra in the range 40 0 0–70 0 cm−1 were 

ecorded using a Spectrum 100 Perkin-Elmer FT-IR spectrometer. 

y following the guidance of CIE 20 0 0 system of colorimetry 

 36 ], a PCE-CSM 8 colorimeter was employed with 10 repeated 

easurements averaged per representative area to account for 

ubstrate heterogeneity; color differences were evaluated via the 

E00 , assuming a perceptibility threshold of 1.5. Further details are 

eported in the Supporting Information section. Due to the high 

istorical and artistic value of the documents, the instruments 

ere configured to accommodate the documents in their entirety, 

nsuring that no cutting, or physical alteration were required 

hroughout the entire analytical campaign. All measurements 

ere conducted in air at RT. Specific points on each sample were 

elected and measured in triplicate before and after irradiation to 

nsure consistency and reliability of the results. 

. Results and discussion 

.1. Evaluation of the gamma irradiation efficacy through 

icrobiological analysis 

Microbiological samples were taken from areas of visible biode- 

erioration and dark areas resulting from ageing ( Fig. 1 ). The aim of

his qualitative microbial investigation was to assess resistance to 

amma irradiation; it did not seek to determine microbial species 

t the molecular level. The microbial strains, which were grown on 

B and YPD plates, were irradiated at different absorbed doses (2 

Gy, 8 kGy and 10 kGy) at a dose rate of approximately 1.5 kGy/h. 

he effective dose for microbial inhibition was defined qualitatively 

s the lowest dose that resulted in no visible microbial growth on 

he plates during the incubation period. 

Twenty-one bacterial and four fungal strains were isolated from 

he documents. These strains were selected based on their mor- 

hological features ( e.g. , color of the colony, surface aspect, growth 

ate) and labelled with specific codes (Table S1). 

Once the fungal and bacterial strains reached the appropriate 

evel of growth, they were irradiated and subsequently re-plated 

nto fresh media, incubated at 28 °C and daily monitored for up 

o one week of growth to assess survival. The effective dose for 

icrobial reduction was determined by evaluating growth in each 

xperiment ( Fig. 2 ), being qualitatively defined as the lowest dose 

hat resulted in no visible microbial growth during the incubation 

eriod. 
167
Fungal populations were unable to survive after the first ex- 

osure (2 kGy), indicating the high effectiveness of the gamma 

ays. In contrast, bacterial strains were more resistant. One strain 

 Bacillus sp.) remained viable after exposure to 10 kGy, a threshold 

ommonly considered critical for the treatment of cultural heritage 

aterials [ 26 ]. Some bacterial strains can be extremely resistant 

o gamma exposure [ 37 ], as they possess strong oxidative stress- 

esistance mechanisms that protect proteins from oxidative dam- 

ge and highly efficient DNA repair systems that can accurately 

eassemble fragmented DNA. These mechanisms enable them to 

ithstand extremely high radiation doses. Conversely, fungi lack 

hese protective and repair mechanisms and are generally more 

ensitive to ionizing radiation [ 40 ]. An exception is melanized fungi 

 38 ], which can tolerate irradiation values approaching or even ex- 

eeding 1 kGy. In our case study, the analyzed fungal isolates were 

ot melanized, which explains their higher susceptibility to gamma 

rradiation. Considering that 8 kGy is the dose recommended by 

he IAEA to treat biodeterioration on archival substrates while pre- 

erving their chemical and physical integrity, the 8 kGy dose was 

onsidered an excellent compromise between reducing almost the 

ntire microbial load and avoiding damages to the material of the 

ultural artifact under examination. Based on these results, physi- 

al analyses of paper and parchments documents were carried out 

o ensure that the gamma ray doses active on biodeteriogens did 

ot harm the samples, permitting effective microorganism reduc- 

ion while preserving the cultural heritage. 

.2. Characterization of documents before irradiation 

A preventive investigation into the molecular structure and 

hemical composition of the writing substrates and of selected 

ecorated areas was carried out for the four historical documents 

efore the irradiation. The Raman and FTIR/ATR spectra collected 

efore gamma irradiation are reported in Fig. 3 . 

The Raman and FTIR/ATR spectra reported in Fig. 3 a–b disclose 

hat paper (Doc2 and Doc3) and parchment (Doc1 and Doc4) sam- 

les were mainly composed of cellulose and collagen, respectively. 

As shown in Fig. 3 a, the Raman spectrum of Doc1 (parchment) 

hows several sharp peaks attributed to calcite phases (blue as- 

erisks) indicative of parchment degradation [ 39–41 ]. On the con- 

rary, signals ascribable to calcite or other inorganic fillers are ab- 

ent in the spectra of the paper documents, namely Doc2 and 

oc3. As expected, these samples spectra display typical cellu- 

ose features [ 42–44 ]. Most notably, the prominent band around 

80 cm−¹ (yellow box) corresponds to the so-called “cellulose fin- 

erprint line” [ 45–49 ]. Additionally, the broad signal between 1100 

nd 1200 cm−¹ (magenta region) is attributed to β-glycosidic link- 

ges ( βCOC). It is worth noting that the paper materials used for 

oc2 and Doc3 do not contain detectable amounts of lignin, as de- 

ermined by the sensitivity of the micro-Raman instrument. Finally, 

oc4 (parchment) exhibits a rather featureless Raman spectrum, 

hich is consistent with the low scattering efficiency of collagen. 

n agreement with its more recent origin, the absence of calcite- 

elated Raman signals in the spectrum of Doc4 indicates a lower 

egree of degradation for Doc4 than Doc1 parchment substrate. 

The FTIR/ATR spectra in Fig. 3 b provides complementary com- 

ositional information. Diagnostic signals of collagen or cellu- 

ose phases can be clearly identified in the spectra of parchment 

nd paper documents, respectively. Specifically, the spectra of the 

archment samples (Doc1 and Doc4) are characterized by amide I 

AI) and amide II (AII) bands in the 1650–1550 cm−¹ region, rea- 

onably due to the proteinaceous composition of collagen [ 50–52 ]. 

s shown in Fig. 3 b, the AI band overlaps the adsorbed water (Ads. 

2 O) signal at around 1650 cm−1 . In addition, Doc1 also shows 

istinct carbonate absorption bands (blue asterisks), in agreement 

ith the calcite signals observed in the Raman spectrum [ 51 , 53 ].
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Fig. 2. Sensitivity of microorganisms isolated from Doc1, Doc2, and Doc3 of the Montecassino Library to three different gamma irradiation doses. (a–b) Bacterial strains 

grown on LB plates; c) fungal strains grown on YPD plates. Bacteria and fungi were isolated based on their macro- and microscopic characteristics. Each row shows the 

growth of the corresponding bacterial or fungal strain on the non-irradiated control plate and on plates irradiated at 2, 8, and 10 kGy. 
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lthough calcite-related signals are not detected in the Raman 

pectrum of Doc4, their presence in the corresponding FTIR/ATR 

pectrum suggests trace amounts or a less crystalline form. 

The paper documents (Doc2 and Doc3) display FTIR spectra 

ominated by cellulose features (gray box) [ 54–58 ]. Analogously to 

he Raman spectroscopy results, the FTIR/ATR spectra of Doc2 and 

oc3 show no signals attributable to lignin or inorganic fillers. 

Regarding the decorated areas, the spectral features of red ink 

n Doc2 are characteristic of cinnabar (HgS), a common historical 

igment used in red inks [ 59 , 60 ]. For Doc4, the Raman spectrum

f red ink exhibits the peaks diagnostic of red lead (Pb3 O4 ) phase 

 61 ], while the broad band disclosed in the spectrum of the green

nk suggests an organic nature for such a pigment. The selection 

f specific Raman intensity ratios was based on their diagnostic 

alue. For inorganic pigments, we analyzed the ratios between pri- 

ary lattice-mode peaks, that are sensitive to crystal lattice sym- 

etry (specifically the ∼250/ ∼340 cm−¹ bands for cinnabar and 

he ∼130/ ∼280 cm−¹ lattice modes for red lead). Any radiation- 

nduced deformation or phase transition would alter their relative 

ntensities. For organic components characterized by broad spectral 

eatures, the ratio between the fluorescence intensity at 1100 cm−1 
168
nd the background noise (I1110 /Ibackground ) and the was monitored. 

he specific point at 1100 cm−1 (located just before the maximum 

uorescence peak) was selected because it offered a more repro- 

ucible signal. As the fluorescence profile is strictly dependent on 

he molecular environment, its stability may indicate the absence 

f significant oxidative degradation or chemical modification of the 

rganic matrix at 8 kGy. 

.3. Characterization of documents after irradiation 

Micro-Raman spectroscopy was used to thoroughly investi- 

ate the radiation-induced changes in terms of morphological and 

tructural composition of the documents. Since the Raman spectra 

cquired on the printed areas revealed no significant signals at- 

ributable to the ink, the analysis of Doc1 was carried out on an 

nprinted region to evaluate potential alterations in the molecular 

tructure of the parchment ( Fig. 4 ). 

Fig. 4 a shows the analyzed section of Doc1 before and after 

amma irradiation. As seen in the microscope images ( Fig. 4 b), the 

haracteristic network of interwoven collagen fibers remains unal- 

ered after exposure. Similarly, the Raman spectra ( Fig. 4 c) display 
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Fig. 3. Representative a) Raman and b) FTIR/ATR spectra acquired on the unprinted areas of Doc1, Doc2, Doc3 and Doc4 archival documents from the Montecassino Abbey 

before gamma irradiation. Representative Raman spectra for (c) red pigment of Doc2, (d) red pigment and (e) green pigment of Doc4. (For interpretation of the references 

to color in this figure legend, the reader is referred to the web version of this article.). 
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induced chemical modifications. 
ersistent calcite peaks [ 39–41 ]. This stability after 8 kGy irradia- 

ion confirms that gamma treatment causes no significant changes 

o the parchment’s micro-texture or mineral composition. 

In contrast to Doc1, the printed area of Doc2 exhibited interest- 

ng Raman spectra; therefore, analysis focused on its red ink areas 

 Fig. 5 ). 

Fig. 5 a shows the portion of the document investigated before 

nd after irradiation. A representative Raman spectrum collected 

n the “a” red letter (cinnabar [ 59 , 60 ]) before irradiation is pre-

ented in Fig. 5 b 
169
The I250 /I340 intensity ratio was calculated within the blue 

ashed square in Fig. 5 a, with the resulting 2D Raman maps shown 

n Fig. 5 c. Comparing these maps reveals no substantial spectral 

hanges post-irradiation. When averaged over the mapped area, 

he I250 /I340 ratio shows no systematic variation, remaining con- 

istent with the 0 kGy baseline at 2 . 3 ± 0 . 2 both before and af-

er treatment. The small variations in the I2 5 n /I3 4 n distribution are 

ikely attributable to common experimental factors, such as minor 

hanges in the Raman microscope focus, rather than to radiation- 
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Fig. 4. a) Optical microscope image of a portion of Doc1 before irradiation and b) optical images (acquired in the area within the pink square of the picture) and c) Raman 

spectra of Doc1 before irradiation and after 4 and 8 kGy absorbed doses. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 

Fig. 5. a) Optical microscope image of a portion of Doc2 before irradiation, b) Raman spectrum of the red ink (cinnabar) and c) 2D Raman maps acquired in the area within 

the blue square of the picture a) before irradiation and after 4 and 8 kGy absorbed doses. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 
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Fig. 6. a) Optical microscope image of a portion of Doc3 before irradiation and b) optical images (acquired in the area within the pink square of the picture) and c) Raman 

spectra of Doc3 before irradiation and after 4 and 8 kGy absorbed doses. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.). 
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The preservation of this spectral pattern demonstrates that 

amma radiation at the applied dose does not induce detectable 

lterations in the molecular structure of cinnabar ink. This con- 

rms Raman mapping as a reliable, non-destructive technique for 

nalyzing historical inks over extended surfaces. 

Analogously to Doc1, the ink zones on Doc3 surfaces disclosed 

o specific Raman signals. Consequently, a blank area of Doc3 was 

nalyzed to evaluate potential structural changes in the paper sub- 

trate ( Fig. 6 ). 

The portion of the document investigated is depicted in Fig. 6 a. 

icroscope images ( Fig. 6 b) reveal a well-preserved fiber network 

haracteristic of historical paper, which remains morphologically 

table after exposure to gamma radiation. The corresponding Ra- 

an spectra ( Fig. 6 c) exhibit peaks attributable to cellulose (de- 

ails in the Supporting Section). In agreement with other studies 

 45–49 ], the relative integrated intensity (RI) values between the 

ellulose fingerprint line and the βCOC band effectively evaluate 

he structural order of cellulose in paper matrices. For Doc3, RI 

alues remained around 0.8 across all irradiation conditions, in- 

icating that the treatments left the cellulose molecular structure 

argely unmodified. 

Another interesting occurrence was found for Doc4, that was 

nalyzed at a region where a decorative letter composed of both 

ed and green ink appears on the parchment surface ( Fig. 7 ). 

As shown in Fig. 7 a, Raman spectra before and after irradiation 

ere acquired on specific points from the portion of the letter “O”. 

he red ink is reasonably red lead [ 61 ], whereas the green ink con-

ains organic pigments. The ratio I130 /I280 and I1100 /Ibackground were 

sed to evaluate the stability of red and green inks, respectively, 

ithin the area marked by the blue dashed square in Fig. 7 a. 

The resulting 2D Raman maps ( Fig. 7 c), generated before and 

fter irradiation, show no significant structural changes in either 

igment. This plausibly indicates the stability of both the inorganic 

nd organic inks under the tested conditions. Consequently, Ra- 

an analysis supports the validity of controlled gamma irradiation 

or preserving delicate documentary heritage without significantly 

ompromising ink integrity. 

To investigate potential chemical modifications induced by 

amma irradiation, the historical documents were analyzed us- 
171
ng FTIR/ATR spectroscopy. Fig. 8 shows the representative spectra 

 Fig. 8 b) acquired in the areas indicated by the yellow rectangles 

 Fig. 8 a) for each document at three irradiation stages: 0 kGy (un- 

reated), 4 kGy, and 8 kGy. 

Across all samples, the spectral profiles of paper and parch- 

ent showed no significant changes after 4 or 8 kGy of gamma 

adiation. This confirms that irradiation under these conditions 

auses no detectable chemical alterations to either substrate. Fur- 

her information on the paper samples’ chemical composition was 

chieved by the indices of Total Crystallinity Index (TCI), Lateral 

rder Index (LOI), and Hydrogen Bond Intensity (HBI) [ 62–64 ]. The 

CI reflects the overall molecular order of the material. The LOI 

s acknowledged as an empirical Crystallinity Index, while HBI re- 

ects the degree of intermolecular regularity and the amount of 

ound water in the material. The indices were calculated using the 

atios: 

• TCI = A1376 /A2902 

• LOI = A1437 /A900 

• HBI = A3336 /A1336 

TCI, LOI and HBI as a function of the absorbed dose are shown 

n Fig. 9 for Doc2 and Doc3 samples. 

Fig. 9 depicts that the indices show only limited changes in 

he cellulose supramolecular organization and hydrogen-bonding 

etwork. Specifically, as shown in Fig. 9 a, the TCI values decrease 

ower than 20% in both samples after irradiation at 8 kGy, which 

ay indicate a slight variation in the cellulose molecular organi- 

ation. Since TCI is an indirect FTIR-based parameter, this varia- 

ion does not provide direct evidence of changes in cellulose crys- 

allinity. Considering the advanced natural aging of the historical 

ocuments, the observed decrease suggests that gamma irradia- 

ion induced only limited modifications in the cellulose structure, 

n line with the Raman findings, which also indicate the absence 

f significant molecular alterations after irradiation. 

Conversely, the LOI values ( Fig. 9 b) remain relatively stable 

cross all samples and doses, suggesting that the lateral order of 

he molecular network is not significantly disrupted by gamma ir- 

adiation, even at the highest investigated dose of 8 kGy. 
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Fig. 7. a) Optical microscope image of a portion of Doc4 before irradiation, b) Raman spectrum of the green and red pigments and c) 2D Raman maps of the green and red 

pigments acquired in the area within the blue square of the picture a) before irradiation and after 4 and 8 kGy absorbed doses. (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article.). 

Fig. 8. a) Pictures of the four historical samples analyzed: Doc1 and Doc4 (parchment), Doc2 and Doc3 (paper). The yellow rectangles indicate the specific regions where 

FTIR/ATR measurements were performed; b) corresponding FTIR spectra before and after gamma irradiation at increasing absorbed doses (0, 4, and 8 kGy). (For interpretation 

of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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Fig. 9. Behavior of TCI, LOI and HBI as a function of the absorbed dose for Doc2, and Doc3 samples. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 
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More pronounced variations are observed in the HBI index 

 Fig. 9 c), which gradually increases with rising radiation dose. This 

ehavior may reflect changes in the hydrogen bonding networks 

nd local cellulose organization induced by gamma irradiation. 

verall, the results suggest localized modifications of the cellulose 

tructure rather than extensive degradation. 

Further information on the effects produced by gamma irradia- 

ion on the chemical composition of parchment samples (Doc1 and 

oc4) are achieved by analyzing AI and AII bands, associated with 

= O stretching and N–H bending/C–N stretching, respectively. In 

articular, the ratio between AI and AII signals intensities (IAI /IAII ) 

rovides insights into the hydrolysis degree of the polypeptide 

hains. Additionally, the position difference between the amide I 

nd amide II bands, �ν, is related to collagen denaturation [ 65 ]. 

he results summarized in Table S2 show that the IAI /IAII ratio and 

ν values remain relatively stable across the different radiation 

oses, suggesting that the irradiation process did not significantly 

lter the hydrolysis or denaturation of the collagen structure in the 

archment samples. 

In agreement with FTIR spectroscopy results, the structural in- 

egrity of the collagen-based materials is further corroborated by 

V–Vis spectroscopic analysis [ 66 ]. Details are reported in the Sup- 

orting Section. 

The combination of the results obtained from FTIR, Raman, 

nd UV–Vis spectroscopic analyses provides consistent evidence 

hat gamma irradiation up to 8 kGy does not induce substantial 

hemical or molecular structure alterations in the Montecassino 

ocuments. Despite a slight lowering in TCI parameter after irra- 

iation, both the cellulose- and collagen-based substrates (paper 

nd parchment, respectively) preserved their structural and chemi- 

al composition integrity. Moreover, the Raman analysis confirmed 

hat the molecular signatures of the organic and inorganic inks re- 
173
ained unmodified by the irradiation, with no detectable degrada- 

ion of key modes associated with their pigments. 

The final step is to estimate the potential aesthetic impact of 

rradiation. In the context of radiation-induced secondary effects, 

olor modification, which reflects the materials’ oxidation state, is 

 notable concern for operators working with CH materials [ 27 , 67 ].

olorimetric analyses were performed on unprinted areas of the 

ocuments before and after irradiation. The �E00 values quantified 

olor differences, while sample colors were mapped in the CIE XYZ 

hromaticity diagram, as shown in Fig. 10 . 

The �E
white re f 
00 

values for the samples before irradiation (0 kGy) 

elative to the white reference standard are 14.9, 14.4, 13.8 and 19 

or Doc1, Doc2, Doc3 and Doc4, respectively, disclosing that the 

oloration of all samples before irradiation is significantly distant 

rom the white reference. On the other hand, the irradiation pro- 

ess produced no color variation for each typology of writing sub- 

trate. As detailed in Fig. 10 b, the �E00 values, representing the 

olor difference of each irradiated sample with respect to its not 

rradiated (0 kGy) sample, remain below 1.5, confirming that any 

olor change induced by gamma exposure is visually impercepti- 

le, even at the highest applied dose [ 68–70 ]. 

Given the overall considerations, the combination between 

pectroscopic (FTIR, Raman, UV–Vis), microscopic, colorimetric, and 

icrobiological results consistently demonstrate that gamma irra- 

iation up to 8 kGy is valid for the decontamination of highly 

ragile cultural heritage items such as archival documents. The ab- 

ence of significant alterations in the molecular structure of both 

he writing supports and inks, along with the remarkable reduc- 

ion of biodeteriogenic agents, confirms the potential of ionizing 

adiation as a non-destructive and reliable tool for treating cultural 

aterials without significantly modifying chemical and physical 

roperties. 
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Fig. 10. (a) CIE XYZ color space chromaticity diagram for Doc1 (light blue), Doc2 

(orange), Doc3 (green) and Doc4 (purple) samples. The points correspond to the 

color coordinates of the samples before and after irradiation under various condi- 

tions. (b) �E00 values after irradiation at 4 kGy and 8 kGy, with respect to the 

relative not irradiated sample, for Doc1, Doc2, Doc3, Doc4. Error: 1%. (For interpre- 

tation of the references to color in this figure legend, the reader is referred to the 

web version of this article.). 
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. Conclusions 

This study examined the effects of gamma irradiation on his- 

orical archival materials from the Abbey of Montecassino, with a 

ocus on parchment, paper documents and inks. The microbiolog- 

cal results clearly demonstrate that gamma irradiation is highly 

ffective in remarkably reducing microbial contamination at 8 kGy 

hile the multidisciplinary approach, combining spectroscopic and 

olorimetric techniques, highlighted the stability of the materials 

fter exposure to gamma doses of up to 8 kGy. Indeed, no signif- 

cant structural or chemical degradation was observed in writing 

aterials or inks. Both FTIR/ATR and Raman spectroscopies con- 

rmed the preservation of the structural and chemical features of 

ellulose and collagen, as well as the integrity of the organic and 

norganic ink constituents. Furthermore, UV–Vis spectra supported 

he stability of chromophoric groups in parchment samples, and 

inor variations in crystallinity indices were consistent with non- 

estructive effects. 

Analogously, colorimetric analyses showed that chromatic 

hanges remained below the threshold of visual perception, dis- 
174
losing no major detectable alterations of chemical-physical prop- 

rties and aesthetic appearance of the documents. 

Therefore, up to a dose of 8 kGy, gamma irradiation represents 

 non-invasive, and chemically compatible approach for the con- 

ervation of fragile archival materials affected by microbiological 

ontamination. Furthermore, the applicability of this method could 

otentially be extended to a broader range of organic cultural her- 

tage materials. This represents a perspective for future research, 

ffering a scalable strategy that may assist institutions in the 

reservation of biodeteriorated or at-risk artefacts. To strengthen 

he validation of this method, future studies may integrate non- 

nvasive and molecular approaches to assess microbial persistence 

irectly on treated documents. 
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