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Additional Materials and Methods 
 
Steady-State Fluorescence Spectra. 
Pyrene was bought from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). 
Pyrene emission spectra were obtained by steady-state fluorescence experiments 
on a thermostated Spex Fluorolog III spectrofluorimeter (Horiba, Japan) operating 
in a single photon-counting mode. The excitation wavelength (λex) was 372 nm 
while the emission range was 350-500 nm. 
 
Paper fiber analysis. 
Paper fibers composition was estimated by exposing them to Graff “C” stain (1). 
Briefly, Graff “C” was prepared by mixing in 52 mL of a ZnCl2 saturated solution, 
0.06 mol of AlCl3 and 0.06 mol of CaCl2, 0.64 mmol of I2 and 1.4 mmol of KI. To 
analyze paper materials, a drop of Graff “C” stain was applied to a very small 
portion of each sample, previously chopped with the help of a droplet of water. The 
sample was then placed on a microscope slide and observed by a digital Celestron 
Microcapture Pro, microscope (Celestron LLC, Torrance Ca, USA). The same 
microscope has been used for images of paper samples before and after cleaning 
with microgels.  
 
Tensile tests 
Tensile tests were performed on paper samples of dimension 100x15x0.16 mm3 
with a 171 ACQUATI dynamometer (Arese (Milan), Italy) and using an elongation 
speed of 10 mm/min. 
 
Additional Information on UV-Vis-NIR reflectance spectroscopy data 
analysis 
In order to recover the absorption coefficient of cellulose fibers, two sets of 
reflectance spectra were collected for each measured area on the samples, 
obtained by laying the paper sheet on a high reflectance (white, Rw) and then a 
low reflectance (black, Rb) backing (2,3). The reflectance of the backings, Rwb and 
Rbb for white and black respectively, were measured separately. All spectra were 
normalized to a Spectralon® diffuse reflectance reference standard (Labsphere, 
USA). Each reflectance spectrum was obtained by averaging 5 consecutive 
acquisitions lasting about 5s each. From the measured Rw, Rb, Rwb and Rbb 
spectra, it is possible to calculate the optical absorption coefficient a of cellulose 
fibers of paper samples by using equations recently elaborated in order to extend 
the Yang and Miklavcic improvement of the Kubelka-Munk theory (2,3).  
By using this approach, it is possible to recover a even for optically thick samples, 
in particular in the UV region where cellulose chromophores produced by cellulose 
oxidation show intense optical absorption.  
This procedure was performed in triplicate for each paper sample. In addition, 
three samples for each treatment were measured and the reported results are their 
average values. 
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Preparation of samples from water extracts of WhatmanTM paper for FTIR 
analysis. 
To perform FTIR spectra of powder from water extracts of cleaned and not-cleaned 
Whatman no. 1  paper samples, these have been let to macerate under agitation 
in 1 mL of bidistilled water for 24 hours. Successively, the solution was put in an 
aluminum holder and the water was left to evaporate; the analysis was made on 
the dry residue. Whatman no. 1  paper was a generous gift from restorers.  
 
Electrical conductivity measurements 
Electrical conductivity measurements were performed by using a conductivity 
tester HI98311 (Hanna Instruments Ltd, UK). In detail, 13 cm2 of each paper 
sample has been put in 30 mL of bidistilled water and let under agitation for 24 
hours. Then, the conductivity of the solutions was measured at T=25° C. 
Experiments have been performed in triplicate. 
 
 
Supplementary Results 
 
Steady-State Fluorescence spectra as indirect probe of microgel formation 
In our initial search for evidence of formation of microgel particles, the emission 
intensity of a fluorescent probe, i.e. pyrene, was followed during microgels 
preparation., Pyrene was added in a very small amount (C=2 µM) to the sample 
with Cw=0.10% and Cs= 100 mM (0.10% microgel). This particular probe was 
chosen because the intensity and the shape of its emission spectrum are strongly 
susceptible to physical conditions like temperature, viscosity and solvent polarity 
(4). Indeed, upon decreasing temperature, in a solution containing only NaCl at a 
concentration of Cs= 100 mM, the pyrene emission intensity increases because of 
the non-radiative processes related to thermal agitation (collisions with solvent 
molecules, intramolecular vibrations, and rotations, etc.) are less efficient at lower 
temperatures (5). On the contrary, we found that, with the addition of Gellan gum 
at a concentration of Cw= 0.10%, the emission intensity of pyrene decreases upon 
lowering the temperature.  
  

 
Figure S1: Fluorescence intensity of Pyrene (10-6M) in presence of Gellan gum 
0.10 % and NaCl 100 mM (blue) and of only NaCl solution 100 mM (red), as a 
function of temperature, during microgel formation. (λex = 335 nm; emission 
wavelength λem = 370 nm). 
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The results are shown in Figure S1, indicating that microgel formation occurs. 
Indeed, due to microgel formation, pyrene molecules are not found in a viscous 
solution but either in water or within microgels (that is a porous system in which 
little molecules like oxygen or pyrene can freely diffuse). This causes a decrease 
of the pyrene emission due to quenching phenomena. 
 
Paper fiber analysis with Graff “C” stain tests 
Qualitative analysis to determine papers sources and pulping processes were 
performed by monitoring the color change of paper fibers obtained after staining 
them with Graff “C” stain test. As reported in Figure S2, Breviarium fibers stained 
with the Graff “C” solution, are brown-red colored, thus indicating that paper sheets 
of Breviarium are composed by rags pulp. On the contrary, fibers from Office paper 
after addition of the Graff “C” stain are light blue/grey colored. This result suggests 
that this paper sample is obtained from bleached, chemically treated, lignin-free 
wood pulp.  
 

Figure S2: microscope images of (A) Breviarium and (B) Office paper stained 
with Graff “C” solution. 
 
Tensile tests 
Tensile test experiments have been performed on Breviarium and Office paper 
samples before and after cleaning with microgels 0.10%.  
 
Table S1. Results of the tensile tests performed on Breviarium and Office paper 
samples before and after cleaning with 0.10% microgels. 

 
As reported in Table S1 the stress and the strain at break values obtained for 
treated papers are comparable with those obtained for uncleaned samples, 

 Breviarium Office 

 Stress at 
break (MPa) 

Strain at 
break (%) 

Stress at 
break (MPa) 

Strain at 
break (%) 

uncleaned 10.4 ± 0.7 2.3 ± 0.3 15.7 ± 0.6 3.0 ± 0.2 

cleaned with 
0.10% microgels 10.5 ± 0.5 2.5 ± 0.3 15.0 ± 0.5 3.1 ± 0.3 
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indicating that cleaning with microgels does not induce a loss in the mechanical 
properties of the paper. 
 
Microscope Images 
The comparison between untreated samples and treated ones using 0.10% or 
0.75% microgels shown in Figure S3 permits to exclude that the cleaning process 
causes any spreading of inks. Moreover, after cleaning, samples appear clearer, 
indicating that microgels are able to remove chromophores from cellulose 
degradation, responsible for paper darkening. 

 
Figure S3: Microscope images of (upper panel): Breviarium paper before (A,C) and 
after cleaning with (B) 0.10% and (D) 0.75% microgels; (lower panel): Office paper 
before (E,G) and after cleaning with (F) 0.10% and (H) 0.75% microgels. 
 
 
Further results on the cleaning efficacy of microgels 
Here we report additional data addressing the cleaning capabilities of microgels 
with respect to two traditional cleaning methods (Gellan hydrogel and water bath). 
The comparison between the chromatograms obtained for water extracts of 
Breviarium for untreated, cleaned with 0.10% microgel solution and cleaned with 
Gellan hydrogel samples is shown in Figure S4. The reduction of the intensity of 
the peaks obtained through the analysis of the water extract of paper samples after 
treatment with microgels indicates the higher efficiency of these cleaning agents 
with respect to the Gellan hydrogel. Indeed, while the peaks ascribable to ascorbic, 
citric and succinic acids (retention times 3.5, 7.2 and 10.8 min) show the same 
decrease in intensity after the two cleaning processes, the ones relative to the 
presence of oxalic and malic acids (retention times 2.8 and 5 min) are lower when 
the microgels were used. The decrease in the intensity of the peaks underlines 
that, since the two gels have the same composition, the smaller size of microgels 
is able to remove the degradation products inside the pores of paper sheets more 
efficiently. 
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Figure S4: Comparison of chromatograms obtained from water extracts of 
Breviarium: not cleaned (red), cleaned by 0.1% microgel (green) or Gellan 
hydrogel (black).  
 
In figure S5 we further show the comparison between the analyses of water 
extracts of Breviarium samples not cleaned, cleaned with 0.10% microgel and with 
a water bath. Even in this case, the decrease of the intensity of the peaks 
associated to the presence of cellulose degradation products is higher after 
cleaning the sample with microgels than with a water bath. By comparing the 
results reported in Figures S4 and S5, it should be noted that the absorbance 
peaks in the chromatograms of paper treated with Gellan hydrogel are lower than 
those obtained from paper cleaned with water. This indicates a higher efficacy of 
gelled systems as cleaning agents of carboxylic compounds. This observation is 
also confirmed by the presence of a peak around 7 min in the chromatograms of 
the paper sample cleaned in water: such a peak disappears when the paper was 
cleaned with microgel or hydrogel.  
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Figure S5: Comparison of the chromatograms obtained from water extracts of 
Breviarium: not cleaned (red), cleaned by 0.10% microgel (green) or by immersion 
in water (black).  

 
Figure S6: Comparison of the chromatograms obtained from water extracts of 
Office paper: not cleaned (red), cleaned by 0.10% microgel (green) or cleaned by 
Gellan hydrogel (black). 
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Figure S7: Comparison of the chromatograms obtained from water extracts of 
Office paper: not cleaned (red), cleaned by 0.1% microgel (green) or by immersion 
in water (black). 
 
Similar results were obtained by the analysis of the extracts of cleaned and 
uncleaned Office paper samples, reported in Figures S6 and S7. The higher 
efficiency of microgels to remove pollutants and degradation products of paper 
with respect to Gellan hydrogel and traditional water bath is confirmed by these 
figures. Indeed, the characteristic peaks of the acid degradation products are 
reduced or removed by microgels application (see in particular retention times: 
5,7.2 and 10.8 min) and not by a water bath. Again, the Gellan hydrogel treatment 
appears to be superior to a water bath. 
 
Assessment of the presence of microgels and salt residues 
Microgels have been shown to be a suitable cleaning tool for paper. However, to 
definitely assess the validity of the proposed method, an important question 
remains to be addressed, namely whether Gellan gum from microgel residues 
remains adsorbed on paper after treatment. To shed light on this issue, first of all 
we refer to the findings reported in the main text (Figs.5 and 7), showing that no 
additional bands are present on FTIR spectra of paper samples cleaned with 
microgels. Furthermore, Figure S8 reports the FTIR spectrum of dried microgels 
(attributable to Gellan gum only since NaCl, the other component in the microgels 
formulation, is not observable by using FTIR technique), which displays bands 
centered at 1603, 1148 and 1015 cm−1. These are localized in different positions 
with respect to those of paper samples (whose bands are found at 1640, 1160, 
1110 and 1029 cm−1), also reported in Fig. S8 for comparison. The peaks of the 
Gellan gum are not visible in treated Breviarium paper, as reported in the main text 
(Figs. 5 and 7). 
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Figure S8: FTIR spectra of Breviarium paper (blue line) and of dried microgels (red 
line). 
 
In order to complement this picture, we also performed a deep investigation of the 
water extracts of pure cotton cellulose Whatman no. 1 paper, both uncleaned and 
cleaned with microgels, by FTIR and HPLC. WhatmanTM paper is used in the paper 
conservation field as reference paper, because it is made of pure cotton cellulose 
without sizing or fillers. Moreover, by analyzing water extracts we can gather 
information on the ``bulk'' behavior, i.e. about the features of the sample as a 
whole. In this way, only the presence of water soluble residues, removed from 
paper (as the microgel ones), are detected without the presence of the paper 
bands. As reported in Figure S9, in the spectra of the extracts from cleaned 
samples, no bands due to Gellan gum in microgels are present.  
 

  
Figure S9: FTIR spectra of dried extracts from Whatman no. 1 paper uncleaned 
(red line) and cleaned with microgels 0.75% (green line) or 0.10% (blue line). 
Spectra are stacked for clarity. The band at about 900 cm-1 is attributable to 
aluminum holder.  
 
The assessment of the absence of microgels residues in the treated paper has 
also been obtained by HPLC, an analytical technique with a superior resolving 
power (the ability to distinguish between compounds) when separating complex 
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mixtures, which makes it a most sensitive technique for this goal than FTIR. As 
shown in Figure S10A, the significant chromatographic peaks due to Gellan gel 
residues are found at retention times around 3.0, 5.9 and 12 minutes. Fig. S10B 
reports the results of HPLC experiments on Whatman no. 1  paper samples, both 
uncleaned and cleaned with microgels. It is evident that peaks due to cellulose 
degradation products (among them, those attributable to oxalic, ascorbic, lactic, 
malic and citric acids whose retention times are around: 2.7, 3.5, 4.8 and 7.2 
minutes, respectively) are very low in intensity due to the relatively low presence 
of degradation by-products in the Whatman no. 1 paper. The intensity of these 
peaks is strongly reduced after cleaning with both 0.10% and 0.75% microgels 
and, importantly, no additional peaks due to Gellan gel are present, even in the 
case of samples cleaned with microgels at higher concentration. 
 

 
 
Figure S10: (panel A): HPLC of water extracts of Gellan gel; (panel B): HPLC of 
water extract of WhatmanTM paper uncleaned (black line) and cleaned with 
microgel 0.10% (green line) or with microgel 0.75% (red line).  
 
 
Another possible kind of residue on microgels cleaned paper samples could be 
NaCl, that has been employed in the microgel preparation. SEM images reported 
in Figures 3 and 7 of the main manuscript show that no salt crystals or filaments 
(6-8) are present, thus allowing us to discard the presence of NaCl residues on 
paper samples after cleaning. 
In order to be more quantitative on the absence of salt residues, we have 
performed electrical conductivity experiments on water extracts of Breviarium and 
Office paper samples uncleaned, cleaned with 0.10% microgels or by water bath. 
We have chosen to focus on samples cleaned with 0.10% microgels only because 
this formulation has a higher NaCl concentration with respect to the 0.75% ones.  
In the case of Breviarium paper, conductivity values were found to be much higher 
for water extracts from uncleaned samples than for cleaned ones. In the former 
case, we measured σ=115±3 µS/cm. For the latter, results obtained from samples 
cleaned by washing in water or microgel 0.10% are found to be comparable: 
σ=73±2 µS/cm and σ=77±3 µS/cm, respectively. Similar findings have been 



S11 

obtained in the case of Office paper, where the value of the conductivity for 
uncleaned samples is σ=17±1 µS/cm, while we measured σ=12±1 µS/cm and 
σ=10±1 µS/cm for samples cleaned by water bath and by microgels 0.10%, 
respectively. We notice that the values obtained in this case are much lower than 
those for Breviarium, probably due to the different paper composition and 
permeability. The similar values of σ for paper cleaned with water bath and with 
microgels, independently on the kind of paper, further indicate that no contribution 
due to salt residues is left in microgels treated samples. The higher conductivity 
values obtained in water extracts of uncleaned papers is attributable to organic 
salts from cellulose degradation and contaminants. 
 
Evaluation of microgels ability to penetrate into paper  
One important question regards the ability of microgels to penetrate through the 
paper sheet during the cleaning process. This could be addressed by observing 
whether they are able to clean one or both sides of the paper sample under 
investigation. 
 

Figure S11: Image of Whatman no. 1 paper dyed with methylene blue solution. 
 
To answer this question, we have prepared Whatman no. 1 paper fully loaded with 
the Methylene blue dye, as shown in Figure S11. Subsequently, we applied 0.10% 
Gellan microgels to the center of the paper sample, away from the edge of the 
paper sheet, but only on one of the two faces. After 1 minute, the percolate that 
passes through the paper during the cleaning process has been collected and 
analyzed by FTIR. This indicates the ability of the microgels to cross through the 
entire paper thickness. 
 
The percolate spectrum, shown in Figure S12 reveals the presence of absorption 
bands due to Gellan gum at 3309 cm−1 (stretching of the OH groups), at 2917 cm−1 
(stretching vibrations of the CH2 group), at 1603 and 1403 cm−1 (carboxyl), at 1148 
and 1015 cm−1 (ethereal and hydroxylic C-O stretching) (9-10).  
After the removal of the microgels, we find a complete discoloration of the paper 
sheet on both sides, as evident from Figure S13, confirming the ability of the 
microgels to penetrate inside the paper sample. Finally, the optical images taken 
on the section of the paper sheet show a lower color intensity of the paper after 
the application of the microgel, as visible in Figure S14. 
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Figure S12: FTIR spectra of the percolate through the paper thickness. See the 
text for bands assignment. 
 

 
Figure S13: Images of dyed Whatman no. 1 paper after microgel application and 
removal. (A): side on which the microgels have been applied; (B): opposite side. 
 

 

 
Figure S14: Microscope images of the sections of dyed Whatman no. 1 paper. (A) 
before microgels application; (B) after microgel application and removal. 
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