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a b s t r a c t 

Paper has been entrusted with a large portion of humanity’s recorded knowledge in recent centuries, 

therefore its preservation is fundamental for maintaining cultural heritage. Indeed, cellulose—the primary 

material of these artifacts— goes through irreversible degradation processes as it ages, leading to a weak- 

ening of paper stability and color changes. In order to slow down ageing, several restoration strategies 

involving the use of wet cleaning by hydrogels can be found in literature. Multi-step treatments are of- 

ten required to complete the cleaning procedure, as the properties of contaminants greatly vary from a 

chemical–physical point of view (i.e. hydrophilic, hydrophobic or, as for adhesives, polymeric compounds). 

In this article, we propose a cleaning strategy that accounts for the inherent roughness of paper by de- 

veloping microgel particles made of methacrylated gellan gum. Microgel particles are smaller than their 

macroscopic counterparts, hydrogels, and as a result, they can clean paper more quickly, a few minutes 

as opposed to hours. Moreover, the chemical modification performed on deacylated gellan gum makes 

the polymer more hydrophobic, as compared to the unmodified one. In this way, the proposed micro- 

gels are able to interact with and adsorb not only hydrophilic by-products of cellulose degradation, as 

gellan gum-based microgels do, but also hydrophobic materials or synthetic adhesives. This procedure 

represents a valid strategy, safe for operators, for the cleaning of paper artworks as it avoids the use of 

potentially dangerous organic solvents for hydrophobic material removal. 

© 2024 The Author(s). Published by Elsevier Masson SAS. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Successful conservation of paper artifacts is of primary impor- 

ance for human civilization, since most of human knowledge and 

istory is handed down on paper [ 1 ]. Preservation is necessary 

ecause paper inevitably tends to degrade over time, becoming 

ellow and very fragile [ 2–4 ]. Degradation of paper is the result, 

rom a chemical point of view, of a symbiotic action of acid hy- 
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rolysis and oxidation on cellulose, which is the main component 

f paper [ 5–7 ]. Oxidation of cellulose is a complex process lead- 

ng, among other products, to the formation of carboxylic groups 

hat, in turn, catalyze acid hydrolysis by shortening cellulose chains 

nd the production of low molecular weight organic acid com- 

ounds [ 8 ]. To complicate the scenario, it has to be taken into ac-

ount that, since the last two centuries, paper is no longer made 

rom rags, but from mechanically or chemically treated wood pulp, 

nd therefore it may also contain hemicelluloses, and lignin [ 8 , 9 ].

onsequently, paper obtained in this way is more susceptible to 

egradation [ 3 , 10 ]. One restoration step to slow down degrada- 

ion is water-based wet cleaning [ 11–13 ]. For this purpose, clean- 

ng hydrogels have been introduced in recent decades [ 14–17 ]. 

heir use has several advantages: they are relatively inexpensive, 

asily prepared (or purchased) and applicable, and importantly, 

hey allow to reduce and check the amount of water absorbed 
ss article under the CC BY-NC-ND license 

https://doi.org/10.1016/j.culher.2024.11.008
http://www.ScienceDirect.com
http://www.elsevier.com/locate/culher
http://crossmark.crossref.org/dialog/?doi=10.1016/j.culher.2024.11.008&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:leonardo.severini@roma1.infn.it
mailto:silvia.franco@cnr.it
mailto:erika.celi@crea.gov.it
mailto:simona.sennato@cnr.it
mailto:elisa.paialunga@alumni.uniroma2.eu
mailto:letizia.tavagnacco@cnr.it
mailto:micheli@uniroma2.it
mailto:roberta.angelini@cnr.it
mailto:emanuela.zaccarelli@cnr.it
mailto:claudia.mazzuca@uniroma2.it
https://doi.org/10.1016/j.culher.2024.11.008
http://creativecommons.org/licenses/by-nc-nd/4.0/


L. Severini, S. Franco, E. Celi et al. Journal of Cultural Heritage 71 (2025) 97–105

b

i

(

R

c

o

t

r

p

s

s

d

t

c

I

p

t

m

t

g

h

l

t

i

t

fi

w

u  

c

f

i

[

m

i

m

p

s

r

c

t

m

d

[

w

t

d

t

s

c

o

i

w

s

c

b

m

i

w

1

d

fi

a

t

c

p

r

c

m

m

h

e

2

2

C

c

W

M

w

1

M

r

r

B

i

w

c

l

B

p

2

2

2

w

G

d  

d

i

0

w

i

t

a  

m

G

t

S

t

T

l

t  

r

a

s

t

t

w

N

η
(  
y the artworks, so as to minimize the impact of this wet clean- 

ng procedure. These cleaning hydrogels can vary in composition 

polysaccharides or synthetic polymers) and rheological properties. 

egardless of their different features, however, the process of 

leaning with hydrogels takes between half an hour and two hours 

f treatment. Moreover, despite the progress made by these sys- 

ems, several drawbacks have yet to be address in wet paper 

estoration. Indeed, due to past restorations or poor conservation 

rocedures, artworks may often contain hydrophobic components 

uch as oil, wax or adhesive residues. In detail, oil and/or wax 

tains can be accidentally transferred to paper sheet through han- 

ling, a spill, or close contact with an oily media. The removal of 

hese substances thus requires ad hoc restoration work, as they 

annot be taken away by simple water-based treatment [ 18–21 ]. 

n this context, it is of fundamental importance to develop com- 

atible restoration procedures, avoiding the use of organic solvents 

hat are toxic for operators. 

To this aim, gellan gum chemically modified with methacrylic 

oieties, with low derivatization degree, has been prepared to ob- 

ain methacrylated gellan gum (hereafter called GGMA) [ 22 ]. After 

elation, this polymer, is able to interact and adsorb water-soluble 

ydrophilic byproducts of cellulose degradation, as unmodified gel- 

an gum-based gels, but also hydrophobic greasy materials or syn- 

hetic adhesives, thanks to the presence of methacrylate groups, 

n a single step application. It is important to underline that, to 

he best of our knowledge, the authors use this polymer for the 

rst time in the Cultural Heritage field to prepare a physical gel, 

ithout resorting to photopolymerization, which is instead widely 

sed in the biomedical field and in 3-D printing [ 23–26 ]. The mi-

roscopic gelation mechanism of gellan gels, at the conditions used 

or paper cleaning purposes, has been further investigated theoret- 

cally through the use of atomistic molecular dynamics simulations 

 27 ]. Furthermore, the use of micro-sized particles, such as gellan 

icrogels recently introduced by some of the authors [ 28 ], makes 

t possible to reduce the wet cleaning process duration to a few 

inutes. The basic idea behind the use of micro-objects is that pa- 

er surface is not flat, but very irregular and rich in micrometric 

ize pores [ 29 ]. Colloidal particles are able to adapt easily on this 

ough surface, thus penetrating inside pores and performing their 

leaning action in a much shorter time and with higher efficiency 

han their macroscopic counterpart, hydrogels [ 28 ]. By definition, 

icrogels are units made up of reticulated solvated polymers with 

iameters ranging from hundreds nanometers to few micrometers 

 30 ]. Due to their peculiar viscoelastic properties, microgels are 

idely used in food, pharmaceutical, biotechnological fields [ 30 ]. In 

he last decade, for example, polysaccharide-based microgels were 

eveloped for drug delivery [ 31 ]. In this article, the characteriza- 

ion of GGMA microgels and their use as cleaning agent is pre- 

ented. In detail, the use of these microgels for the simultaneous 

leaning of both hydrophilic and hydrophobic components present 

n paper surface, within just a few minutes, has been described. 

The suitability and efficacy of GGMA microgels for paper clean- 

ng were evaluated on contemporary and historical paper samples 

ith different degrees of deterioration and composition. The re- 

ults were extremely encouraging, as evidenced by spectroscopic, 

hromatographic, colorimetric, and pH measurements performed 

oth before and after treatment. 

Data were also compared with those obtained using microgels 

ade up of unmodified gellan gel (GG), whose paper compatibil- 

ty and cleaning efficacy as regards hydrophilic compound removal 

as already tested [ 28 ]. 

.1. Research aim 

Paper materials have an intrinsic roughness and therefore hy- 

rogels applied on them, used for wet cleaning, may not clean ef- 
98
ciently due to the lack of contact between them. Moreover, paper 

rtworks may often contain components like natural glues, syn- 

hetic adhesive or greasy stains that require specific additional wet 

leaning. To overcome these drawbacks, tunable modified microgel 

articles have been developed as cleaning agent. Thanks to their 

educed sizes, they are able to penetrate inside paper’s pores and 

arry out a cleaning action in shorter time (few minutes). These 

icrogels were made up by gellan gum chemically modified via 

ethacrylation that render them able to remove in one step, both 

ydrophilic and hydrophobic components from historical and mod- 

rn paper samples. 

. Materials and methods 

.1. Materials 

Deacylated gellan gum powder Kelcogel was purchased from 

P Kelco (San Diego, California). Glycidyl methacrylate, sodium 

hloride, sodium hydroxide, methanol, sodium phosphate, and 

hatmanTM n °1 filter paper samples were acquired from 

erck (Merck KGaA, Darmstadt, Germany), while linseed oil 

as purchased from Erboristeria Magentina (Turin, Italy). The 

20 0 0140 0 0 Da cut dialysis tubes were purchased from Olinto 

artelli srl (Florence, Italy). With the exception of gellan gum, all 

eagents used were analytical grade and used without further pu- 

ification. To prepare all the solutions, bi-distilled water (Millipore, 

illerica, MA, USA) was used. Historical paper was from “Breviar- 

um Romanum ad usum fratum” belonging to the 18th century, 

hile modern paper samples are from 1990s notebook paper; both 

ome from a private collection. To soil Breviarium samples with 

inseed oil, few drops of linseed oil were put by drop casting on 

reviarium specimens. Samples were first left to dry at room tem- 

erature, and then artificially aged for 21 days at 80 °C [ 32 ]. 

.2. Methods 

.2.1. Microgels preparation and characterization 

.2.1.1. Microgels preparation. Methacrylated gellan gum (GGMA) 

as derivatized following the protocol already described [ 22 ] and 

GMA microgels were prepared through the use of a rheometer 

etailed in [ 33 ]. In detail, a desired amount of GGMA powder was

issolved in ultrapure water at room temperature under stirring 

n order to obtain different final weight concentrations (Cw 

= 0.1, 

.2, 0.3, and 0.5 %). Then, about 20 mL of the GGMA solution 

ere poured into a home-made bottomless silicone beaker, allow- 

ng the sample to be directly deposited onto the MCR102 rheome- 

er plate (Anton Paar GmbH, Santner Foundation, Graz, Austria) 

nd heated up to T = 80 °C and left in this condition for 10

in. A controlled amount of 1 M NaCl solution was added to the 

GMA solution to obtain the desired salt final weight concentra- 

ion (CNaCl = 100 mM) necessary to promote the gelation process. 

odium ions (Na+ ) are employed in microgel preparation, because 

hey lead to a weak association between polysaccharide helices. 

hus, the use of cations favors the control of the needed rheo- 

ogical properties. The GGMA sample was cooled from T = 80 °C 

o T = 25 °C at a cooling rate of 0.5 °C/min keeping the shear

ate constant (500 s−1 ) by means of the rheometer equipped with 

 Peltier temperature controlling unit. The application of a con- 

tant shear during gelation process modifies elastic properties of 

he polysaccharide solution as a result of microstructure modifica- 

ion leading to the formation of microgels. 

Simultaneously, the viscosity of the suspension upon cooling 

as measured for various GGMA concentrations at 100 mM of 

aCl. In detail we measure the normalized viscosity, defined as: 

(T)/ η (80 °C) where ηT is the viscosity at a given temperature T 

in this case, T = 25 °C) and η is its plateau value at T = 80 °C.
80 °C 
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he rheometer tool, a cone of 50 mm diameter, was used in cone- 

late geometry to apply a rotational shear while measuring the 

iscosity during both the heating and cooling phases. The measur- 

ng gap was 3.5 cm. 

.2.1.2. Rheology experiments. Rheological measurements were car- 

ied out using the rotational rheometer Anton Paar MCR102 with 

 cone plate geometry (plate diameter = 49.97 mm, cone an- 

le = 2.006, truncation 212 m). Temperature was controlled us- 

ng a Peltier system equipped with an evaporation blocker and an 

solation hood to prevent evaporation. Amplitude and frequency 

weep measurements were performed on GGMA microgels at dif- 

erent weight concentrations to determine the storage, G’, and loss, 

’’, moduli. Amplitude and frequency sweep tests were carried 

ut in the shear strain range (0.01–100) % and frequency range 

 = (0.01–100) Hz respectively. They provide the moduli G′ ( γ ) and 

′ ′ ( γ ) obtained as a function of strain γ , and G′ (f) and G′ ′ (f) as a

unction of frequency f, respectively. 

.2.1.3. Dynamic light scattering (DLS) experiments. The particle hy- 

rodynamic radius has been measured by means of Dynamic Light 

cattering as a function of temperature using the Stokes-Einstein 

elation. A solid-state laser (100 mW) with monochromatic wave- 

ength λ = 642 nm and polarized beam has been used as optical 

etup to probe samples in dilute regime. Measurements have been 

erformed in dilute conditions (Cw 

= 0.01 % to be in the single par- 

icle regime) at a scattering angle θ = 90 °, corresponding to a scat- 

ering vector Q = (4 πn/ λ)sin( θ /2) equal to 0.018 nm−1 . The trans-

ational diffusion coefficient related to the relaxation time τ has 

een obtained through the relation: τ = 1/(Q2 Dt ). The relaxation 

ime ( τ ) was obtained by fitting the autocorrelation function of 

cattered intensity through the Kohlrausch-William-Watts expres- 

ion, g2 (Q, t) = 1 + b [exp(−(t/ τ )β )]2 , where β is the stretching 

xponent, and b is the coherence factor. The average size was ob- 

ained using a Contin algorithm included in the software of the 

nstrument [ 28 , 34 ]. 

.2.1.4. Atomic force microscoy (AFM) analyses. The Dimension Icon 

Bruker AXS) platform has been used for AFM imaging in Tapping 

ode, in air and under ambient conditions. RTESP probe with a ro- 

ated etched silicon tip (Bruker, Germany) with a nominal radius of 

urvature R ≤ 8 nm was used. GGMA microgels at 0.1 % have been 

iluted up to 0.01 % with MilliQ water and have been deposited on 

reshly cleaved mica, incubated 1 min and then rinsed with Milli-Q 

ater. Gwiddion 2.56 free software was used for image treatment 

y background subtraction and levelling. 

.2.2. Paper samples characterization before and after cleaning 

.2.2.1. Microgels application on paper samples. To perform the 

leaning process, as schematically described in Figure S1, an ade- 

uate volume of microgels was taken from the stock and uniformly 

pread with the help of a soft flat tip synthetic brush (da Vinci, 

ünstlerpinselfabrik DEFET GmbH) on the selected area. After 2–3 

in cleaning occurred and microgels have been removed carefully 

nd extensively with another humid flat tip synthetic brush [ 28 ]. 

.2.2.2. Hydrogels preparation and application on paper samples. 

GMA hydrogel was prepared as reported previously [ 22 ]. To per- 

orm the cleaning process, a piece of hydrogel, with desired size, 

as taken from the stock. During the procedure, the paper sam- 

le was fully covered with the gel of about 1 cm thickness. A uni- 

ormly pressed PET film was applied over it to minimize the evap- 

ration of water and to ensure a close contact between the gel and 

he sample. After 60 min cleaning was considered finished, and the 

el was manually removed in one step. 
99
.2.2.3. ATR-FTIR analyses. FTIR spectra on samples in Attenuated 

otal Reflectance (ATR) mode were performed using a Thermo- 

cientific instrument (model is50) (Thermo Scientific Inc., Madi- 

on WI) equipped with a single reflection diamond ATR cell. Spec- 

ra were recorded in the wavenumbers region from 40 0 0 to 60 0 

m−1 , averaging over 32 scans with a resolution of 2 cm−1 . All ex- 

eriments were performed in triplicate in the same points (RSD < 

 %) and in different spots throughout the area of interest, obtain- 

ng consistent and repeatable results. The different spots, close to- 

ether are the same before and after treatment of the paper sam- 

le and results are statistically processed, yielding consistent and 

eproducible results. Spectra are baselined where no absorbance 

eaks are present (1950 cm−1 ). The baseline-corrected spectra 

ere normalized to the highest band so that the absorbance of the 

ighest peak is equal to 1.0. 

.2.2.4. HPLC analyses. HPLC experiments were performed using 

n Agilent 1100 series Autosampler (G1329A), equipped with four 

umps (G1311A) and a 1100 Series Diode-array Detector (Agilent 

echnologies, CA, USA), with column C18 reverse phase (5 μm 

50 ×4.6 mm Pinnacle II, Restek, USA). Analyses were performed 

n extracts obtained by treating 1 cm2 of paper samples with 

 mL of H2 O for organic acids (degradation products of cellulose) 

 35 ] or methanol for hydrophobic compounds removal (which are 

il residues) [ 19 ], stirring on the rotating wheel (Dynal AS, Swe- 

en) overnight at room temperature. Before the analysis, the pa- 

er piece was removed, and the final solution was filtered using 

.45 μm PTFE filter. For the determination of hydrophilic com- 

ounds (extracted in water, as explained earlier), the chromato- 

raphic analysis has been carried out using an isocratic protocol 

25 mM phosphate buffer pH 2.4 plus methanol in ratio 90:10 

v/v), flow rate 0.8 mL/min, injection volume 50 μL, wavelength 

30 nm (reference wavelength 700 nm), run time 20 min), fol- 

owing, with slight modifications, an established procedure [ 36 ]. 

n the case of hydrophobic compounds determination (extracted 

n methanol), the chromatographic investigations have been per- 

ormed using a binary protocol as reported elsewhere [ 19 , 37 ]. All

xperiments were performed in triplicate and statistically pro- 

essed, yielding consistent and repeatable results. 

.2.2.5. Surface pH and colorimetry analyses. pH measurements 

ere performed on paper samples surface, before and after ev- 

ry cleaning treatment, using a Crison Instrument (mod. Basic- 

0, Crison Instrument s.a., Alella, Barcelona, Spain) and a flat- 

ipped symmetry glass electrode (Hanna Instrument., Woonsocket, 

I, USA). Colorimetry measurements to evaluate the variation 

f optical quality of paper samples due to cleaning were per- 

ormed using an Eoptis Digital Handheld Colorimeter (mod. CLM- 

94, Eoptics srl, Trento, Italy). The coordinates in the CIELAB 

olor space (L∗ = brightness, a∗ = red/green colour component, 
∗ = blue/yellow colour component) were obtained using a D65 

lluminant and a 10 ° observer. For each sample, at least three mea- 

urements were carried out. 

. Results and discussions 

.1. GGMA microgels characterization 

As reported in the Methods section (Section 3.2.2.1), the prepa- 

ation of microgels was achieved using a rheometer. Simultane- 

usly, the viscosity of the suspension upon cooling was measured 

or various GGMA concentrations at 100 mM of NaCl as reported 

n Table 1 . An abrupt increase of viscosity was observed in cor- 

espondence of the gelation point at a temperature Tgel , which is 

ound to slightly depend on GGMA concentration, as reported in 

able 1 . In Fig. 1 the comparison between the normalized viscosity 
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Table 1 

Concentrations, Cw , gelation temperatures (Tgel), normalized viscosities ([ η

{25 °C}/ η {80 °C}]), and viscosities at T = 80 °C ( η (80 °C), for different GGMA 

microgels with 100 mM NaCl. 

Cw (%) 0.10 0.20 0.30 0.50 

Tgel ( °C) 40.7 41.3 42.3 42.4 

η (25 °C)/ η (80 °C) 2.4 9.6 13.6 19.7 

η (80 °C) (mPa ·s) 1.5 1.5 1.9 2.8 

Fig. 1. Normalized viscosity as a function of temperature for GG microgel at 

Cw = 0.1 % and GGMA microgel at Cw = 0.2 % with 100 mM of NaCl salt, during 

cooling under a constant shear rate to form microgel particles. 
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( η (25 °C)/ η (80 °C)) of a gellan gum (GG) microgel at Cw 

= 0.1 %

nd a GGMA microgel at Cw 

= 0.2 % with 100 mM NaCl is re-

orted. The rheological characterization of GGMA microgels at dif- 

erent concentrations with 100 mM NaCl showed that the GGMA 

icrogel at Cw 

= 0.2 % was the most similar to GG at Cw 

= 0.1 %

see Table 1 ). The effectiveness of the latter system as cleaning 

gent for artworks has been already assessed [ 28 ]; this states in 

urn, that GGMA microgel at Cw 

= 0.2 % with 100 mM NaCl is a

ood candidate from a rheological point of view, as potential clean- 

ng materials for paper sample too. 

In Fig. 2 . A the storage and loss moduli versus shear strain 

re reported at f = 1 Hz and T = 25 °C for GGMA microgels at

w 

= 0.2 % and GG microgels at Cw 

= 0.1 % with 100 mM NaCl.

e find that in both cases G′ ( γ ) is greater than G′′ ( γ ) and the

wo moduli remain constant up to relatively high deformation val- 
ig. 2. (A) Storage G’ (filled symbols) and loss G’’ (empty symbols) moduli as a function o

G microgels (red) and Cw = 0.2 % of GGMA microgel (blue) solution at T = 25 °C. (For in

o the web version of this article.) 

100
es, indicating that the system is an elastic solid at the studied 

onditions. Indeed, in the linear viscoelastic region (strain range 

.01 %−7 %), tan δ = G′′ / G′ = 0.2 < 1, signature of a material 

ith tendency to store energy rather than dissipating it, more- 

ver the low value of the zero strain elastic modulus suggests that 

he system is very soft. Furthermore, as shown in Fig. 2 b, fre- 

uency sweep measurements performed at constant deformation 

 γ = 1 %) indicate that G′ (f) and G′′ (f) are almost parallel and 

onstant at low frequencies, again with G′ (f) larger than G′′ (f) for 

bout three decades in frequency, thus confirming the formation 

f a gel [ 38 , 39 ]. Additional characterization of the studied system 

ill be reported in a dedicated study, also discussing the different 

ole of added salt ions and GG concentration, as well as a dynamic 

ight scattering characterization. The average radii assessed by DLS 

ata are found to be for the GGMA microgels at Cw 

= 0.2 % and

00 mM NaCl 324 ± 50 nm, while for GG microgels at Cw 

= 0.1 %

nd 100 mM NaCl we find a slightly larger value of 415 ± 97 nm 

the corresponding autocorrelation functions and average size as 

btained through Contin Analysis are reported in Fig. S2). The poly- 

ispersity index is relatively high, thus indicating that the system 

s constituted by colloidal particles of different radii, all in the col- 

oidal range. These findings agree with our previous work in which 

icrogels of unmodified gellan gum were found to have similar 

ize and polydispersity [ 27 ]. 

AFM experiments performed in tapping mode on GGMA micro- 

els dried on mica confirm both the heterogeneity of the suspen- 

ion and their micrometric size ( Fig. 3 . A). Due to their soft and hy-

rophilic nature, which favors the interaction with mica, all GGMA 

icrogels become completely flat on the mica support and reach a 

ertical size of a few nanometers, as it can be inferred also by the 

alse color scale of panel A. At higher magnification, the polymeric 

ature of these gel particles becomes more evident. Microgels ap- 

ear as irregular structures with several protrusions and a globu- 

ar internal structure, well visible in Fig. 3 . B-C. The height profile 

hown in the inset of panel B evidences the homogeneous nature 

f microgel inner structure and the homogeneity of the nanometric 

eight on the whole particle extension. 

.2. Application on paper samples 

.2.1. Compatibility evaluation of GGMA microgels with paper 

First of all, the removability of GGMA microgel residues from 

aper, as well as pH values and optical properties after paper 

leaning, were tested on a reference sample of Whatman paper. 

his latter reference material has been used because it is made 

p of new pure cellulose, without any fillers, gluing agents or 
f strain at f = 1 Hz and (B) as a function of frequency at γ = 1 % for Cw = 0.1 % of 

terpretation of the references to colour in this figure legend, the reader is referred 
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Fig. 3. AFM images (height channel) of GGMA microgels deposited on mica (panel A), where the height profile is traced on the dashed section of a single microgel (inset of 

panel B) and the magnification of a single microgels is reported in panel C. Bars are 500 nm. 

Fig. 4. (A): FTIR spectra of Whatman paper sample before (blue) and after (red) cleaning with GGMA microgels. (B): Chromatographic profiles of water extracts of Whatman 

paper sample before (blue) and after (red) cleaning with GGMA microgels. FTIR spectra are normalized to the maximum for clarity. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 
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ignificant concentration of degradation products. If no removable 

ompounds in Whatman paper are present, any variation of its fea- 

ures after treatment is attributable to GGMA microgels applica- 

ion. Absence of detectable residues on paper samples, after GGMA 

icrogel application, has been assessed by performing cleaning 

rocedure on new Whatman paper sheets, and analyzing the wa- 

er extracts of samples, before and after treatment, by using HPLC. 

s expected, untreated paper sample showed a pH value equal to 

.3 ± 0.1 and a FTIR spectrum ( Fig. 4 . A) typical of cellulose in a

ood state of conservation [ 40 ]. Furthermore, HPLC chromatogram 

f Whatman water extracts highlighted few peaks with very low 

ntensities ( Fig. 4 . B). Treatment with GGMA does not affect What- 

an paper’s features. Indeed, FTIR spectra and chromatographic 

rofiles ( Fig. 4 ) of the samples, obtained before and after cleaning, 

re almost superimposable and the colorimetric and pH variations 

re negligible ( 
E∗= 0.2 ± 0.1; pH after cleaning = 6.5 ± 0.1). Cru- 

ially, chromatograms of water extracts from cleaned paper sam- 

les showed no extra gel-related peaks, indicating no detectable 

esidues attributable to GGMA microgels treatment (beyond the 

xperimental detection limit of this technique). In summary, these 

esults demonstrate that GGMA microgels can be applied and re- 

oved without leaving any detectable residues and compromising 

he structural features of paper. 

.3. Paper cleaning ability 

The cleaning ability of microgels was tested on both historical 

dated 18th century, made of rag pulp) and modern (dated 20th 
101
entury, made up of chemically treated wood pulp) paper [ 22 , 29 ].

his comparison is of fundamental importance because, from the 

econd half of 19th century onwards, the composition of paper has 

hanged considerably, resulting in samples of different stability as 

ell as waterproofing ability. 

Cleaning efficacy was tested by characterizing paper samples 

efore and after cleaning through a multidisciplinary approach, 

ainly using spectroscopic and chromatographic techniques. 

As explained above, the aim of this study was to develop an 

asy to use and rapid tool for an effective one-step cleaning of 

odern and historical paper artworks, capable of removing simul- 

aneously hydrophilic and hydrophobic contaminants. 

.3.1. Cleaning of historical paper 

To start with, the cleaning performances of GGMA microgels 

n historical samples from Breviarium have been tested. Specifi- 

ally, the removal efficacy of microgels towards hydrophilic con- 

aminants, i.e. low molecular weight acids deriving from cellulose 

egradation, was tested on Breviarium specimens containing no 

inseed oil (referred to as Breviarium as is ), while that concerning 

he cleaning of hydrophobic contaminants (in this case linseed oil 

egradation products) was studied on Breviarium samples oppor- 

unely soiled with linseed oil and artificially aged (referred to as 

reviarium soiled ). 

FTIR spectra of Breviarium as is samples, before and after clean- 

ng, are reported in Fig. 5 . A. The bands in the 1750–1550 cm−1 

egion are attributable to compounds deriving from cellulose oxi- 

ation, containing carbonyl and carboxyl moieties [ 8 , 9 ]. As shown 
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Fig. 5. (A): FTIR spectra of Breviarium as is before (blue) and after (red) cleaning with GGMA microgels. (B): Chromatographic profiles of water extracts of Breviarium as is 

before (blue) and after (red) cleaning with GGMA microgels. FTIR spectra are normalized to the maximum for clarity. (For interpretation of the references to colour in this 

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

Table 2 

pH values of Breviarium samples before and after cleaning, and variation of position in the color CIELAB space a of samples due to GGMA microgel cleaning. 

Sample pH before cleaning pH after cleaning 
L 
a 
b 
E 

Breviarium as is 6.6 ± 0.1 7.4 ± 0.1 4.6 ± 0.1 −0.5 ± 0.2 −6.6 ± 0.2 8.1 ± 0.2 

Breviarium soiled 5.8 ± 0.1 6.3 ± 0.1 5.1 ± 0.1 −2.1 ± 0.1 −8.5 ± 0.1 10.1 ± 0.2 

a Uncleaned paper samples have been used as a reference. 
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n Fig. 5 . A, the intensity of the absorption bands in the aforemen-

ioned region decreased (relatively to the band at 1023 cm−1 , at- 

ributable to the CO and CC stretching and CCH and OCH bending 

odes of cellulosic units and which intensity could be considered 

onstant) [ 41 ] after cleaning, thus indicating that the treatment 

ith microgels allows the successful removal of cellulose byprod- 

cts. HPLC experiments confirm the cleaning efficiency of the pro- 

osed system. Carboxylic acid compounds, resulting from the spon- 

aneous cellulose degradation, may be ascertained by means of 

PLC chromatography on water extracts of paper specimens. Here, 

y comparing the peak heights in the chromatographic profiles of 

reviarium as is samples before and after treatments, it is possi- 

le to evaluate the removal efficiency of these products . As shown 

n Fig. 5 . B, after cleaning the intensity of the peaks correspond- 

ng to the acids ascorbic (tr = 3.5 min), lactic (tr = 4.0 min), malic

tr = 4.5 min), and citric (tr = 6.0 min) dropped [ 28 , 42 ]. FTIR spec-

ra and chromatograms of the samples after cleaning showed no 

dditional peaks, like those characteristic of microgels (Figure S3), 

hich is noteworthy and confirmed that the treated paper has no 

etectable microgels residues. 

Acids content decreasing, after GGMA microgels action, was 

onfirmed by the increase in pH values of paper samples, as re- 

orted in Table 2 . It should be highlighted that, as reported in lit-

rature [ 8 , 9 ], some cellulose oxidation byproducts (having conju- 

ated carbonyl groups) are chromophores, responsible for the yel- 

owing of paper and thus of a progressive worsening of the optical 

uality of the artworks. FTIR data indicate, as shown above, that 

GMA microgels are able to remove these degradation products 

nd colorimetric measurements confirm this result. Indeed, after 

leaning ( Table 2 and Fig. S4) there is an increase in brightness 

nd a concomitant decrease of red and yellow tones, resulting in a 

igh chromatic variation ( 
E∗ = 8.1 ± 0.2). 

The removal efficiency towards hydrophobic compounds of 

GMA microgels was tested on ad hoc prepared samples, i.e. aged 

reviarium samples containing stains made up of linseed oil (see 

aterials and methods section). Linseed oil residues on paper 

ould arise from unintentional contact with oily objects commonly 
102
sed for painting, printing and typography through the ages. The 

rying and oxidative degradation of linseed oil, composed of mix- 

ures of triglycerides, causes macroscopically yellowing and acidity 

ncrease, thus constituting a possible additional source for cellu- 

ose depolymerization [ 32 , 43 , 44 ] In the FTIR spectra of the soiled

amples ( Fig. 6 . A), bands at 1730 cm−1 are attributable to stretch- 

ng mode of carbonyl moieties, deriving mostly from linseed oil 

nd its degradation products (Fig. S5A and for comparison, Fig. 5 A) 

 32 ]. The treatment with GGMA microgels induced a decrease 

n their intensity ( Fig. 6 . A), thus indicating that these materials 

re capable of removing this coating. The oil content on the paper 

heet can be therefore considered proportional to the intensity of 

he band at 1730 cm−1 with respect to that at 1024 cm−1 (consid- 

red unchanged during the cleaning process, see Section 4.3.1, and 

ssigned to glucose in cellulose). The value of this absorbance ra- 

io, hereafter called hydrophobic ratio (HR = Abs1730 /Abs1024 ), de- 

reases from 0.26 ± 0.01, in the uncleaned sample, to 0.19 ± 0.01, 

n cleaned one. The lipid components of linseed oil are responsible 

or the pattern of peaks shown in the HPLC chromatographic pro- 

les at about 40 min, performed on the methanol extracts of the 

amples ( Fig. 6 . B). These peaks decreased in intensity after clean- 

ng; furthermore, no additional peaks related to GGMA are visible. 

t the same time, the colorimetric results, which indicate a de- 

rease in yellow and red tones and an increase in brightness, re- 

ect an overall improvement of the optical quality of paper thanks 

o cleaning. The increase in pH ( Table 2 ) resulting from cleaning 

lso ensures the elimination of acid leftovers from paper. 

.3.2. Cleaning of modern paper 

Cleaning of modern paper represents an intriguing task, be- 

ause it is a more degradable sample than the historical one, due 

o its wood-pulp origin and, in the case of chemically bleached 

aper, to bleaching treatments [ 10 , 45 ]. This makes the wet treat- 

ent of modern paper a more delicate process, with respect to 

hat of historical paper. Moreover, the use of synthetic or natu- 

al compounds as gluing agents makes paper sheets difficult to be 

ermeable by water-based cleaning agents. A lot of strategies and 
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Fig. 6. (A) FTIR spectra of Breviarium soiled sample before (blue) and after (red) cleaning with GGMA microgels (B): Chromatographic profiles of methanol extracts of 

Breviarium soiled sample before (blue) and after (red) cleaning with GGMA microgels. FTIR spectra are normalized to the maximum for clarity. (For interpretation of the 

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

Fig. 7. (A) FTIR spectra of notebook sample without adhesive before (blue) and after (red) cleaning with GGMA microgels. (B): Chromatographic profiles of water extracts of 

notebook sample without adhesive before (blue) and after (red) cleaning with GGMA microgels. FTIR spectra are normalized to the maximum for clarity. (For interpretation 

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

m  

w

o

t

a

n

p

r

1

s

a

i

t

o  

s

f

T

u

a

v

r

s

p

t

t

a

m

t

h

m

i

t

s

r

p

i  

p

d

i  

o

c

a

i

aterials are proposed for the historical paper cleaning [ 11–13 , 36 ],

hile this is not the case for the modern paper one. Therefore, 

ur aim is to extend the proposed tools for cleaning modern sys- 

ems and to determine whether GGMA microgels can be generally 

pplicable for cleaning both historical and modern paper. Written 

otebooks, as well as modern papers containing aged residues of 

ressure adhesive tapes have been used as samples. Regarding the 

emoval of hydrophilic residues, the intensity of the bands in the 

80 0–150 0 cm−1 region was lower in the FTIR spectrum of treated 

amples with respect to untreated ones, indicating that microgels 

re able to remove degradation byproducts ( Fig. 7 . A) without leav- 

ng detectable residues. Simultaneously, the intensity reduction in 

he chromatographic profiles for the peaks at 4, 4.8, and 5.8 min 

f the treated samples compared to the untreated ones ( Fig. 7 . B)

hows that organic acids (oxalic, lactic, and succinic acid) arising 

rom paper degradation have been removed by GGMA microgels. 

he 8-minute peak is entirely eliminated by GGMA and remained 

nidentified. These findings are corroborated by the increase of pH 

fter cleaning, due to organic acids removal, and by the chromatic 

ariation due to cellulose and hemicelluloses oxidized byproducts 

emoval ( Table 3 ). 

Importantly, GGMA microgel application did not induce inks 

preading or fading, as shown in Fig. S6. 
103
In the modern age, paper tears have often been repaired with 

ressure adhesive tapes. Unfortunately, these kinds of adhesives 

end to become very yellow and brittle over time, further con- 

ributing to the deterioration of paper. Thus, once established the 

bility of GGMA microgels to remove hydrophilic compounds from 

odern paper, their cleaning efficiency was evaluated on the de- 

achment of aged adhesive tape. FTIR experiments indicate that ad- 

esive residues applied on notebook samples are made of a copoly- 

er of styrene and isoprene (Fig. S5B), a material that tends to ox- 

dize over time and becomes harder and more yellow [ 46 ]. After 

reatment with GGMA microgels, samples appear to be clearer, as 

hown in Fig. 8 . This is also detected by the colorimetric variation 

eported in Table 2 , showing a decrease of the yellow tone on the 

aper. 

FTIR experiments confirm adhesive removal. Indeed, as shown 

n Fig. 9 , the bands at 1730 cm−1 , assignable to C = O moieties

resent in the oxidized adhesive (even if they are present in degra- 

ation cellulose byproducts, from comparison of 1730 cm−1 bands 

n Fig. 7 . A and 9A, the intensity of this band in the presence

f adhesive could be reasonably attributable mainly to adhesive) 

learly diminish (with respect to the cellulose band centered at 

bout 1024 cm−1 ), indicating a decrease of the adhesive content 

n the sample. It is interesting to note that also in this case the 
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Table 3 

pH values and variation of position in the color CIELAB space a of notebook samples before and after cleaning with GGMA microgel. 

Sample pH before cleaning pH after cleaning 
L a 
a a 
b a 
E a 

Notebook 6.7 ± 0.1 7.7 ± 0.1 2.0 ± 0.1 −0.1 ± 0.1 −2.0 ± 0.1 2.8 ± 0.2 

Adhesive on notebook 6.6 ± 0.1 7.7 ± 0.1 0.6 ± 0.1 −0.2 ± 0.1 −4.8 ± 0.1 4.8 ± 0.2 

a Uncleaned paper samples have been used as a reference. 

Fig. 8. Images of notebook sample with adhesive tape before (A) and after (B) 

cleaning with GGMA microgels. 

Fig. 9. FTIR of notebook sample with adhesive before (blue) and after (red) cleaning 

with GGMA microgels. FTIR spectra are normalized to the maximum for clarity. (For 

interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 
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leaning causes a decrease of the acidity of the sample as the pH 

alue raised from 6.6 ± 0.1 to 7.7 ± 0.1. 

.4. Comparison between the cleaning ability of GGMA microgels and 

GMA macrogels (hydrogels) 

Recently, GGMA hydrogels have been proposed as a single com- 

onent, cleaning tool for both hydrophobic and hydrophilic ma- 

erials removal from paper [ 22 ]. Here, a comparison between the 

leaning efficacy of GGMA in macro- (hydrogel) and micro-gel form 

as been reported. The main hypothesis is that the use of micro- 

els allowsed to obtain better performances, in terms of cleaning 

fficacy and time cost, with respect to hydrogels (i.e. cleaning us- 

ng microgels takes few minutes, while using hydrogels needs at 

east half an hour). The innovation of GGMA systems mainly con- 

ists in their removal capability of hydrophobic compounds, in ad- 

ition to the hydrophilic ones. Therefore, the comparison between 

leaning efficiency of GGMA hydrogel and GGMA microgels to- 

ards hydrophobic materials was addressed. To evaluate the clean- 

ng efficacy, the hydrophobic ratio (HR) was calculated, which is 
104
efined as the ratio between the intensities of the band at 1730 

m−1 , related to carbonyl compounds present in oil and in adhe- 

ive tape materials, and that at 1024 cm−1 , due to cellulose (that 

s, HR = Abs1730 /Abs1024 ). As a consequence, the lower is this ab- 

orbance ratio, the higher is the cleaning efficacy. Concerning the 

il removal from historical paper, HR is found to be 0.40 ± 0.01 

or uncleaned sample, 0.22 ± 0.01 for samples cleaned with GGMA 

ydrogel and 0.19 ± 0.01 for samples cleaned with GGMA micro- 

els, respectively. In the case of pressure adhesive tape removal, 

R is 0.41 ± 0.01 before cleaning, 0.22 ± 0.01 after cleaning with 

GMA in hydrogel form, and 0.21 ± 0.01 after cleaning with GGMA 

icrogels. These values demonstrated that the cleaning efficacy of 

icrogels towards historical paper is slightly higher than that of 

ydrogels towards historical paper, while it is comparable in the 

ase of modern paper. Overall, it should be noted that the use of 

icrogels allows a significant time saving and thus, it is a more 

onvenient and sustainable method with respect to hydrogels. 

. Conclusions 

In this work, a tool based on the use of a water-based so- 

ution of microgels composed by gellan gum polymer, modified 

ith methacrylated moieties, is proposed for paper cleaning. This 

leaning procedure is extremely advantageous from a point of 

iew of health and time costs, thanks to its chemical composi- 

ion and to the peculiar properties of microgels. The basic idea is 

hat microgels provide fast cleaning, while methacrylation of the 

olysaccharide makes the system able to remove even oxidized 

ortions of hydrophobic coatings [ 22 ]. To this aim, GGMA micro- 

els are prepared with rheological properties comparable to that 

f GG unmodified microgels and with size of the order of mi- 

rometers. GGMA microgels showed, as demonstrated by a multi- 

echnique approach, a satisfactory ability in the removal of cellu- 

ose acid/degradation byproducts from both historical and modern 

aper samples. A similar result has been obtained for the removal 

bility of two different hydrophobic compounds: aged linseed oil, 

or historical paper, and pressure adhesive tapes residues, for note- 

ook. These contaminants accelerate the degradation of paper, but 

heir removal is not trivial. Even if the proposed method presents 

ome disadvantages (the synthesis is not easy and the hydrophobic 

ontaminants are not totally removed), the promising results ob- 

ained up to now support, on one hand, the use of the hydropho- 

ically modified gellan gum, GGMA, as a valuable material for a 

ater based, safe for operators and single-step wet cleaning tool, 

hus avoiding the use of time-consuming multi-step treatments 

nd toxic solvents. On the other hand, our findings also support 

he employment of microgel technology as effective and versatile 

leaning agents for paper artwork. Further studies are needed to 

ptimize the proposed method and render it usable also for ar- 

ifacts of different nature (i.e. wood), however, by exploiting the 

otentiality of both the ad hoc modification of gellan gum and of 

icro sized soft materials, as tunable cleaning tools, the present 

esults pave the way for the development of materials for a fast 

leaning of Cultural Heritage artefacts. 
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