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Abstract: Colloid science is contributing solutions to counter-
act the degradation of artifacts, favoring their transfer to
future generations. Advanced materials such as nanoparticles,
coatings, gels and microemulsions have been assessed in
conservation, spanning from archeological sites to modern
and contemporary art. We give an overview of the fundamen-

tal milestones and latest innovations in conservation science,
targeting solutions and tools for remedial conservation based
on green nanomaterials and hybrid systems. Future perspec-
tives and outstanding challenges in this exciting field are
then outlined.

1. The Role of Science in Preserving Cultural
Heritage

Resilience has come to be a key concept in today’s economics
and societal issues, and art is a crucial resource in this sense.
Cultural Heritage (CH), when properly preserved and trans-
ferred, is a fundamental economic and social welfare driver.[1–3]

Unfortunately, CH objects are in turn subjected to degrada-
tion by environmental factors (light, temperature, relative
humidity, pollutants), biocontamination, natural or anthropo-
genic disasters (fires, flood), and wrong restoration interven-
tions. Conservation measures are made even more difficult by
the large number of objects potentially affected by degradation
in storages and deposits, and by the use of art materials derived
from industry, which are often prone to fast or autocatalytic
degradation paths. In this framework, science has great
possibilities to counteract degradation processes and put CH in
its best position to boost social welfare. In a parallel to
medicine, science can act preventively to minimize environ-
mental threats to CH (preventive conservation), provide
techniques to analyze works of art (diagnostics), or develop
materials and methodologies to remedy damaged artifacts
(remedial conservation).
Diagnostics is one of the first fields where science

contributed to CH preservation, and has been widely explored
for decades now. The artifacts are typically analyzed to study
degradation processes or gain anthropological, historical and
artistic information.[4] Current challenges involve the develop-
ment of newer non-invasive techniques[5] with high spatial
resolution,[6] and portable instruments to allow feasible analysis
of precious works.[7] Analytical tools can gain great support
from modeling and theoretical chemistry, which can be
employed to construct mechanisms for the degradative reac-
tivity of art materials.[8] Diagnosis also links to preventive

conservation when enhanced sensors[9] are used to monitor the
presence of pollutants in museum environments and art
storages. In principle, the citizens themselves could contribute
to analysis campaigns of CH through smartphone
diagnostics.[10]

However, while diagnosis and preventive conservation are
preliminary steps to the preservation of artifacts, remedial
conservation has the fundamental task to provide materials and
methodologies to restore the physical integrity of the works.
Information and communication technologies (ICT) can favor
the fruition and management of CH assets, but cannot replace
the direct enjoyment of the artifacts by citizens and tourists.[11]

Having the actual CH objects in good shape and accessible is
what enhances their shared fruition, effectively triggering
economic and social benefits.
Because the degradation of works of art often occurs in

meso- and nano-scale domains at the interface of the artifacts,
it follows that materials in the same dimensional scales can
prove highly beneficial to counteract the detrimental processes.
Indeed, colloid and materials science have gradually provided
valuable solutions since the beginning of the 2000s, and a
commentary on the full potential of nanomaterials in art
conservation was given only few years ago in Nature
Nanotechnology.[12] Besides, important applications have been
reported in dedicated textbooks.[13] Materials such as nano-
particles, hybrid composites (e.g., inorganic particles in polymer
matrices), functionalized coatings, swollen micelles, microemul-
sions and gels have been formulated and proposed as
consolidants, protectives, and cleaning tools for the conserva-
tion of works of art. The physicochemical compatibility of these
materials to the original artifacts, their durability and sustain-
ability based on “green” chemistry, and their responsiveness to
degradation processes, all have been used as guidelines in the
synthetic processes and applicative protocols, overcoming the
traditional limitations of the restoration practice, which is
typically based on classic solvents and polymers chemistry. The
importance of the new approach is testified by several recent
and current European projects funded in this area (FP7, H2020),
and in the successful application of products to masterpieces
such as works by Pablo Picasso, Jackson Pollock and Roy
Lichtenstein, among others. The most effective formulations
developed so far have been brought to the market and are
currently available to conservators worldwide.
This is an exciting field in materials science, and despite the

successful results obtained it is far from being concluded. In the
following paragraphs some of the most relevant contributions
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are presented, along with conclusive remarks and future
challenges.

2. Consolidation and Protection of Works of Art

Regardless the type of artistic substrate, one of the main effects
of artifacts’ degradation is the worsening of their mechanical
properties. Mechanical failure can then occur as flaking/
powdering pictorial layers, weakening and tearing of natural
fibers, embrittlement of plastics, and blistering or delamination
of mortars and stone, just to mention some of the most
recurring cases.
The consolidation of flaking murals’ surfaces is one of the

applications that originated the development of colloids and
advanced materials specifically tailored for CH preservation. In
the aftermath of the 1966 Florence flood, a large portion of the
art capital’s heritage was endangered by contamination with
salts and detrimental organic compounds. The physical chemist
Enzo Ferroni developed a methodology, based on ammonium
carbonate and barium hydroxide aqueous solutions, to extract
sulfates and re-create lime (Ca(OH)2) in the pores of weakened
fresco paintings.[14] Working on the principle of ion-exchange
reactions, the idea to re-create in situ the original binder of the
frescoes (the newly formed hydroxide, which sets into calcium
carbonate by reaction with atmospheric CO2) proved not only
highly beneficial, but a real turning point in the restoration
practice that had until then employed polymeric adhesives to
reattach flaking parts. Because the Ferroni method uses
materials that are physicochemically compatible with the

original substrates, medium- and long-term drawbacks during
the aging of the treated artifacts are avoided as opposed to
covering the frescoes with layers of synthetic polymers that are
prone to degradation and enhance the detrimental action of
salts by blocking the natural porosity of mortars.[14]

Starting from the late 1990s, the principle of the method
was translated into the formulation of Ca(OH)2 nanoparticles,
mostly in the form of hexagonal platelets (roughly 100–200 nm
wide and few nm thick), which can be stably dispersed in short-
chain alcohols and applied directly onto murals, mortars and
stone[15,16] After solvent evaporation, the hydroxide particles
carbonate inside the artifact’s pores, building a network of
cohered and adhered crystalline CaCO3 that provides mechan-
ical reinforcement and fixes flaking parts (Figure 1). Nano-
particles improved the Ferroni method in two ways: the amount
of consolidant delivered directly is larger, hence consolidation
effects are enhanced; the hydroxide ions are packed in solid
particles, rather than being freely mobile ions in solutions,
which avoids issues on alkaline-sensitive pigments and binders.
Over the years, particles synthesis has ranged from bottom-up
reactions in homogeneous phase to top-down grinding of
micron-sized lime in solvents and solvothermal processes: this
allows tuning the particle’ size distribution and the synthesis
yield, and eventually the refined products reached the market
after extensive testing in relevant case studies.[17] Besides, it was
found that colloidal earth-alkaline hydroxides are optimal to
adjust the pH of cellulose- and collagen-based artifacts (paper,
wood, parchment and leather), counteracting the acid-catalyzed
hydrolysis that produces severe degradation of these natural
polymers.[16,18]

Stemming from these pioneering applications, colloidal
materials of different kinds have been formulated and function-
alized, or combined in hybrid systems for the consolidation of
different types of artistic substrates. For instance, poly(ethylene
glycol) (PEG, a traditional consolidant for waterlogged and
archaeological wood or leather) can be mixed with functional-
ized halloysite nanotubes filled with Ca(OH)2; the tubes release
the hydroxide at controlled rate, extending the neutralization of
acidity in the wood over time. Besides, the halloysite� Ca(OH)2/
PEG nanohybrid acts as a consolidant, penetrating the wooden
matrix and increasing its flexural strength and rigidity.[19]

Two recent and exciting applications regard the consolida-
tion of canvases and silk. In the first case, polyelectrolyte-
treated silica nanoparticles (SNPs) and cellulose nanofibrils
(CNF) have been combined to treat the backside of canvases,
which are the support to classic and modern paintings.[20] The
cellulose nanofibrils film at the canvas surface, increasing its
ductility, SNPs penetrate deeper and reinforce at the fiber scale,
increasing stiffness; the two effects are balanced varying the
SNP/CNF ratio, in an elegant approach alternative to the
traditional relining of canvases with synthetic adhesives, which
are prone to yellowing and acidity development.[21] In the case
of silk, dispersions of self-regenerated silk fibroin (SRSF) have
been recently used to improve the mechanical behavior of
aged silk fibers through a robust approach where SRSF is
obtained from waste silk and adhered onto weak fibers.[22] By
varying the concentration of the dispersions, films at different
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degrees of fibroin amorphousness or crystallinity are obtained,
which provide different mechanical properties upon adhesion
to the silk fibers: crystalline layers produce brittle materials,
while amorphous ones increase ductility.
Another promising application with high potential socio-

economic impact involves the consolidation of earthen ma-
sonry. As widespread as earthen materials are in both
archaeological and current daily life housing, finding feasible
and robust formulations for their consolidation would be key to
heritage valorization and sustainable architecture. Yet, earthen
masonry is susceptible to degradation by weathering and
erosion. An approach has been recently proposed to consol-
idate adobe bricks, one of the most common earthen building
materials: mimicking the settling of Portland cement, Ca(OH)2
and silica nanoparticles have been mixed in a composite
formulation along with a cellulose ether, and applied to
crumbling adobe; the hydroxide and silica react together
forming calcium silicate hydrate (CSH), which consolidates the
powdering earth substrate against peeling, abrasion and wet-
dry cycles (Figure 2).[23] Nanoparticles enhance the formation of
CSH due to the large surface to volume ratio and the extended
total surface of particles per unit of material. With the possibility
of using the colloidal blend also as an additive in adobe
formulations, this update might open new scenarios for
sustainable construction, alternative to cement, in underdevel-
oped countries. Because cement is a substantial source of
global CO2 emission, using a valid alternative for building
materials would help target the issues of greenhouse gases and
climate change (e.g., global warming).

Figure 1. Left: Application of Ca(OH)2 nanoparticles for the consolidation of Renaissance wall paintings in Florence Cathedral. Top: before and bottom: after
restoration. Reproduced with permission from ref. [15]. Copyright: 2001, American Chemical Society. Center and right: Mayan wall paintings in the United
Nations Educational, Scientific and Cultural Organization world heritage site of Calakmul (Mexico). a) Photograph of the wall paintings after restoration with
Ca(OH)2 nanoparticle dispersions. b) Grazing visible light image showing the detaching paint flakes before the application of nanoparticles. c) Scanning
electron microscopy micrograph of the Ca(OH)2 nanoparticles (hexagonal platelets) that were applied to the degraded painted surface. d) Grazing visible light
image showing re-attached and re-adhered paint flakes after the application of nanoparticles. Panels a, b, and d reproduced with permission from ref. [13c].
Copyright: 2014, The Royal Society of Chemistry. Panel c reproduced with permission from ref. [12]. Copyright: 2015, Macmillan Publishers Limited.

Figure 2. Top: Transmission electron microscope (TEM) images of a ternary
hybrid system composed of silica nanoparticles (spherical), Ca(OH)2 nano-
particles, and hydroxypropyl cellulose, formulated for the consolidation of
earthen masonry. The micron-sized agglomerate is formed by the interaction
of nanoparticles and cellulose fibrous structures. Bottom: Adobe bricks that
underwent wet/dry aging cycles, either without (left) or with prior treatment
with the hybrid system (right). The untreated brick lost significant portions,
whereas the treated brick stood the accelerated aging without relevant
significant damage. Reproduced with permission from ref. [23]. Copyright:
2018, Elsevier Inc.
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The same type of reaction has been employed to have silica
oligomers react with portlandite crystalline Ca(OH)2 found in
cement: the oligomers can penetrate cement, polymerize by
sol-gel process, and form in situ a CSH gel that is incorporated
in the existing CSH of cement, opening the way for simple
repairs of contemporary concrete monuments.[24]

Protection of artistic surfaces against recurring soiling and
degradation is another type of remedial intervention where
relevant contributions have been derived from colloids and
materials science. Halloysite and other nanoclays can be
incorporated into a polymer matrix (e.g., fluorinated or
biopolymers) able to form protective films on stone and metals
against atmospheric pollutants, corrosive agents, entomological
attacks, and even graffiti vandalism.[25] Silane/siloxane emulsions
can be combined with chitosan, a “green” and renewable
biopolymer, and silver nitrate as biocides, or with polyurethane
dispersion (to produce hydrophobic fabrics) while mesoporous
silica nanoparticles have been used as controlled releasers of
antimicrobials for stone preservation.[26] Coatings can be
tailored to act as self-cleaning surfaces to avoid dust and
particulate deposition on buildings: gold nanoparticles (AuNPs)
boost the photoactivity of TiO2 under solar radiation by
promoting absorption in the visible range; thus, by varying the
content of AuNPs in Au� TiO2/SiO2 coatings, obtained by a
simple sol-gel route, soot deposition on stone can be
prevented.[27] TiO2 can also be formulated as nanorods (NRs)
and added to hybrid methacrylic� siloxane or commercial resins
to impart self-cleaning properties to treated stone surfaces.[28]

With regards to metal surfaces, chitosan-based coatings
have been recently explored as green, renewable matrices to
confine and release anti-corrosion molecules at controlled rate;
for instance, imidazolium salts can be efficiently confined in this
way to protect bronze surfaces against corrosive processes.[29]

Besides, novel corrosion inhibitors have been formulated to
decrease the toxicity of benzotriazole derivatives, one example
being triazole thiones that showed good inhibiting efficiency.[30]

Polyurethane protective coatings can be improved by adding
silsesquioxane nanoparticles, as they cause an increase of water
contact angle and enhance the plasticity and the abrasion
resistance of the coating, as well as an improvement of
protective ability, as indicated by impedance spectroscopy
measurements.[31]

Finally, it is important to recall that advanced colloidal
materials can improve diagnostic methodologies; a representa-
tive example is that of surface-enhanced Raman scattering
(SERS), where colloidal pastes and metal nano-inks can be
employed as probes to obtain enhanced spectra with highly
diagnostic features, which is particularly useful in the non-
invasive analysis of dyes that can be present in complex
mixtures on works of art.[32]

3. Cleaning of Works of Art

Soiling and contamination do not just alter the aesthetic looks
of works of art, they also participate in degradative processes;
not surprisingly, in fact, cleaning is one of the most recurring

and common operations in cultural heritage preservation.
However, traditional cleaning operations can pose risks to the
safety of the artifacts, as they typically rely on classic solvent
chemistry that is neither completely selective nor controlled.
Essentially, solubility parameters, or more recently solvatochro-
mic polarity and equilibrium swelling capacity,[33] are used to
match solvents with unwanted layers (grime, aged coatings/
adhesives, etc.), and the solvents are applied either as non-
confined (e.g., using cotton swabs) or poorly confined in
viscous polymer dispersions (cellulose ethers or polyacrylic acid
being two common choices);[34] the fundamental issues of this
traditional approach are the scarce spatial and temporal control
of the solvent action, and the presence of residues from
polymer dispersions calling for invasive rinsing processes.
Besides, some of the traditional solvents have toxicity issues.
Soaps and surfactants have also been used since a long time for
cleaning art, with little awareness and mostly through serendip-
ity or in-house formulations, before some guidelines were
provided towards the end of the 1980s.[34]

Moving on from these limitations, colloids and materials
science have provided effective and systematic methodologies
in the last decades.[35,36] Oil-in-water (o/w) microemulsions
marked a turning point in cleaning formulations back in 1986,
when they were employed for the first time to remove wax
contaminants from Italian Renaissance frescos.[14] By properly
selecting surfactant and co-surfactant molecules, it is possible
to stably disperse the solvents as nano-sized droplets, confined
by surfactant and co-surfactant micelles in a continuous
aqueous phase. The nano-dimensions of the droplets ensures a
huge surface area, orders of magnitude larger than the same
mass of bulk solvent, boosting the interaction of the droplets
with layers of grime and soil. The first formulations featured
non-ionic surfactants (e.g., sodium dodecyl sulfate, SDS) and
fully non-polar solvents (alkanes), with the purpose of dissolving
wax and transporting it inside the micelles in the aqueous
phase; when the latter is taken up in sorbents, such as cellulose
poultices, the contaminants are effectively removed from the
fresco surface. The nanostructured cleaning fluid is largely
aqueous (>80% w/w), which greatly decreases the environ-
mental impact of the o/w microemulsions as opposed to
solvent blends.[14]

Several crucial aspects regarding the structure of these
systems and their interaction with surfaces have been clarified.
The inclusion of molecules inside the micelles, and detergency
mechanisms, drive the removal of low molecular weight
compounds (fatty acids and triglycerides found in grime), while
other complex mechanisms are involved when the micro-
emulsions interact with polymer layers, such as poly-(acrylate)
and poly(vinyl acetate), found in synthetic coatings applied on
the surface of murals since the 1960s.[35] One of the most
intriguing aspects involve the dewetting of the polymer layers
induced by the interaction with the cleaning fluids: while the
selection of a good solvent for the polymer facilitates the
swelling and mobility of polymer chains, it is the co-presence of
surfactants that boosts the kinetics of the dewetting process.
The amphiphilic molecules, in fact, favor the formation of new
solid-liquid and liquid-liquid interfaces, lowering the dewetting
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energy barrier, which also depends on the polymer thickness. In
this sense, highly surface-active non-ionic surfactants (e.g.,
alcohol ethoxylates) proved to be more efficient than SDS.[37]

Once initiated, dewetting can proceed by evolution of the
detachment areas via nucleation and growth of holes, which
eventually coalesce until the polymer film is disrupted and
detaches from the substrate as swollen droplets, resulting in
effective removal (Figure 3).
The advantages in this approach are evident as opposed to

traditional solution chemistry, where the polymer are dissolved,
when possible, by solvent blends and at least partially trans-
ported deeper in the murals’ pores, rather than completely
removed.
Over the last decades, o/w nanostructured fluids (NSFs)

have been assessed in a vast number of case studies, spanning
from Renaissance art to Mesoamerican archaeological sites,
where the main target has been the removal of detrimental
polymeric coatings applied in past conservation interventions
(Figure 3).[14,35,36] Such coatings block the natural porosities of
stone and wall paintings, enhancing the damage caused by
saline solutions to the artifacts; besides, the polymers them-
selves eventually undergo degradation, jeopardizing the surface
of the works. Thanks to the dynamic exchange of solvents and
surfactants by the nanodroplets, the NSFs proved to be highly
effective in safely and selectively removing the coatings, bring-
ing back the original painted layers.[14,35,36] Several formulations
have been proposed over the years, using “green” solvents such
as alklyl carbonates, and biodegradable or self-cleavable
surfactants (e.g., alcohol ethoxylates or amine oxides). Some of
the employed solvents are partially water-miscible, and are thus
partitioned between the confined phase (micelles) and the
continuous water phase; this feature can further boost the
efficacy of polymer removal.[14,35,36] The biodegradable/self-

cleavable surfactants further decrease the environmental
impact of the NSF, and reduce the need for rinsing steps after
the cleaning intervention to remove non-volatile components
of the formulation.[38]

It is also possible to use reversed water-in-oil (w/o) micro-
emulsions, where water is dispersed in a continuous solvent
phase. The rationale for employing these systems in art cleaning
relies in the possibility to control the accessibility of aqueous
solutions to water-sensitive surfaces by dispersing them in a
low-polar solvent (hydrocarbons); the water droplets can be
loaded with chelating agents and surfactants, and have
cleaning power towards hydrophilic dirt, while the solvents are
selected to be inert to water-sensitive painted layers (e.g.,
modern oil or acrylic paints).[39] While some promising applica-
tions have been reported, possible drawbacks of this approach
are due to the use of high amounts of surfactants, which can
leave residues whose effects have yet to be explored.
Complementarily to NSFs, an efficient strategy to control

the action of fluids on water- and solvent-sensitive surfaces is to
confine them in retentive matrices such as gels and highly
viscous polymeric dispersions (HVPDs).[34,35] There is a virtually
infinite plethora of polymers and synthetic approaches to
choose from in order to formulate confining networks, but
there are precise criteria to comply with to produce systems
that can be successfully adopted in the restoration practice.
Gels or gel-like networks have to exhibit high viscoelasticity to
favor handling, homogeneous adhesion, and easy removal in
one piece without the necessity of rinsing steps. They also need
to have the capacity of uploading large amounts of water or
solvents and release them at controlled rate on well-delimited
areas without excessive wetting of surfaces. Traditional materi-
als employed in the restoration practice include either
thickeners (e.g., polyacrylic acid or cellulose ethers HVPDs) or

Figure 3. Removal of aged, detrimental organic coatings from a Mesoamerican mural painting in Cholula. A) The presence of the organic coating significantly
alters the readability of the painting. B) The same area partially cleaned after the application of a microemulsion (courtesy of Piero Baglioni). Reproduced with
permission from ref. [14]. Copyright: 2013, American Chemical Society. C) and D) Visible light and FTIR 2D imaging of mortar tiles coated with Paraloid B72
and immersed in an o/w nanostructured cleaning fluid for different times. C) The surfaces under visible light and D) FTIR chemical maps of the polymer peak
at 1735 cm� 1 (C=O stretching; right). The spatial resolution of the chemical maps is 5.5 μm. Reproduced with permission from ref. [37]. Copyright: 2018, Wiley-
VCH.
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rigid sheets (gellan),[34] which are, respectively, scarcely retentive
and prone to leave residues, or too rigid to homogeneously
adapt to the rough painted surfaces frequently found in
modern/contemporary paintings.[40–42]

Alternatively, advanced confining systems based on chem-
ical (held by covalent bonds) or physical networks (held by
secondary bonds) have been specifically designed to cope with
the requirements of art cleaning.[14,35] The key-concept to select
a synthetic path over the other is the possibility to systemati-
cally tune parameters such as pore size distribution, polymer
mesh size, elastic and viscous moduli, free water index,
diffusivity of fluids inside the network, and water release rate.
One of the most successful class of chemical gels comprises
chemical networks of poly(hydroxyethyl methacrylate) semi-
interpenetrated with linear chains of polyvinylpyrrolidone
(pHEMA/PVP semi-IPNs), highly retentive and viscoelastic hydro-
gels that can be loaded with aqueous solutions or o/w fluids to
selectively remove unwanted layers from water-sensitive
surfaces.[41] These semi-IPNs are typically made as gel sheets,
easy to handle and remove, and their successful applications
have comprised the cleaning of fragile canvas paintings, murals
and paper artworks.[14,35,41,43]

Another promising class of confining matrices for art
cleaning includes dispersions and gels based on polyvinyl
alcohol (PVA), a green, biocompatible and sustainable polymer
able to form networks through different synthetic routes such
as cast-drying, freeze-thawing and chemical
manipulation.[42,44–46] PVA-based systems are well known in
tissue engineering, food chemistry and drug delivery; however
they were firstly introduced in conservation science in the first

decade of the 2000s, when PVA was crosslinked with borate to
yield viscoelastic HVPDs able to confine water and hydro-
alcoholic blends; the rheological properties of these dispersions
are such that they are easily “peeled” off the surface after the
application, which is a big improvement over traditional
thickeners.[44] These HVPDs were positively assessed in several
case studies, but other formulations have been eventually
developed where borate, which has some toxicity to humans,
was avoided, and other properties improved. Namely, freeze–
thawing (FT) was adopted to create physical networks where
PVA crystallites hold together polymer chains, acting as joints,
without the need for crosslinkers. The main properties of the
network have been modified by blending in, before the FT
process, either PVP or a PVA with different molecular weight
and hydrolysis degree.[42,45] Recently, a new class of gels, PVA/
PVA “twin-chain” networks, have been synthesized and em-
ployed to remove surface dirt or aged coatings from Pablo
Picasso, Jackson Pollock and Roy Lichtenstein’s masterpieces,
among others (Figure 4).[42,47,48] The presence of the lower-
molecular-weight PVA (L-PVA) produces, after the FT process, a
final network with a sponge-like interconnected porosity that
differs from the tightly packed channel-like pores of the single-
PVA analogue. The difference could play a fundamental role
when it comes to absorb detached dirt from surfaces, with
interconnected pores favoring the capture of dirt and its
migration through the gel network. L-PVA is also partially
included in, and protruding form, the gel walls, which overall
makes the “twin-chain” networks compliant and able to adapt
homogeneously to the rough painted surfaces commonly
exhibited by modern and contemporary paintings.[42] These gels

Figure 4. The cleaning of Pablo Picasso’s The Studio, 1928, oil and black crayon on canvas, 161.6 ×129.9 cm, Peggy Guggenheim Collection, Venice (The
Solomon R. Guggenheim Foundation, New York). A) A PVA/PVA “twin-chain” hydrogel is loaded with the o/w NSF (24 h immersion). B) Gel sheets loaded with
the NSF are gently squeezed with blotting paper to remove the fluid excess from their surface, and C) cut to the desired shape and size. D) The gel is applied
to the painted surface. E) Gentle mechanical action with a dry cotton swab allows the removal of the swollen/softened varnish and wax. F) Rinsing step: a
water-loaded gel is briefly applied to the same spot to remove possible residues of the NSF. Bottom center: the cleaning of white and red areas; the sections
in black boxes are shown in detail either side. Right: The painting during cleaning. The lighter cleaned areas can easily be distinguished from the darker
uncleaned areas at the top. Reproduced with permission from ref. [47]. Copyright: Succession Picasso, by SIAE 2020.
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constitute the most advanced cleaning system currently
available.
Notably, both pHEMA/PVP and the PVA-based hydrogels

can be uploaded with o/w microemulsions, and the micelles are
able to diffuse through the gel network without detrimental
alteration of either their structure or the gel’s.[43,47,49] This is an
appealing solution when the cleaning power of aqueous
nanostructured fluids is needed on a water-sensitive surface,
making the coupled system one of the most sophisticated tools
currently available to conservators.
PVA dispersions, opportunely formulated, can also be cast

directly on the surface of artworks, let film, and then peeled off
the surface removing engrained dirt or other unwanted
materials. This approach has been employed, for instance, in
the removal of corrosion layers from historical bronze, using
chelators to upload in the PVA filming dispersion.[50] The main
advantage is to have close adhesion to surfaces whose cavities
and crests have such a scale that a viscous dispersion is needed
to reach all the hidden spots.

4. Conclusions and Perspectives

The contribution of science has proven fundamental to help the
preservation of Cultural Heritage over the last decades, and the
call to scientists remains so as to transfer this inheritance to
future generations. While improvements in diagnostics are
focusing on portable and non-invasive techniques with increas-
ingly higher spatial resolution and sensitivity, materials and
colloid science have opened a vast range of possibilities for
effective formulations to be used in remedial conservation.
Many successful products have been developed, and some of
them are now available to conservators and curators, but there
is still broad space for improvements, implementation and the
exploration of new solutions. Currently, the challenge is to
develop materials and methodologies based on the principles
outlined by the President of the EU Commission, that is, the
development of a sustainable and circular economy, the use of
green chemistry and “safe by design”, and enhancing the
resilience of cultural assets, coping with the advancing threats
of climate change. Life-cycle assessment (LCA), materials
modeling, and the use of data platforms are crucial to help
decrease the environmental impact of new materials directly
from the design stage. According to these criteria, renewable
materials derived from nature are being progressively intro-
duced in restoration; examples include chitosan, fibroin, nano-
cellulose, and castor oil.[22,51–53] Inspiration for the formulation of
new solutions might also come from our ancient past:
archaeological and paleontological materials that have survived
to recent times are a magnificent example of a posteriori
extreme resilience to alteration; moreover, many such materials
were synthesized in soft chemical ways with low energy
resources.[54] Mimicking either these processes or natural
biosynthesis with current awareness of materials science would
represent an ideal case of a circular economy and resilience in
art conservation.
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