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Introduction 

 
(a) 

 
(b) 

Figure S1. Two examples (named a and b) of modern paper samples (A): uncleaned; (B): treated 
with PVAMBs and USEconomic feasibility evaluation of PVAMBs system. 

Localized wet cleaning treatments sometimes need to be performed on sensitive 
paper artifacts, and require flexible, compatible, easy-to-use systems. Nowadays there are 
several challenges for restorers and a balance must be found between efficacy, 
compatibility, and processing times. In this context, the economic feasibility of the 
treatment also represents a crucial matter of debate since such treatments often have to be 
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performed on large surfaces (e.g., over artwork of large dimensions or several pages of a 
book). 

In this complicated scenario the PVAMBs based cleaning system presented in this 
study, is a good alternative in terms of stability, reproducibility, and efficacy as much as 
in terms of economic affordability, compared with the more common alternatives above 
reported. 

The non-toxic materials (see “Materials and Methods” section in the main manuscript) 
needed for both the synthesis of PVAMBs of PVA hydrogel are quite commonly available 
and can be found at a range of affordable prices (~60—170 €). Given the relatively small 
amount required of reagents, approximately 25g of fully hydrolyzed polymer and of the 
oxidant agent is enough to perform about six batches each of 50 mL of PVAMBs solution.  

Furthermore, it has been estimated that, using a single batch of PVAMBs, it should 
be possible to clean about four-five pages with dimensions of about 15 × 8 cm2. It should 
be noted, moreover, that the US instrument, required for US stimulation of PVAMBs, is 
easily available in the market and costs about 500 €. 

Furthermore, the affordable initial costs are amortized by the robustness of the 
instrument performance, which can be guaranteed for at least 10 years and does not 
require maintenance or replacement of accessories. 

Results and Discussion 

Table S1. Retention time of organic acids used as standards for HPLC chromatograms of aqueous 
extracts of paper samples. 

Acid Retention Time 
(tr; minutes) 

Oxalic acid 4.7  
Ascorbic acid 6.2  

Lactic acid 6.8  
Citric acid 7.0  

Succinic acid 7.6 

 
Figure S2. Chromatograms of PVAMBs in water. 
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Figure S3. FTIR spectra of notebook paper sample after treatment (red) and freeze-dried 
PVAMBs (blue). 

Cleaning of ancient paper samples: protocol evaluation and compatibility tests on 
Whatman paper 

Optical microscopy images (Figure S4) show that the morphology of the cellulose 
fibers does not change before and after the cleaning with PVAMBs using the proposed 
protocol (a duty cycle = 50%; intensity = 2.5 W/cm2) demonstrating that no visible damages 
have been produced. 

 
Figure S4. Phase-contrast images of Whatman filter paper sample before (A) and after (B) protocol 
application (bar scale: 15 µm; magnification: 40X). 

This result is confirmed by XRD data. Both X-ray diffraction patterns of untreated 
and treated Whatman paper (Figure S5) indeed, show peaks in the 10—25° range of the 
diffraction pattern. The first is assignable to the (101 ̅) plane relative to the structure of 
cellulose I type β (PDF card no. 3—289); the second most intense peak is assigned to the 
(002̅) plane, and represents the crystalline part of the cellulose [39,40]. 
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Figure S5. Diffraction pattern of Whatman filter paper sample before (blue) and after (light blue) 
protocol application. 

Importantly, the crystallinity index (CI) values of the paper samples, before and after 
the cleaning procedure are comparable and equal to 0.8, highlighting that the cleaning 
protocol did not damage the sample.  

Regarding the cleaning efficacy, pH and colorimetric measurements were performed 
before and after treatment with PVAMBs. As explained in the main text, degradation 
indeed causes a decrease in pH due to formation of acid molecules [3,49], and a worsening 
of optical quality (yellowing) due to the formation of cellulose byproducts carrying 
carbonyl groups [5,43]. As shown in Table S2, because of cleaning there is a slight increase 
in both pH and ∆E* values, thus indicating that the treatment with PVAMBs is able to 
remove degradation products, that are eventually present even in well-preserved 
reference paper.  

Table S2. pH and colorimetric values variation obtained on Whatman paper before and after 
different cleaning approaches. (L* = brightness, a* = red/green color component, b* = blue/yellow 
color component, E* = whole chromatic value) 

Treatment pH ∆L* ∆a* ∆b* ∆E* 
Untreated 5.2 ± 0.2     
PVAMBs 
(2 min) 

5.9 ± 0.2 0.07± 0.01 0.02 ± 0.01 −0.18 ± 0.01 0.19 ± 0.01 

The removal of impurities or organic acids as cellulose degradation products (i.e., 
oxalic, and ascorbic acids that are retention peaks at 4.5 and 6 min, respectively) has been 
confirmed by HPLC measurements. As reported in Figure S6, indeed, the chromatographic 
peaks of the sample obtained from water extraction of paper cleaned using PVAMBs are less 
intense than that relative to uncleaned ones, thus confirming that acids are removed from 
Whatman specimens by PVAMBs. Furthermore, importantly, no additional peaks 
attributable to PVAMBs residues after the treatment, (see Figure S3) are present. 
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Figure S6. HPLC chromatograms from water extracts of Whatman filter paper sample before (blue) 
and after (red) PVAMBs application. 

Finally, the absence of PVAMBs residues and the lack of changes in the crystallinity 
has been supported by FTIR experiments (Figure S7). The spectra of samples before and 
after cleaning with PVAMBs are superimposable, suggesting that the treatment does not 
leave detectable PVA residues on the paper samples. Furthermore, no alteration of the 
crystallinity of the material occurs, by ultrasound action, as demonstrated by no intensity 
changes of the band at 905 cm−1 band, as well as of the intensities of bands centered at 
1427cm−1 and 898 cm−1 whose ratio value (1.4, before and after treatment) is related to the 
crystallinity of samples [45,46]. 

 

Figure S7. FTIR spectra of Whatman filter paper sample before (red) and after (blue) 
protocol application. 
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Materials and Methods 

 
Figure S8. FTIR spectra of (A, black line): fully hydrolyzed PVA (in the powder form); (B red line): 
lyophilized PVAMBs; (C, blue line): dried PVA hydrogel. 
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(c) 

Figure S9. (a) Confocal laser scanning microscope image of FITC-labeled PVA MBs (60X oil 
immersion obj, small pinhole and 6.10 gain); (b) histogram and relative Gaussian fit of the mean 
diameter distribution of the MBs obtained through CLSM; (c) histogram showing the mean diameter 
of the PVA MBs, obtained by applying the CONTIN algorithm on DLS data. 
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