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Engineering Ultra-small Nanoceria with Antioxidant and UV-
shielding Properties as Functional Nanomaterials in Composite 
Coatings for Complex Surface Protection 
Erica Galvagnoa,b, Sergio Marrasc, Silvia Dantec, Rosaria Bresciad, Miquel Gamón Rodrígueze, Alessio 
Carmignanif, Matteo Battaglinif, Gianni Ciofanif, Raffaella Lamuragliaa, Federica Menegazzob, 
Arianna Travigliaa*, and Mauro Moglianettia*

The development of advanced catalytic shields against UV-induced and oxidative degradation phenomena is critical to 
address multifaceted deterioration processes. The maximization of the surface-to-volume ratio in ultra-small cerium oxide 
nanoparticles (CeO2 NPs) favors the Ce(III)/Ce(IV) exchange on the surface and the formation of oxygen vacancies, creating 
the ideal platform to target entangled degradation issues. Here, we design a microwave-assisted scalable process to obtain 
highly stable CeO2 NPs (2 nm), and we demonstrate the redox cycling of the nanocatalyst by means of Environmental XPS. 
Thereafter, we develop a polymer nanocomposite formulation in which the biopolymer and the catalytic nanomaterial work 
synergistically to provide a protective action without hindering the active sites present at the surface of the NPs.
We test the protective action of the coating in the challenging context of cultural heritage, investigating its performance on 
ancient frescoes. Their surfaces are often subjected to pigment degradation, triggered by a combination of light, salts, and 
high relative humidity. We verify how, thanks to the joint action of the biopolymer and the NPs, the CeO2 NPs-based coating 
effectively mitigates complex deterioration mechanisms.

Introduction

Functional nanomaterials represent a highly promising domain 
for creating advanced catalytic shields capable of mitigating 
complex deterioration pathways triggered by UV exposure and 
oxidative species. Cerium oxide nanoparticles (CeO₂ NPs) 
emerge as ideal candidates to simultaneously overcome both 
challenges, owing to their dual antioxidant and UV-shielding 
functionalities. Their versatility arises from the formation of 
oxygen vacancies and the efficient Ce(III)/Ce(IV) redox cycling at 
the surface.1–5 However, despite their great potential, their 
application as functional components of protective coatings 
remains limited, especially in the protection of painted surfaces 
and cementitious structures.5–8 To date, scientific efforts have 
predominantly focused on using CeO₂ NPs in coatings designed 
for metal corrosion protection, while UV-shielding and anti-

ageing coatings have only been marginally explored.8–12 
Furthermore, their UV-shielding properties have been used to 
slow down the ageing process of polymeric matrixes, 
overlooking their potential in the protection of the underlying 
substrate.9,13 Several limitations have emerged in recent 
coating applications and novel strategies are needed to 
overcome them. First, it is crucial to rigorously define the 
function of the NPs within complex multicomponent systems. 
Indeed, an insufficient evaluation can compromise the design of 
accurately engineered strategies.9–11,13,14 Additionally, 
investigations should aim at optimized integration of the NPs 
into polymeric and epoxydic matrixes. The focus on this key 
point allows to overcome issues related to aggregation 
phenomena, which can severely diminish catalytic efficiency 
and reduce optical transparency.13,15,16

To address these issues, it is important to enhance the efficiency 
of NPs and preserve their protective function within the 
polymeric matrix.17 First, by producing ultra-small stable NPs, 
superior performances can be accomplished thanks to the 
increase in the surface-to-volume ratio.18–21 Studies in the 
literature on 3 nm CeO₂ NPs highlight challenges in achieving 
sufficient stabilization in solution, leading to partial aggregation 
and, hence, loss of function.22–25 It is fundamental to overcome 
this issue and define how the ultra-small size can influence the 
catalytic activity of the NPs compared to the larger NPs reported 
in the majority of studies.26–28 Moreover, the design of the 
polymer nanocomposite has to be accurately engineered to 
ensure a strong synergistic interaction between the NPs and the 
polymeric matrix. Due to their combined action, the coating can 
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reliably perform even in the most challenging conditions. To 
provide incontrovertible proof of this premise, we sought to 
identify the most complex type of surface to test the coating’s 
ability to prevent irreversible changes. The field of cultural 
heritage conservation responds to this need and ancient 
frescoes constitute a solid case study to test degradation in 
outdoor environments. In this specific context, darkening 
processes have been observed for several pigments, with 
cinnabar being an emblematic example.29–34 Given the system’s 
complexity, current conservation strategies have proven 
insufficient in effectively mitigating pigment degradation. 
Instead, the field predominantly relies on the use of synthetic 
polymers or resins.35–40 Additionally, in the last two decades, 
NPs with specific functions have emerged as promising 
strategies, but none of them appears to have the required 
properties to tackle the issue of color change in frescoes, which 
often involves both UV-induced phenomena and redox 
mechanisms.41–53 The strict requirements of the field add a 
degree of complexity to the formulation of innovative 
protective strategies. Indeed, artworks require far more 
sophisticated conservation approaches than any contemporary 
material. In particular, the field of cultural heritage 
conservation demands a precise set of characteristics for any 
protective product. To this aim, the coating should present a 
delicate combination of transparency, water vapor 
permeability, long-lasting efficacy, and efficient barrier 
effect.35,54,55

In this work, we have produced ultra-small CeO2 NPs aiming at 
maximizing the surface-to-volume ratio and, simultaneously, 
improving the catalytic performances by favoring the 
Ce(III)/Ce(IV) conversion at the surface. We have established a 
well-defined structure-function relationship and ascertained 
the response of the NPs to the interaction with different 
environmental factors (i.e., light, oxygen-based species, and 
high temperature). Furthermore, we have developed a chitosan 
formulation to evenly distribute the NPs on the substrates and 
provide extensive protection thanks to its barrier effect and 
filming properties.56 Lastly, we tested the coating against the 
degradation of cinnabar (HgS) in frescoes, a critical process 
caused by the simultaneous presence of light, salts, and high 
relative humidity. We have demonstrated that the synergy 
between the polymeric matrix and the catalytic properties of 
the NPs slows down or even halts the deterioration of cinnabar, 
paving the way to its cross-field applications.

Results and discussion

Synthesis and characterization of CeO2 NPs.

The development of nanomaterials with enhanced catalytic 
activity is a critical step to produce efficient, effective, and 
sustainable systems with optimal performances. To achieve this 
task, we focused on strategies to maximize the surface-to-
volume ratio with the final aim of increasing the number of 

available active sites on the surface per given mass of NPs. 
Indeed, size is a decisive factor as it affects the extent of surface 
that results available for the catalytic activity. For this reason, 
we designed and scaled up a synthetic protocol to produce 
ultra-small CeO2 NPs, leveraging on a recently published 
hydrothermal protocol.57 The synthesis is performed in aqueous 
environment and the NPs are stabilized with sodium citrate. 
This capping agent improves the stability of the NPs in the 
dispersion, by avoiding aggregation phenomena. Contrarily to 
the published synthesis, we implemented a microwave-assisted 
protocol, and we tested both tetramethylammonium 
hydroxide, TMAOH, and ammonium hydroxide, NH4OH, to 
create the required alkaline environment. In this section, we 
compared the characteristics of the resulting NPs, named t-NPs 
and a-NPs, respectively.
The XRD pattern of the a-NPs is in agreement with the expected 
fluorite structure (space group Fm3m(225)), confirming the 
formation of crystalline cubic CeO2 NPs (Figure 1a). Size analysis 
from XRD data establishes that the average diameter of the NPs 
in powder form is equal to 3.18 ± 0.06 nm. This data is 
representative of the whole sample, but it could be affected by 
aggregation phenomena established during the freeze-drying 
process implemented to dry the NPs. Therefore, TEM and SAXS 
analyses were also performed, and they prove that ultra-small 
citrate-capped NPs were synthesized. From the analysis of the 
TEM images reported in Figure 1b and Figure S1a, an average 
diameter of 2.2 ± 0.4 nm was calculated for a-NPs. t-NPs present 
a similar size distribution centered at 2.1 ± 0.4 nm (Figure S1b). 
In both cases, the size is homogeneous throughout the portion 
of NPs analyzed, and the NPs are well-separated despite the 
potential influence of solvent evaporation on their aggregation. 
We achieved a polydispersity of about 18.2%; this result is in 
line with recently published reports and is satisfactory 
considering the ultra-small dimension of the NPs.57 However, 
BF-TEM size analysis is based on a limited number of NPs and in 
dry conditions. Therefore, to test the aggregation state and the 
stability in aqueous environments and to account for a larger 
number of NPs, we performed SAXS measurements (Figure 1d 
and Figure S2a), which also provide valuable information on the 
hydration shell and the stabilizing agents. The size distribution 
by volume shows that a-NPs have an average radius of 1.9 ± 0.7 
nm, while the average radius of t-NPs has been determined to 
be about 1.3 ± 0.3 nm for t-NPs (Figure 1e and Figure S2b 
respectively). Most probably, the discrepancy between TEM 
and SAXS is due to the limits of TEM analysis, which does not 
allow to detect the hydration shell and the thin organic coating 
around the NPs. Nevertheless, SAXS analysis confirms that NPs 
do not aggregate, even considering a vast number of NPs. This 
result is highly relevant for the application of the NPs in 
different fields as the absence of aggregation guarantees that 
all the surface area is available for the catalytic activity. 
Additionally, SAXS measurements were repeated after 6 
months from the preparation of the synthesis and the same 
average radius has been determined both for a-NPs and t-NPs, 
within the experimental uncertainty (Figure S2c-f). This 
advanced characterization demonstrates that we have achieved 
significant stability of the NPs in aqueous dispersion, an 
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important factor for their effective use in long-term 
applications. Furthermore, the ultra-small size achieved with 
this scale-up protocol is pivotal because it leads to maximizing 
the surface-to-volume ratio, hence, to a marked increase in the 
number of available active sites on the surface.
To further study the surface structure of the NPs, HRTEM was 
employed since it provides information on the shape and the 
crystal structure at the nm scale. As can be observed in Figure 
1c and in Figure S1c, both a-NPs and t-NPs are isotropic (i.e., 
they are not enclosed by extended facets). Strain analysis on 
XRD data confirms this observation. Crystal strain is estimated 
to be of 0.78 ± 0.06 % with a refined lattice parameter of 5.434 
± 0.004 Å. Lattice strain is generally correlated to the formation 
of defects which, in CeO2 NPs, mainly correspond to the 
formation of oxygen vacancies.58 In particular, strain is expected 
in ultra-small NPs due to the high concentration of Ce(III) on the 
surface; furthermore, the surface takes on a major role due to 
the increased surface-to-volume ratio.59

The presence of Ce(III) and Ce(IV) ions in CeO2 NPs can be 
determined through UV-visible spectroscopy. The trivalent 
cation generally absorbs in the range 230 – 270 nm, while the 
absorbance of Ce(IV) falls at higher wavelengths, 300 – 400 
nm.60,61 As shown in Figure 1f and Figure S3, the spectra of a-
NPs and t-NPs have both characteristic bands, indicating the 
simultaneous presence of both oxidation states in the NPs. 
Nevertheless, precise quantification is quite complex with this 
technique because the characteristic peaks are partially 
superimposed, and the simultaneous presence of both 
oxidation states could only be determined in solution.

The relative ratio Ce(III)/Ce(IV) was deeply investigated through 
Environmental XPS in order to confirm the highly sub-
stoichiometric character of the NPs and gather quantitative 
information. The XPS characterization was focused on Ce 3d 
peaks, which include both Ce(III)- and Ce(IV)-related signals. In 
particular, U-type peaks are related to 3d3/2, while V ones are 
related to 3d5/2. V0, V′, U0, and U′ (880.9, 885.2, 899.1, and 903.4 
eV) represent Ce3+ species, while V, V″, V″′, U, U″, and U″′ 
(882.7, 888.5, 898.3, 901.3, 907.3, and 916.9 eV) are 
characteristic of Ce4+ species.62,63 All analyzed samples present 
a mixed valence state while having a slightly higher percentage 
of Ce4+. In a-NPs, Ce3+ amounts to 46.3%, when the 
measurement is performed in an Ar atmosphere (Figure 2a). 
Similar values were obtained for t-NPs, where Ce(III) amounts 
to 41.9% (Figure S4). These results agree with previous 
observations regarding crystal strain in ultra-small CeO2 NPs.
Considering that a-NPs and t-NPs do not present significant 
differences in terms of physico-chemical properties and 
catalytic activity (as described in Figure S5a and S5b), the 
following investigations will be focused on a-NPs, due to the 
advantages we mentioned related to the use of NH4OH.

Redox cycling and related catalytic activity of CeO2 NPs.

In order to establish a clear structure-function relationship in 
the NPs, the physico-chemical characteristics need to be 
correlated to the redox cycling that can be established on the 
surface of the NPs. Indeed, the reversible conversion between 
Ce(III) and Ce(IV) is linked not only to crystal strain and the ultra-

Figure 1. a, XRD pattern of CeO2 NPs with corresponding reference peaks. b, BF-TEM image of a-NPs with the corresponding size distribution (insert). c, HRTEM image 
and corresponding FFT of an individual a-NP, indexed based on cubic CeO2 (ICSD 155604). d, Experimental curve (black dots) and fit (red line) of SAXS data of a-NPs 
(in the insert: zoomed-in portion of the graph). e, Size distribution by volume of a-NPs, obtained from SAXS measurements. f, UV-visible spectrum of a-NPs at different 
concentrations.
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small size of the NPs, but also to the catalytic properties. For this 
reason, we deepened the characterization by investigating how 

the Ce(III)/Ce(IV) ratio changes when the nanocatalyst is 
subjected to different factors.
This study leverages on the unique features of Environmental 
XPS, which provides information on the samples analyzed in 
conditions similar to the environmental ones. Indeed, the 
acquisition is not performed at a high vacuum. Instead, the 
measurements are collected at a pressure that is closer to the 
atmospheric one compared to standard instruments, allowing 
us to gain information on the sample in solution. In this work, 
the main parameters under investigation are light, high 
temperature (300°C), an O2 atmosphere (as opposed to the 
conventional Ar atmosphere), and H2O2. Light exposure leads to 
an increase in the percentage of Ce3+ to 64.9% (Figure 2b), while 
a significant temperature increase induces a rise to 62.2% 
(Figure 2c). Differently, the NPs that were studied in an O2 
atmosphere show the opposite trend. In the O2 atmosphere the 
percentage of Ce3+ in the deposited NPs diminishes to 32.2% 

(Figure 2d) and the same effect can be observed when the 
measurement is performed in an ultrapure water solution 
(decrease to 38.9%, Figure 2e). This shows the dependence of 
the Ce(III)/Ce(IV) ratio on the environmental conditions, which 
can be both reducing (i.e., light and temperature increase) and 
oxidizing (i.e., O2 influence). Consequently, the starting 
Ce(III)/Ce(IV) ratio can be restored simply by interacting with 
commonly present environmental factors. This observation 
allows us to further comment on the regeneration potential of 
the nanocatalyst. Indeed, its performance in catalytic 
applications is strongly connected to the stoichiometry of Ce 
atoms at the surface of the NPs.64,65 The activity is influenced by 
the presence of Ce(III) and the formation of surface defects in 
the form of oxygen vacancies.66 Consequently, the regeneration 
potential of the nanocatalyst due to the opposite effects of 
different environmental factors opens the way to long-term 
efficiency of its protective action.
In the specific case of the oxygen-related activity of the NPs, the 
catalytic activity resembles an enzyme-like behavior with CeO2 
NPs presenting both peroxidase- and oxidase-like activity. In the 
first case, the NPs can decompose H2O2 to finally produce 
water, while in the second case, the NPs interact with O2 to 
generate either H2O2 or H2O. Considering this activity and how 
it could be exploited to exert a protective action in the coating, 
we investigated how the interaction with both species can 
influence the Ce(III)/Ce(IV) ratio. As discussed, an O2 
atmosphere and an ultrapure water solution can have an 
oxidizing effect on the NPs, decreasing the amount of Ce(III). 
Additionally, we used Environmental XPS to study how the 
Ce(III)/Ce(IV) ratio changes when the NPs interact with H2O2. 
First, the measurements were performed after adding H2O2 to 
the NPs which were previously deposited and dried on a silicon 
wafer. Then, tests were repeated in an aqueous solution 
containing H2O2. In both cases, the Ce3+ percentage decreases 
to 34.3% for the deposited NPs (Figure 2f) and to 37.5% in 
solution (Figure 2g). We have then expanded on these results 
by assessing the peroxidase- and oxidase-like activity of the NPs. 
This investigation allows to determine the effect of the NPs on 
oxygen-based species and provides information on the 
concentration at which the NPs are active, and the time needed 
to observe an effect.
The tetramethylbenzidine (TMB) assay was employed to test 
the performance of different concentrations of the NPs, and the 
results are reported in Figure 3a and 3b. The optimal reaction 

Figure 2. a, Peroxidase-like activity of a-NPs determined in an ultrapure water solution by 
studying its interaction with H2O2 in the presence of TMB. b, Oxidase-like activity of a-NPs 
determined in an ultrapure water solution by studying its interaction with O2 in the 
presence of TMB.

Figure 3. Ce 3d region of a-NPs where Ce(III) (orange) and Ce(IV) (green) have been fitted. 
The measurements were acquired for the NPs deposited and dried on silicon wafer in 
the following conditions. a, In an Ar atmosphere. b, In an Ar atmosphere after 3 months 
of exposure to natural light. c, In an Ar atmosphere, after heating the NPs to 300°C on a 
button heater. d, In an O2 atmosphere. f, In an Ar atmosphere after adding H2O2 
(H2O2/NPs ratio: 1:2). e, g, Ce 3d region of a-NPs acquired in solution with an ad hoc 
engineered cell system; image g shows the spectrum of the NPs in solution with H2O2.
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time was chosen by evaluating the onset of the plateau region 
at which maximum concentration of the oxidized form of TMB 
is reached. Measurements were performed at different NPs 
concentrations, ranging from 0.5 to 25 ppm, proving that the 
minimum concentration at which a signal can be detected is 1 
ppm. The result is in agreement with the ultra-small size of the 
NPs, which provides them with a larger surface area for the 
catalytic activity.

Biocompatibility assessment.

The formulation of a coating based on CeO2 NPs needs to take 
into account any health and safety concerns that the 
components of the coating might pose. In the case of the 
formulation proposed in this work, chitosan has been selected 
as a sustainable and biocompatible matrix. Its biodegradability 
and recognized safety make it an optimal alternative to 
formulate biocompatible coatings.67–70 Instead, the potential 
toxicity of CeO2 NPs should be explored. Indeed, considering the 
ultra-small dimension and the enzyme-like activity of the NPs, it 
is fundamental to investigate how these properties can impact 
the interaction with cells, since a decrease in NPs size and a 
strong reactivity can alter their biocompatibility profile by 
impairing cellular metabolism. Taking into account these facts, 
we performed cell viability assays on a-NPs and t-NPs, to 
confirm they can be used without health concerns, in alignment 
with the "Safe by Design" approach. Given the critical role of the 
NPs' biological identity,71 we first focused on the influence of 
the proteins-NPs interaction on the physico-chemical 
properties and stability of the NPs, which substantially affect 
their biological identity within cellular systems. We incubated 
the NPs in a FBS-rich aqueous solution to form a protein coating 
around them and measured the hydrodynamic diameter. The 
interaction with proteins leads to a 10-fold increase in the size 
of the NPs-protein conjugates, as depicted in Figure S6a and 
S6b. Furthermore, we assessed the changes in the average 
hydrodynamic diameter of the NPs after incubation in the cell 
culture medium, in which high ionic strength and high protein 
concentration are simultaneously present; the diameter was 
measured at different time points from few minutes to 72 
hours. These results demonstrate that, after a slight decrease in 
the first 24 hours, the hydrodynamic diameter of a-NPs remains 
constant for up to 72 hours (Figure 4a and 4b). These data 
demonstrate that a-NPs have good stability in the cell culture 
medium and that there are no signs of aggregation phenomena. 
To establish a comparison with previous stability assessments, 
present in the literature, we measure the changes in the 
hydrodynamic diameters of two commercial CeO2 NPs that 
remain unchanged or slightly increase in the 72 hours (Figure 4a 
and 4b).
After this evaluation, the in vitro cytotoxicity of CeO2 NPs has 
been investigated with two different methods: the PicoGreen 
assay and the LIVE/DEAD assay. The PicoGreen assay has been 
performed at 24 and 72 hours of NPs incubation. As shown in 
Figure 4c and Figure S7, the fluorescence signal does not change 
significantly at either exposure times, indicating that the NPs do 
not exert significant cytotoxic activity even at concentrations of 

100 ppm. We confirmed these results with LIVE/DEAD Assay, 
which further demonstrates a cell viability of almost 100% after 
72 hours of treatment for all the tested NPs concentrations 
(Figure 4d and 4e). These results are in line with previous 
assessments on the biocompatibility of CeO2 NPs.72,73

To further establish the influence of NPs size in the interaction 
with cell membranes and internalization pathways, we have 
performed internalization tests by means of ICP-MS. The 
treated cells have a concentration of about 1.03*10-8 ng, 
indicating a very modest internalization compared to what has 
been observed in the literature for larger CeO2 NPs 
(commercial, >25 nm, and synthesized, 8 nm).72,73 This result 
represents an important observation and requires further in-
depth investigation. Indeed, the exceptional stability of the NPs 
could possibly reduce their tendency to accumulate within 
cellular systems, thereby allowing continuous transfer in and 
out of the cells and avoiding the blockage of intracellular 
pathways. Moreover, a different factor affecting the uptake is 
possibly the protein adsorption on the surface of the NPs, which 
might be disfavored due to their small size.74 Indeed, the 
formation of a stable protein corona is generally hindered in 
ultra-small NPs due to their dimensions and this issue can affect 

Figure 4. a,b, Short- and long-term stability assay of a-NPs and two types of commercial 
CeO2 NPs. c, PicoGreen assay of a-NPs at two different exposure times, 24 and 72 hours. 
d, Quantitative analysis of data obtained through the LIVE/DEAD cell viability assay. e, 
Representative confocal images of Primary Normal Human Dermal Fibroblasts cells 
acquired during LIVE/DEAD cell viability assay.
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the interaction with cells since the citrate coating could remain 
as the sole surface functionalization of the NPs. It has been 
demonstrated by  Epple et al. that the presence of carboxylic 
groups as end groups at the surface has been proven to strongly 
limit the uptake in cells.74 Therefore, considering these 
observations regarding the role of the NPs’ surface properties, 
the carboxyl groups of citrate stabilizing a-NPs could play a 
major role in limiting the internalization within cells.

Design and performance evaluation of the composite coating.

Thanks to their high catalytic activity and potential for long-
term protection, the NPs show promising features for the 
application in multifunctional protective coatings in which they 
can provide both antioxidant and UV-shielding actions. 
Furthermore, we confirmed their biocompatibility, which 
makes them safe both for human health and for the 
environment. Nevertheless, NPs alone cannot be used as 
coatings because large quantities would be needed to 
completely cover the surface and the nanometric size would 
cause penetration in the highly porous substrates. In order to 
provide surface protection, the NPs need to remain catalytically 
active at the surface to shield the substrate from different 
environmental agents and counteract potentially damaging 
mechanisms. This poses a particular challenge in the case of 
porous substrates where it is inevitable for ultra-small NPs in 
aqueous dispersions to penetrate deep within the structure. For 
these reasons, the NPs should ideally be included in a filming 
matrix, such as a polymeric formulation. However, it is 
fundamental for the composite system not to hinder the 
catalytic activity of the NPs which act as the functional part of 
the protective formulation. In this work, we decided to 
introduce CeO2 NPs in a chitosan formulation to form a 
composite material. We selected chitosan as it provides barrier 
effect and filming properties whilst being overall more 
sustainable than conventionally used synthetic polymers. 
Recently, CeO2 NPs and chitosan have been explored to produce 
composite films for food packaging and wound dressing 
applications. The publications on the topic impact different 
fields and show that the synergy between the NPs and the 
polymeric matrix can lead to multifunctional composites.75–77 
These early works focus on the thermal and mechanical 
properties of the films, while only marginally exploring 
antioxidant and antimicrobial properties. Considering the aim 
of our work, we plan to move the focus on surface 
characterization and protective capability of the polymer 
nanocomposite, exploring a novel application for this 
composite. The concentration of polymer in this formulation is 
crucial as it imparts specific rheological characteristics, which 
can in turn affect the filming properties of the substrate and the 
ease of application.
Leveraging on previous results,56 we tested chitosan 
formulations with a chitosan concentration of 0.2% w/V (cs02), 
0.4% w/V (cs04), 1.0 % w/V (cs1) and 2.0% w/V (cs2). As 
depicted in the SEM images reported in Figure S8a-d, the 
increase in chitosan concentration does not significantly change 
the morphology of the coating; however, cs2 shows some 

fibrous portions which were not visible in the other samples. In 
terms of rheological properties, the viscosity of all formulations 
increases compared to cs02 (Table S1). These considerations 
are important to determine the most suitable application 
method to apply the coating on the substrate. Given the high 
viscosity of formulations cs04, cs1, and cs2, we decided to use 
brush application rather than spray coating. Indeed, high 
viscosity of the coating would lead to longer application times 
in the case of spray coating and a viscous formulation could 
even clog the millimetric nozzle of the airbrush.
All the coatings were applied to fresco mock-ups, which require 
tailored strategies due to their complexity and to the intricate 
degradation processes they are subjected to. Indeed, these 
substrates are highly porous and multilayered, and they 
comprise both a mortar portion, mostly constituted of CaCO3, 
and a painted plaster layer. The coating aims at protecting the 
outer layer, which consists of an inorganic pigment bonded to 
the surface through carbonation of the plaster beneath. While 
protection is the main goal of this coating, it is also important to 
avoid any modification to the aesthetic features of the mock-
ups and to preserve water vapor permeability as much as 
possible.78,79

Considering this important point, the aesthetic features of the 
mock-ups were first monitored after the application of the 
coating. Table S2 shows the morphology and the color variation 
(i.e., ΔE value) of the samples before and after the application 
of the coating. We did not measure significant color change 
even at high concentrations of chitosan, as the index always 
remained lower than 3 (the value below which the chromatic 
variation cannot be perceived by naked eye).80 By achieving 
significantly low ΔE values, we can confirm the transparency of 
our coating. Additionally, we studied the morphology of the 
surface through stereomicroscopy (Table S2). The microscopic 
images of the coated mock-ups confirmed that the morphology 
of the surface remains unaffected after the application of the 
coating.
In terms of hydrophobicity, the contact angle was evaluated, 
and the results are reported in Table S3. The uncoated sample 
is highly porous and immediately absorbs the water drop. 
Contrarily, the contact angle falls in the range 40° – 55° for all 
coated samples and a slight increase can be observed with 
higher concentrations of chitosan in the formulation. The higher 
value of contact angle compared to the uncoated sample 
indicates a more pronounced hydrophobicity of the coating, but 
the result could also be correlated to changes in the porosity of 
the surface layers. Indeed, when applying the coating, the pores 
closer to the surface might be partially clogged by the polymer 
forming a film over the substrate. In order to quantitatively 
evaluate this effect, the protection factor and the water vapor 
permeability have also been determined. On the one hand, the 
protection factor defines the capability of the substrate of 
absorbing water up to maximum capacity and is generally used 
to express the protective performance of the coating. In our 
specific case, this parameter increases from the uncoated 
mock-up to the coated ones and reaches the best results for cs1 
(Figure 5a). On the other hand, water vapor permeability is 
generally assessed by determining the water vapor resistance 
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coefficient. This parameter should ideally be as close as possible 
to the one determined for the uncoated sample. High 
permeability of the coating is needed to avoid trapping stagnant 
water inside the treated substrate as it might lead to structural 
integrity issues in the long run. As shown in Figure 5b, all the 
coatings we have produced have a slightly lower permeation 
compared to the uncoated sample and the coefficients 
gradually decrease moving to higher polymer concentrations. 
Considering that water vapor permeability should be preserved, 
but at the same time the coating should provide a satisfying 
barrier effect, a compromise needs to be found between these 
two factors. Taking into account this need, cs04 and cs1 were 
considered to be the best formulations since they represent a 
good balance of the two features. On the contrary, cs02 and cs2 
have been excluded since they do not meet the requirements; 
cs02 does not provide a satisfying barrier effect, while cs2 
presents the lowest water vapor permeability of the tested 
formulations.
Taking into account these results, CeO2 NPs were included in the 
cs04 and in the cs1 formulations, which can offer a barrier effect 
while guaranteeing surface permeability. To maximize the 
performances of the composite, we determined 25 ppm of NPs 
to be the ideal compromise to achieve optimal protective action 
while minimizing the amount of nanomaterial used. In terms of 
protective action, the final concentration of 25 ppm was 
selected following the catalytic activity assessment. Indeed, the 
results from the investigation on the NPs’ activity in solution 
showed that concentrations of tens of ppm of nanocatalyst are 

sufficient to provide high activity. The so-prepared coating 
formulations (cs04-NPs and cs1-NPs) have then been tested to 
evaluate their protective efficiency.

Fresco mock-ups ageing and coating performance assessment.

The CeO2 NPs-chitosan coatings were applied to fresco mock-
ups previously painted with cinnabar, a red HgS pigment. 
Alongside natural red earths, cinnabar was among the most 
prized pigments used by Greek and Roman artists, valued for its 
vivid and striking red hue. However, unlike natural earths, 
cinnabar was typically reserved for the most prominent spaces 
within elite residences, underscoring its high prestige and 
symbolic significance.29,33,34 After archaeological excavation, 
gradual darkening of frescoes painted with cinnabar has been 
evidenced as a consequence of exposure to light, high relative 
humidity and chlorine ions accumulated over time (Figure S9a 
and S9b).81,82 Unfortunately, up to now no coating strategy has 
been designed to prevent this color variation and, therefore, 
urgent action is needed to effectively tackle this problem. 
Taking into account the complexity of the system and the need 
for innovative approaches, we tested the ability of our 
protective coating to respond to the challenges posed by this 
system. To simulate the environment in which cinnabar 
degrades, the mock-ups coated with the protective 
nanocomposite formulation were exposed to a multifactorial 
deterioration pathway, as described by Neiman et al..83 The 
complex degradation protocol mimics the typical deteriorating 
environment surrounding cinnabar-painted frescoes and 
involves the simultaneous exposure to UV radiation, high 
relative humidity and chlorine-based salts.
The degradation mechanisms leading to the color change 
remain debated (Figure S10), but three main hypotheses have 
been suggested: (1) the formation of photosensitive chlorine-
based species, (2) the establishment of photoinduced redox 
processes, and (3) the phase transition between cinnabar (a-
HgS) and metacinnabar (b-HgS).31,84–87 In the last decade, the 
simultaneous occurrence of these processes has also been 
proposed. Radepont et al. suggest that both metallic mercury 
and chlorine-based species such as cordeidorite (a-Hg3S2Cl2) 
and calomel (Hg2Cl2) can be formed as a consequence of the 
reaction between a-HgS and gaseous ClO.88 The formation of 
Hg(0) is a consequence of the mentioned redox process through 
which the sulphide ion can be converted into S(0) or even 
sulphate, at the same time as the mercury is reduced. The 
process is still chlorine-dependent since this species acts as a 
catalyst in the redox mechanism. As determined in two works 
that tackled this issue in the last 5 years,89,90 the experimental 
proof of this mechanism is extremely challenging due to 
instrumental limitations. Indeed, the high vacuum required 
during XPS characterization can potentially cause the 
evaporation of Hg(0), making the presence of sulphate the only 
indication of a redox reaction happening.89 At the same time, 
the distinction between cinnabar and metacinnabar is 
challenging as they share the same elemental composition, 
making them undistinguishable in elemental characterizations. 
Moreover, they have similar peaks in Raman spectra and the 

Figure 5. a, Protection factor of the four tested chitosan formulations after application on 
fresco mock-ups. b, Water vapor permeability of the four tested chitosan formulations 
after application on fresco mock-ups, reported as a measure of the water vapor resistance 
coefficient. c, Color variation of cinnabar fresco mock-ups coated with the cs04-NPs and 
cs1-NPs formulations after different ageing times. d, e, f, Microscope images of the 
cinnabar fresco mock-ups before ageing (left), after 24 hours of ageing (center), and after 
72 hours of ageing (right); the uncoated mock-up (d), the one coated with cs04-NPs (e), 
and the one coated with cs1-NPs (f) are reported.
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distinction generally requires techniques with high spatial 
resolution.90 The current instrumental limitations are probably 
at the root of the debate, since clear identification of different 
species is fundamental to distinguish between several 
degradation pathways. In order to ascertain the mechanism 
involved in the present case study, we degraded an uncoated 
cinnabar-painted mock-up, and we performed both micro-
Raman and XPS analyses. The results confirmed the 
experimental limitations previously reported in the literature 
(Figure S11a and S11b, and Figure S12a-d).
Considering the different mechanisms that have been proposed 
for the blackening of cinnabar, the protective strategy should 
provide a UV-shielding action, while at the same time blocking 
the redox mechanisms that can be catalyzed by the presence of 
chlorine-based species. CeO2 NPs can act on both fronts thanks 
to their antioxidant activity and UV-shielding characteristics, 
which are also enhanced by the presence of a chitosan matrix. 
After the application of the two formulations to mock-ups and 
their simultaneous exposure to UV radiation and NaCl solution, 
we could confirm that the coating is able to inhibit the 
degradation of cinnabar and its consequent blackening. By 
monitoring the chromatic variation of the samples, it is clear 
that the color variation of the coated mock-ups is inferior 
compared to the uncoated sample (Figure 5c and Table S4). cs1-
NPs achieve higher performances, as the only significant color 
variation happens within the first 8 hours of exposure. 
Differently, the uncoated sample shows great color variation at 
all steps of the degradation process and, after 72 hours, it 
presents the highest value of ΔE. These observations confirm 
the positive effect of the NPs against the degradation caused by 
these environmental conditions. The microscope images 
confirm these results, determining that the blackening of the 
coated samples is slowed down or even completely prevented 
thanks to the presence of the coating (Figure 5d-f). Pictures of 
complete mock-ups (Table S5) further demonstrate the 
protection achieved thanks to the coating. Indeed, as clearly 
visible, black spots are already present on the uncoated sample 
after 8 hours of ageing. Contrarily, the black spots are formed 
in a small amount for the mock-up coated with cs04-NPs after 
16 hours of ageing, whilst in the sample coated with cs1-NPs 
they cannot be observed at all even up to 48 hours of ageing. 
The improved performance of cs1-NPs compared to cs04-NPs 
could be linked to the different penetration of the coating in the 
porous substrate and, hence, to the different amount of the NPs 
present at the surface. Indeed, since cs04-NPs is less viscous, it 
is likely to partially enter the porous structure of fresco mock-
ups, reducing the amount of functional nanomaterial present at 
the surface and able to protect the pigment. These 
considerations show that the rheological and filming properties 
of the cs04 formulation are not suitable for application on highly 
porous materials. The same conclusions can be drawn from the 
comparison between the protective ability of CeO2 NPs-based 
coatings and the one of cs04 and cs1, without the addition of 
the NPs. While the addition of NPs in cs1 leads to clear 
improvements in its protective ability, the role of the NPs in 
cs04 appears to be marginal (Table S5). Both cs04 and cs04-NPs 
start to fail after about 16 hours of ageing, suggesting that the 

NPs are not exerting any protective action. The effect can be 
attributed to the unsuitability of the cs04 polymeric matrix at 
confining the NPs at the surface. 
Considering the successful results achieved with cs1-NPs 
formulation, we extended the investigation to a real case study 
by testing the effectiveness of the coating on precious frescoes 
fragments from the archaeological site of Aquileia (Italy). 
Cinnabar has been identified in both the tested fragments, as 
confirmed from the Raman spectrum reported in Figure S13. In 
Figure 6, the comparison between the coated and the uncoated 
sample exposed to the same ageing protocol confirms the 
protective action of the coating. While a distinct darkening can 
be observed on the uncoated surface, no changes have been 
detected on the coated fragment. This opens the application of 
the coating to the crucial task of frescoes’ protection in 
important archaeological sites, where outdoor conditions 
constantly threaten their conservation.
The effectiveness of the cs1-NPs coating in protecting the 
substrate from darkening determines that the synergy between 
the NPs and the biopolymeric matrix has been successfully 
achieved. Furthermore, the effective protection achieved by 
using only 25 ppm of nanocatalyst shows that we have 
overcome important hindering effects of the catalytic sites that 
the organic biopolymeric matrix might have provoked. With this 
result, we show that we have effectively overcome the 
limitations linked to the introduction of CeO2 NPs in organic 
formulations that were reported in previous works.

Conclusions
In this work, we successfully developed a functional coating able 
to protect complex substrates from deterioration pathways 

Figure 6. a, Uncoated fresco fragment before the degradation protocol. b, Uncoated 
fresco fragment after simultaneous exposure to UV-light, chlorine-based salts, and high 
relative humidity. c, Fresco fragment coated with cs1-NPs before the degradation 
protocol. d, Fresco fragment coated with cs1-NPs after simultaneous exposure to UV-
light, chlorine-based salts, and high relative humidity.

Page 8 of 16Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 9

/2
3/

20
25

 2
:3

3:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NR02680F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr02680f


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9

Please do not adjust margins

Please do not adjust margins

induced by exposure to a multifaceted environment. In 
particular, we designed a microwave-assisted synthesis method 
to produce ultra-small CeO2 NPs with enhanced surface-to-
volume ratio and high colloidal stability. Our protocol yields 
citrate-coated, non-stoichiometric NPs, with a remarkable 
content of Ce(III), endowing the nanocatalysts with exceptional 
antioxidant properties and versatility. We have established a 
well-defined structure-function relationship by demonstrating 
the Ce(III)/Ce(IV) redox cycling of the NPs using in situ 
Environmental XPS and linking the results to the catalytic 
performances. This approach represents a significant 
advancement, as we have achieved precise and reproducible 
control over surface chemistry and redox properties.
Furthermore, we leveraged the synergistic interaction between 
the NPs and chitosan to develop a protective composite coating 
that offers superior barrier properties alongside prolonged 
antioxidant activity. We demonstrated that the NPs-based 
catalytic shield successfully prevents the complex degradation 
processes of cinnabar induced by the combined exposure to UV 
light, chlorine-based salts, and high relative humidity. 
In summary, this strategy delivers efficient and multifactorial 
protection, highlighting the potential of ultra-small CeO2 NPs-
based composites as high-performance coatings for a wide 
range of technological applications.

Experimental

Synthesis of CeO2 NPs.

Cerium(III) nitrate hexahydrate [Ce(NO3)3·6H2O], sodium citrate 
tribasic dihydrate, ammonium hydroxide solution (NH4OH, 28.0 
– 30.0%), and tetramethylammonium hydroxide solution 
(TMAOH, 10%) were purchased from Sigma-Aldrich, Merck. All 
chemicals were used as received without further purification 
and ultrapure water (Millipore system) was used for all 
syntheses. The microwave-assisted synthesis was designed 
starting from a previously published protocol.57 Briefly, 
Ce(NO3)3·6H2O (0.1 mmol) and sodium citrate (0.2 mmol) were 
mixed into 5 mL of ultrapure water and stirred until complete 
solubilization. NH4OH (or TMAOH) was added to reach a pH of 
10. The solution was then stirred overnight at room 
temperature. The hydrothermal protocol was implemented in a 
Milestone Ethos UP microwave (Milestone srl, Bergamo, Italy), 
utilizing a multi-vessel system in which the temperature was 
increased to 100°C over 15 minutes and maintained for 30 
minutes. Subsequently, the vessels were allowed to cool down 
to 50°C over 20 minutes before being removed. Following 2 
hours of cooling to room temperature, the final products were 
purified by means of Amicon® Ultra membrane filters (3K).

Chitosan formulation optimization.

Chitosan (cs, medium molecular weight), lactic acid (≥85%), 
azelaic acid (98%), sodium hydroxide (NaOH, ≥98%), and 
glycerol (HOCH2CH(OH)CH2OH, 99.0 – 101.0%) were purchased 
from Sigma-Aldrich, Merck. All chemicals were used as received 
without further purification and ultrapure water (Millipore 

system) was used for all preparations. Starting from a published 
work,56 a chitosan formulation was optimized by increasing the 
concentration of the biopolymer to achieve better filming 
properties and barrier effect. To summarize, azelaic acid 
(28wt% on a chitosan basis) was added to 50 mL of ultrapure 
water and the mixture was stirred until complete dissolution. 
Chitosan was added in different amounts to reach a 
concentration of 0.2 % (w/V), 0.4 % (w/V), 1.0 % (w/V), and 2.0 
% (w/V) respectively for each formulation. The mixture was 
then heated to 95 °C while stirring at 600 rpm and lactic acid 
(60wt% on a chitosan basis) was added once the temperature 
was reached. The mixture was allowed to cool down and then 
glycerol was added. In order to neutralize the formulation, a 0.3 
M solution of NaOH was added until the pH reached 8.

Frescoes mock-ups preparation and coating.

In order to test our coatings on samples replicating as much as 
possible the complexity of frescoes, we produced fresco mock-
ups starting from historical Vitruvius recipes, while also 
simplifying the preparation process to facilitate high-
throughput screening of the coatings. Natural cinnabar 
(#10620) and marble dust (powder, < 200 m) were purchased 
from Kremer Pigmente, while lime putty and coarse quartzite 
(0.1 – 0.3 mm) were acquired from CTS Conservation. Coarse-
grained river sand (0 – 1 mm) from AXTON was purchased from 
Leroy Merlin.
The simplified samples were obtained by solely reproducing the 
outer layers of frescoes, i.e. the intonachino covered by the 
pigment layer. In particular, we employed laboratory glass 
slides as a support for the mortar layer, and we wrapped a gauze 
strip (10 cm x 5 cm) around it to guarantee good gripping. We 
prepared intonachino by mixing marble dust and lime putty in a 
1:1 ratio and by adding water when necessary. We applied the 
intonachino on the support and we painted it with cinnabar 
dispersed in ultrapure water before it dried, following the 
traditional fresco technique. The mock-ups were allowed to 
carbonate for 3 months.
Complete fresco mock-ups were also prepared to test the 
protection factor and the water vapor permeability of the 
coatings. The procedure for the outer layers remains the same 
as the one described for the simplified mock-ups. However, 
beneath the intonachino layer, the arriccio layer is first 
prepared. Arriccio is obtained by mixing lime putty, coarse 
quartzite and coarse-grained river sand in a 1:1:1 ratio and 
adding enough water (q.s.) to achieve adequate workability of 
the mortar. The mock-ups were allowed to carbonate for 6 
months.
The two types of mock-ups are schematically represented in 
Figure S14. After carbonation they were coated with the 
chitosan formulations or with the composite CeO2 NPs-based 
chitosan formulations by brush-painting (0.125 mL cm-2).

Characterization of CeO2 NPs.

X-ray diffraction (XRD) patterns were acquired with a Malvern-
PANalytical third generation Empyrean X-ray diffractometer, 
operating at 60 kV and 40 mA and equipped with a 2.5 kW Mo 
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Kα X-ray tube, GaliPIX3D solid-state pixel detector. The 
diffraction pattern was collected in transmission geometry, 
from 8° to 80° with a step size of 0.043° and scan speed = 1.2° 
min-1, using a Mo focusing mirror, a reflection-transmission 
spinner sample stage (rotation speed = 1 rps) and 5 m Mylar 
foil as sample substrate. Size and strain analysis was performed 
with HighScore Plus 5.3 software and the whole-powder-
pattern decomposition (WPPD) technique based on the Pawley 
algorithm. The instrumental broadening was removed using a 
diffraction pattern collected from the NIST LaB6 (SRM 660) 
standard. The characterization was performed in powder form: 
1 mL of CeO2 NPs dispersion was freeze-dried overnight to 
remove the solvent and obtain a solid sample.
Bright-field transmission electron microscopy (BF-TEM) 
analyses were performed by means of a JEOL JEM-1011 
microscope with a thermionic source (W filament), operated at 
100 kV. TEM images were analyzed with the software ImageJ to 
determine the average diameter of the NPs; in each image the 
diameter of 100 NPs was measured to obtain an average value. 
A small volume of each sample diluted 1:1 with methanol was 
drop-casted onto carbon/Cu grids (300 mesh). To investigate 
the crystallinity at the nanoscale, high-resolution TEM (HR-TEM) 
was performed with image-Cs-corrected JEOL JEM-2200FS TEM, 
equipped with in-column image filter (Ω-type), operated at 200 
kV. The HR-TEM images presented here have been acquired 
using a direct-electron-detection camera (K2 Summit, Gatan), 
so as to reduce beam damage (e.g., carbon contamination 
build-up). A small volume of each sample was drop-casted onto 
ultrathin carbon/holey carbon/Cu grids. Then, small-angle X-ray 
scattering (SAXS) analysis was performed using a Malvern 
PANalytical third generation Empyrean multipurpose platform 
in transmission geometry with Cu Kα radiation (λ = 1.54 Å; 40 
kV, 45 mA). 1D-SAXS measurements were carried out in a 
vacuum path chamber (Scatter X78) using a beam with line 
collimation and a GaliPIX3D detector. Quartz capillaries 
(Hilgenberg, DE) with a 1 mm diameter (100 µL volume) were 
used. Background measurement of ultrapure pure water was 
performed in the same capillary used for the NPs dispersions. 
Scans were performed in the q region 0.1 – 3.5 nm-1 with step 
size 0.014°, with an exposure time of 30 min. The data analysis 
was performed using the EasySAXS software (Malvern-
PANalytical). The software performs primary data handling 
steps, including absorption correction, background-subtraction, 
and conversion of the scattering angle 2θ to the scattering 
vector q. Determination of NPs distribution was done by an 
indirect integral transform technique that relates experimental 
SAXS data to the volume distribution function Dv(R) using a 
regularization procedure.

Redox cycling of CeO2 NPs.

Environmental X-ray photoelectron spectroscopy (XPS) was 
used to determine the relative Ce(III)/Ce(IV) ratio on the surface 
of the NPs and to study how this ratio evolves when the NPs are 
subjected to different oxidizing and reducing agents (i.e., O2, 
H2O2, UV radiation, and high temperature). For this analysis, we 
used the EnviroESCA system (SPECS Electron Spectroscopy for 

Chemical Analysis Under Environmental Conditions, GmbH, 
Germany) with a monochromated Al Kα X-ray source (1486.71 
eV), present at Charles University, Prague. The analyzer (SPECS 
PHOIBOS 150) operates under ultra-high vacuum conditions 
(10-9 mbar), and signal detection was conducted in FAT (Fixed 
Analyzer Transmission) mode.
During the XPS measurements, the core-level spectra of Ce 3d, 
Na 1s, C 1s, O 1s, and the valence band were recorded with a 
pass energy of 20 eV, a step size of 0.1 eV, and a dwell time of 
0.3 seconds. Both the fresh NPs and the ones exposed to natural 
light for 3 months under conventional laboratory conditions 
were drop-casted on silicon wafer substrates and were analyzed 
under a 1 mbar Ar atmosphere with a 25 mL min-1 flow during 
the measurement. The same measurement was repeated for 
the fresh NPs in an O2 atmosphere and then the NPs were 
treated with a 1 M solution of H2O2 (10:1 ratio) and analyzed in 
the Ar atmosphere. Lastly, the NPs were drop-cast onto the 
CHU01 (Cooling Heating Unit), which was connected through 
the EnviroESCA interface. The temperature was monitored by a 
thermocouple on the heating unit, which was heated up to 
300°C. The spot size was 200 m.
Through an ad hoc engineered cell system,91 the oxidations 
states of the NPs were also investigated while in an ultrapure 
water solution, in the presence or absence of H2O2. The binding 
energy scale was referenced to the Ce4+ 3d3/2 UIII peak at 916.7 
eV and spectra elaboration was then carried out by CasaXPS 
software (2.3.25 version). An U2 Tougaard background was 
applied across the binding energy range of the peaks of interest.

Oxygen-related catalytic activity of CeO2 NPs.

Hydrogen peroxide (H2O2, 30%) was purchased from Sigma-
Aldrich, Merck. 3,3′,5,5′-Tetramethylbenzidine (TMB), was 
obtained from Kementec, Denmark. All chemicals were used as 
received without further purification and ultrapure water 
(Millipore system) was used for all solutions preparation. TMB 
was employed as a chromogenic substrate to investigate the 
peroxidase- and oxidase-like activity of CeO2 NPs. Peroxidase-
like activity was determined by using H2O2 as a substrate, in a 
system containing a mixture of TMB and H2O2 (1 M) in a 1:1.6 
ratio. Oxidase-like activity was tested by using molecular oxygen 
dissolved in water from the atmosphere as a substrate.
In both cases, the characteristic peak of the oxidized form of 
TMB at 652 nm was monitored by collecting the UV-visible 
spectra with a double beam Agilent Cary 100 Series UV-Vis 
spectrophotometer (Agilent Technologies, Santa Clara, CA, 
USA) at room temperature. The spectra were collected in the 
800 – 200 nm range through the CaryWinUV Scan software 
(4.20 version). They were then elaborated by means of 
OriginPro 2022 software (OriginLab Corporation, Northampton, 
MA, USA). UV-visible spectra are reported in the range 500 – 
800 nm, which is the region where the mono-oxidized form of 
TMB absorbs. This region is otherwise free of signals, as can be 
observed from the UV-visible spectra of the NPs reported in 
Figure S4a and S4b.
The effect of CeO2 NPs concentration and the kinetic trend of 
this interaction were studied; the activity was tested in the 
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concentration range 0.1 – 25 ppm, including the control test of 
the chromogenic substrate in the absence of the nanocatalyst 
(0 ppm). The spectra were collected 5, 10 and 15 min after the 
addition of TMB.

Biocompatibility assays of CeO2 NPs.

The stability of the NPs was compared with two commercial 
ones (Cerium(IV) oxide 20% in H2O, < 5.0 nm, Alfa Aesar; 
Cerium(IV) oxide nanopowder, < 25 nm, Sigma-Aldrich). In order 
to study the interaction between proteins and CeO2 NPs, they 
were incubated for 2 h at room temperature and in mild 
agitation in an aqueous solution containing 50% heat-
inactivated fetal bovine serum (FBS, Gibco). Subsequently the 
NPs were rinsed to remove any unbounded serum proteins.
A stability assay in cell culture medium was performed on 100 
ppm dispersions of the NPs. We used Dulbecco’s Modified Eagle 
Medium (DMEM, Gibco) supplemented with 20% of heat-
inactivated fetal bovine serum (FBS, Gibco), 1% L-glutamine 
(stock 200 mM, Gibco), and 1% penicillin-streptomycin (100 IU 
mL-1 of penicillin and 100 µg mL-1 of streptomycin, Gibco). In 
these analyses, the hydrodynamic diameters (dh) were analyzed 
over 1 h with single acquisitions every 12 min, and over 72 h 
with acquisitions every 24 h. For the determination of the 
average dh, dynamic light scattering measurements have been 
performed using a Malvern Zetasizer Nano ZS90 instrument. 
The values were assessed using a 100 ppm dispersion in 
polystyrene cuvettes.
The cytotoxicity effect of the CeO2 NPs we synthesized was 
assessed in vitro through the PicoGreen assay (QuantiT 
PicoGreen dsDNA Assay Kit, Invitrogen) that allows an indirect 
evaluation of cell proliferation through dsDNA concentration 
assessment. Cells were seeded in 96-well plates (Corning) at 
10,000 cells cm-2 and incubated overnight, thereafter, cells 
were treated for 24 and 72 h with increasing concentrations of 
NPs (0.0, 6.25, 12.50, 25.00, 50.00, and 100.0 ppm). At the end 
of the incubation, cultures were washed with Dulbecco’s 
phosphate-buffered saline (DPBS, Gibco) and the medium was 
replaced with 100 L of ultrapure water. Four freeze/thaw 
cycles (from -80 to 37 °C) were performed to allow cell lysis and 
dsDNA release. The dsDNA quantification was carried out in 
Corning Costar 96-well black polystyrene plates following the 
manufacturer’s instructions. Fluorescence levels were detected 
with a Victor X3Multilabel Plate Reader (ex 360, em 460 nm) 
and correlated to the dsDNA content and thus to the cell 
number.
Further information on the cytotoxicity effect of the NPs was 
achieved by performing the LIVE/DEAD cell viability assay 
(ThermoFisher), according to the manufacturer’s instructions. 
Cells were seeded in μ-Plate 96-Well Black (Ibidi) at 10,000 cells 
cm-2 and incubated overnight. Thereafter, cells were treated for 
72 h with increasing concentrations of NPs (0.0, 6.25, 12.50, 
25.00, 50.00, and 100.0 ppm). After the treatment cultures 
were rinsed with DPBS and incubated for 20 min with fresh 
medium containing 5 g mL-1 Hoechst, 4 M ethidium 
homodimer-1 (Thermo Fisher), and 2 M calcein-AM (Thermo 
Fisher). Imaging was performed with a fluorescence microscope 

(Eclipse Ti, Nikon) equipped with a 10× objective. The acquired 
images were subjected to analysis using ImageJ, where the 
relative quantities of dead cells (ethidium homodimer-1-
positive cells) and viable cells (calcein-positive cells) were 
counted within each specific condition.
Inductively coupled plasma mass spectrometry (ICP-MS) was 
used to evaluate the cellular uptake of the NPs. Cells were 
seeded at 10,000 cells cm-2 density and incubated overnight; 
thereafter, half of the samples were treated for 72 h with a 100 
ppm NPs concentration. Then cells were detached and counted 
to determine their number and subsequently resuspended in 
DPBS for the following ICP-MS analysis.

Characterization and performance evaluation of the chitosan 
formulation.

We compared the morphology of the formulations through 
scanning electron microscopy (SEM) analysis, by means of a 
JEOL JSM-6490LA microscope with a thermionic source (W 
filament).
The viscosity of the formulations was determined to choose the 
best application method. The rheology analyses were 
performed by using a Modular Compact Rheometer (MCR 102) 
from Anton Paar GmbH, with a No. 3912 coaxial cylinder 
measuring system. 5 mL of each formulation were poured in the 
cylindrical cup (radius of 14.452 mm), using a measuring bob 
with a radius of 13.331 mm, a Ratio of Radii of 1.084, and a Gap 
Length of 39.998 mm. Each measurement was acquired with a 
cone angle of 120° and a measuring gap of 1.121 mm. The 
RheoCompass software was used to collect data, which were 
then processed with the OriginPro 2022 software (OriginLab 
Corporation, Northampton, MA, USA).
After applying the formulation to the mock-ups, the coating was 
studied in terms of morphology, color variation, surface water 
contact angle, protecting ability, and water vapor permeability.
The morphological analyses were performed by collecting 
images of the mock-ups before and after the application of the 
coating through a NYKON stereomicroscope model SMZ 745T 
(European Headquarters Nikon Europe BV, Tripolis 100, 
Burgerweeshuispad 101, 1076 ER Amsterdam, Netherlands). 
Additionally, the color variation produced by the application of 
the coating was monitored by means of a Konica Minolta CM 
700d spectrophotometer, with an 8-degree viewing angle 
geometry, a diffusion light Xenon lamp, and a high-resolution 
monolithic polychromator. A circular area with a diameter of 8 
mm was tested for each measure, and the results were obtained 
as the average of three different measures carried out on 
different mock-ups treated with the same coating formulation. 
Measurements were performed in the CIELAB1976 space and 
elaboration was carried out by means of Spectra Magic NX 
software. The color variation is defined in terms of ΔE, which is 
calculated as follows.92

𝛥𝐸 =  𝛥𝐿2 + 𝛥𝑎2 + 𝛥𝑏2

where L, a, and b are the differences between the values 
obtained before and after the application of the coating on each 
sample. The parameters represent luminosity, red-green, and 
blue-yellow, respectively.
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The surface contact angle was measured by means of a FTA 
1000 Analyzer System (First Ten Angstroms Inc., Newark, CA, 
USA), by dropping a 10 L drop of water on the surface and 
instantaneously acquiring an image of said drop. The 
measurements were acquired on three different points of the 
surface of each mock-up. The contact angle was then 
determined by analyzing each image with the software ImageJ 
and averaging the obtained contact angles for each 
formulation.
The protective ability of the coating and the water vapor 
permeability were determined by following the norms UNI 
10921:200193 and UNI 15803:201094 respectively.

Fresco mock-ups ageing and coating performance assessment.

CeO2 NPs were added to the cs04 and cs1 formulations to reach 
a final concentration of 25 ppm. The addition was performed at 
room temperature while stirring at 800 rpm during the 
preparation of the formulation. The coating formulations were 
applied to the surface of simplified mock-ups as previously 
described (brush-painting; 0.125 mL cm-2). In order to test the 
efficacy of the CeO2 NPs-based coating, the coated mock-ups 
and an uncoated sample underwent an accelerated ageing 
protocol, as described in a previous study.83 First, they were 
placed in closed plastic petri dishes containing a 0.1 M NaCl 
solution at 27.0 °C, making sure that only the bottom part of the 
sample came into contact with the solution itself. This allows to 
reproduce the interaction with chlorine-based salts through 
capillary absorption from the bottom of the structure. The 
exposure to the NaCl solution was operated in the dark for 12 
hours. Then, while the samples were still wet, they were placed 
in a Q-Sun Xe-1S climatic chamber (Q-LAB Corporation, 
Westlake, OH 44145-1419 SUA) and they were exposed to 8 
hours cycles of UV light (65 W m-2) at 50 °C, up to 72 hours of 
total exposure. Exposure to UV light in wet conditions simulates 
a highly humid environment.
Two archaeological fresco fragments were also exposed to this 
same degradation protocol, limited to 72 hours of UV-exposure. 
One of these samples was preemptively coated with 
formulation cs1-NPs, while the other was considered as a 
reference of normal degradation. Visible aesthetic variations 
were monitored by acquiring photographs of the fragments 
before and after the degradation.
Between each repetition, the samples were tested in terms of 
morphologic and color variation, as described in the study of the 
chitosan coating in the previous section. Each acquisition was 
performed on two distinct points of the surface of each mock-
up to account for heterogeneity and the colorimetric 
measurements were performed as an average of three 
measurements on each spot. After the completion of the tests, 
Raman spectra were acquired in different spots of the uncoated 
sample to determine the chemical composition of the degraded 
and non-degraded portions. A Raman Microscope DXRTM3 with 
a 532 nm laser source was used to acquire the spectra. The 
conditions of each measurement were kept constant to better 
compare the results from different areas. Laser power level was 
set to 1.0 mW with a grating of 900 lines mm-1, the 10x 

microscope objective was used, and the 25 µm pinhole aperture 
was set. Each measurement was collected after 2 exposures of 
60 seconds, with a resolution of 1.9285 Raman shift (cm-1). After 
the surface characterization, a portion of the pictorial layer was 
removed from the uncoated samples, and the powder was 
characterized through XPS. This last characterization was 
performed by means of a Kratos Axis UltraDLD spectrometer 
(Kratos Analytical Ltd.) with a monochromated Al Kα X-ray 
source (hn = 1486.6 eV) operating at 20 mA and 15 kV. Each 
specimen, in powder form, was prepared by pressing about 500 
mg of powder onto a conductive indium substrate, to obtain a 
film as much flat as possible. The wide scans were collected over 
an analysis area of 300 × 700 µm2 at a photoelectron pass 
energy of 160 eV and energy step of 1 eV, while high-resolution 
spectra of Hg 4f and S 2p were collected at a photoelectron pass 
energy of 20 eV and an energy step of 0.1 eV. A take-off angle 
of 0° with respect to sample normal direction was used for all 
analyses. The differential electrical charging effects observed on 
all samples were neutralized. The spectra have been referenced 
to the adventitious carbon 1s peak at 284.8 eV. The spectra 
were analyzed with the CasaXPS software (Casa Software Ltd., 
version 2.3.25),95 and the residual background was eliminated 
by the Shirley method across the binding energy range of the 
peaks of interest.
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The fresco fragments shown in this article are identified with 
the Italian National ID 586026 and have been gently provided 
by the Museo archeologico nazionale di Aquileia – Italia. Images 
in Figure 6 are used on authorisation of the Ministero della 
cultura, Museo Storico e Parco del Castello di Miramare - 
Direzione regionale Musei nazionali Friuli Venezia Giulia. The 
use of these images is regulated by current legislation (art. 108, 
co. 3 del D. Lgs 42/2004 s.m.i. - DM 161/23 – DM 108/24). Any 
reproduction, duplication or manipulation is strictly prohibited.
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Data availability
All data collected within this research is reported in the main text of the article and in its Supplementary 
Information. In the Supplementary Information file, additional data on the characterization of the 
nanoparticles and of the coating and additional information on the case study described are available.
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