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ABSTRACT 
Untypical artistic techniques, fleeting materials and tridimensional surfaces 

make the artworks of the last century impermanent and delicate, if compared 

to traditional, flat easel paintings. As a result, the cleaning of Modern and 

Contemporary paintings is a very delicate process: the removal of dirt or grime 

deposited on their surface can be challenging. Traditional cleaning techniques 

were found to be unsuitable for this purpose: free solvents spread on the 

surface and swell the paint layers, water-based fluids can leach the paint 

components, while confining systems like traditional gels are too rigid, and/or 

leave residues on the surface. 

Poly(vinyl alcohol) (PVA)-based cryogels can meet the demand for new, 

science-driven, materials for restoration. This class of hydrogels, obtained 

through a freeze-thawing (FT) process, exhibits unique properties, such as 

high water retentiveness, free water content and adaptability to rough surfaces, 

interconnected porosity, structural cohesion and ease of handling/removal. 

Cryogels can be loaded with cleaning fluids, or just be swollen in water, and 

then placed in contact with the surface to clean: the free water inside the 

network allows the detaching of dirt, that is eventually trapped in the polymer 

matrix. 

The characteristics of PVA cryogels can be tailored by adding a second 

polymer that acts as a semi-interpenetrating agent, and/or varying the number 

of FT cycles. The chemical nature of polymer chains, and their molecular 

weight, also affect the final gel structure. As a result, the gel porosity, the 

rheological behavior and the dynamics of polymer chains embedded in the 

network are expected to change. 

Twin-Chain Polymer Networks (TC-PNs) were obtained by mixing two PVAs 

with higher (H-PVA) and lower (L-PVA) molecular weight and hydrolysis 

degree. Despite the very similar structure of the two polymers, a liquid-liquid 

phase separation occurred in the pre-gel solution: L-PVA chains are expelled 

from the H-PVA continuous phase and form spherical blobs, which act as 

porogens during cryostructuration. Confocal and Scanning Electron 

Microscopies revealed the  sponge-like structure of TC-PNs, with micron-

sized and interconnected pores. Small Angle X-ray Scattering and Differential 

Scanning Calorimetry clarified details about the structure at the nanoscale, 
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while Fluorescence Correlation Spectroscopy (FCS) revealed the polymers 

dynamics. On the other hand, rheology data suggested that the semi-

interpenetrating polymers can alter the gelation process, acting also as 

structuring agents. 

The diffusion of cleaning nano-structured fluids (NSFs) through the gels 

matrix was investigated through FCS: polymer-surfactant interactions and gels 

porosity were proven to influence the diffusive components. 

Overall, TC-PNs exhibited unprecedented cleaning performances, 

unconceivable with traditional methods. TC-PNs were successfully used to 

treat two Jackson Pollock’s and one Pablo Picasso’s masterpieces (Peggy 

Guggenheim collection, Venice), bringing back the paints original hue and 

brightness.  
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LIST OF ABBREVIATIONS 
PVA: Poly(vinyl alcohol) 

FT: freeze-thaw of PVA aqueous solutions, to obtain cryogels 

NSFs: Nano-Structured Fluids 

µEm: microemulsion 

o/w µEm: oil-in-water microemulsion 

TC-PNs: Twin-Chain Polymer Networks 

pHEMA: poly(2-hydroxyethyl methacrylate) 

Tg: Glass transition temperature 

Mn: number-average molecular weight of a polymer 

Mw: weight-average molecular weight of a polymer, or generally, molecular 

weight of a polymer 

Mz: Z-average molecular weight of a polymer 

Mv: viscosity-average molecular weight of a polymer 

UCST: Upper Critical Solution Temperature 

LCST: Lower Critical Solution Temperature 

JM theory: theory by Jones and Marques, describing rigid polymer gels 

HD: Hydrolysis degree, the percentage of -OH groups on the PVA 

backbone 

H-PVA: Polyvinyl alcohol with higher Mw and HD 

L-PVA: Polyvinyl alcohol with lower Mw and HD 

PVP: Polyvinylpyrrolidone 

FITC: Fluorescein isothiocyanate 

RBITC: Rhodamine B isothiocyanate 

MPD: Methoxy pentadeca oxyethylene dodecanoate, a nonionic surfactant 

PDE: Pentadeca oxyethylene dodecyl ether, a nonionic surfactant 

SDS: Sodium Dodecyl Sulfate 

PC: Propylene Carbonate 

MEK: Methyl Ethyl Ketone 

EA: Ethyl Acetate 

Pe-OH: Pentanol 

Bu-OH: Butanol 

PVAc: Polyvinyl Acetate 

PN: Pure Network, gels made on H-PVA only 
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i-PVA: gels containing H-PVA and L-PVA 

i-PVP: gels containing H-PVA and PVP 

DSC: Differential Scanning Calorimetry 

SAXS: Small Angle X-Ray Scattering 

FCS: Fluorescence Correlation Spectroscopy 

FRAP: Fluorescence Recovery After Photobleaching 

SEM: Scanning Electron Microscopy 

LVE: linear viscoelastic range, identified in amplitude sweep measurements 

RT: Room Temperature 

G’: Storage Modulus 

G’’: Loss Modulus 
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INTRODUCTION 
“There really is no such thing as Art.  There are only artists.  Once these were men who 

took coloured earth and roughed out the forms of a bison on the wall of a cave; today some 

buy their paints, and design posters for the hoardings […].  There is no harm in calling all 

these activities art as long as we keep in mind that such a word may mean very different 

things in different times and places […].” 

E.H. Gombrich, The Story of Art 

 

From the dawn of time, the creation of artworks has been an ancestral human 

need: whether they were used for propitiatory rites, as magic objects or to 

celebrate great battles, figures or events, they characterized the evolution of 

human history. In fact, the artists’ work evolved, through the ages, with the 

way of thinking and behaving, shaping new ways of seeing the world. 

While the artwork itself is a means of conveying a message, the artist’s task is 

to shape the matter that will constitute the artwork, so that the dimension of 

thoughts and abstraction can be transferred to a material dimension, and then 

be recalled  as ideas and feelings by the observers. 

The preservation of the aesthetics of artworks and their constituent materials 

is, therefore, fundamental to ensure the accessibility of Cultural Heritage.1 

The readability of a work of art can be altered by the deposition of unwanted 

materials, due to environmental exposure, wrong handling, but also previous 

conservation treatments.2–4 In these cases, a cleaning action may be required. 

As far as easel paintings are concerned, the action of cleaning may be referred 

either to a “surface cleaning”, i.e. the removal of surficial grime and soil, or to 

the removal of degraded layers5, such as yellowed varnishes or coatings2. 

Cleaning fluids6–9 (either aqueous solutions or nanostructured 

fluids/microemulsions, depending on the type of material to be removed) can 

be embedded in gel networks: in this way, a time- and space-controlled 

cleaning action can be performed10–13. The gels characteristics must be chosen 

depending on the type of surface to be cleaned: for example, Modern and 

Contemporary paintings are usually characterized by water-sensitive, textured 

surfaces14,15. In this case, the ideal candidates would be gels with high 

adaptability and water retentiveness. Polymer gels and, more specifically, 
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Poly(vinyl alcohol) (PVA)-based cryogels, have shown the best cleaning 

performances in both laboratory trials and case studies.10,13,16,17 

PVA-cryogels constitute the main focus of this PhD thesis. 

Their structural and physico-chemical properties were investigated by varying 

the formulation composition and the number of freeze-thaw (FT) cycles. The 

diffusion of Nano-Structured Fluids (NSFs), such as swollen micelles or o/w 

microemulsions (µEm), was tracked inside the gel matrix. Finally, cleaning 

abilities were assessed trough cleaning tests on specific mockups. 

In this context, a new class of hydrogels was formulated for the first time: 

Twin-Chain Polymer Networks (TC-PNs), obtained as a blended mixture of 

two PVAs with different hydrolysis degree and molecular weight. 

TC-PNs are sponge-like networks with excellent water retentiveness and 

compliance, through which cleaning fluids diffuse in a controlled fashion. 

They showed unprecedent cleaning performances, surpassing the limitations 

of the traditional restoration approaches and classic detergency.  

TC-PNs allowed a safe and controlled cleaning of Jackson Pollock’s 

masterpieces Two and Eyes in the Heat, and Pablo Picasso’s The Studio.13,17  

The introductory chapters (1 – 3) will describe in more detail the ageing of the 

paintings materials, the planning of the cleaning treatment and the new 

technologies for cleaning provided by scientific research. Finally, some 

theoretical background about polymer solutions, gels and PVA-based cryogels 

will be provided.  
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Chapter 1. Cleaning of Paintings: 
from traditional to innovative 
methods 
Cleaning is a very delicate process: it involves the identification of the original 

materials constituting the artwork, the understanding of the dirt chemical 

nature, the study of the polarity, porosity and morphology of the surfaces, and 

the assessment of the general state of conservation.18 Such preliminary 

evaluation is necessary to predict the optimal cleaning treatment. However, 

this task is never easy: the paint composition changed over time and according 

to the artist’s taste.  In this sense, Modern and Contemporary paintings 

constitute a unique in the History of Art: the appearance, since 1940s, of 

hundreds of new synthetic pigments and binders19, and the experimentation 

of unconventional materials, led to the production of extremely complex 

painted surfaces. The ideal cleaning agent would act only on the layers to be 

removed, leaving the materials to be preserved unaffected.3 Hence, the need 

of science-driven, advanced cleaning tools is particularly felt, to ensure a safe 

and efficient treatment of vast collections. 

 

1.1 The ageing of painted surfaces 

The alterations occurring, over time, at the surface of a painting may be due 

to the ageing of the materials constituting the artwork or to the deposition of 

unwanted compounds. The chemical composition of the raw materials, their 

particles size, the manufacturing and purification processes are some of the 

intrinsic factors affecting the paint layers stability, while environmental factors 

such as light, moisture, heat or pollutants can facilitate the artwork surficial 

degradation.19 All these factors may lead to the fading of colors or the 

darkening of the paint, altering the contrasts and the color balance; physical 

and chemical changes can also occur, resulting in embrittlement or cracking 

of the paint layers, and in the alteration of the hydrophilic/hydrophobic 

characteristics of the exposed layers. 

However, painted surfaces can also retain soil and grime. The surficial 

properties which facilitate soiling are: roughness, moisture resistance, 
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varnish/paint elasticity, relative hydrophobicity/hydrophilicity, tackiness and 

surface charge.20 

While the ageing of the original materials, the fading of the pigments and some 

alterations of the paint layers are often irreversible and, to some extent, 

inevitable, surficial soil or yellowed varnishes can be removed through 

cleaning treatments (fig. 1). To avoid any damage, an accurate assessment of 

the physico-chemical characteristics of the unwanted and original materials is 

required. 

 

 
Figure 1. Removal of aged acrylic coatings from the wall paintings of the San Salvador church 

sacristy in Venice, Italy. Photographs taken (A) before the removal and (B) after the 

application of a high-viscosity polymeric dispersion loaded with an oil-in-water 

microemulsion. Reproduced from ref. [1]. 

 

1.2 Cleaning paintings: a short history of the cleaning 
methods 

Aqueous media have been used, since the antiquity, to remove the particulate 

matter deposited on the surface of paintings; in fact, water is a highly polar 

solvent and can reduce or eliminate coulombic interaction, suspending small 

particles, or dissolving the hydrophilic compounds. Wine, ammoniated or 

potash solutions, soap preparations and especially saliva were often used as 

cleaning aids.21 

Nowadays, restorers mainly use surfactant solutions, buffers and solutions of 

chelating agents, etc. to remove dust and hydrophilic dirt from painted 

surfaces. The removal of hydrophobic compounds (e.g. aged coatings or 
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varnishes), instead, is achieved by dissolving them in organic solvents, either 

neat or blended.2 While the general rule of thumb is to choose solvents 

according to the law of “like dissolves like”, nowadays conservators can rely 

on tools such as the Teas diagrams.22 Teas charts are graphical representations 

of the reduced solubility parameters calculated by Hansen23, based, in turn, on 

Hildebrand solubility parameters, δ. Such values can be calculated from the 

enthalpy of vaporization and the molar volume of a certain liquid24. If the δ 

of two compounds matches, then solubilization occurs. Hansen refined the 

definition of δ, including in it three contributions: a term due to dispersion 

forces (δd), one due to polar interactions (δp) and the last to hydrogen bonding 

(δH). The quadratic sum of these three terms gives the square of the total 

solubility parameter, δt. Teas charts are triangle plots, reporting on their axes 

the reduced solubility parameters fd, fp and fh, i.e. the Hansen parameters 

normalized by their sum and multiplied by 100 (so that fd + fp + fh = 100).25 

The coordinates on Teas plot for a certain solvent, solvents blend or families 

of similar solvents can help to identify areas of solubility for a certain material, 

through testing7 (fig. 2 A). For example, the solubility diagram of Paraloid B72 

is shown in fig. 2 B. Paraloid is a  ethyl-methacrylate-methyl acrylate 

copolymer, commonly used as a waterproof and glossy coating to preserve 

the surface of painted artifacts; it is soluble in solvents like xylene, toluene, 

ethyl acetate, acetone and butanol;26 the area of solubility delineated by such 

solvents is highlighted in fig. 2 B. 

However, the spreading of free cleaning fluids (either organic solvents or 

aqueous media) on the surface of a painting can be risky, being uncontrolled 

and non-selective: leaching and deterioration of solvent-sensitive paints or 

pigments is likely to occur. Moreover, organic solvents are often volatile and 

toxic, therefore unsafe for the restorers.  

The aggressiveness and the rate of evaporation of organic solvents can be 

limited by confining such solvents in µEm. 

µEm are three- or four-components systems, containing two immiscible 

phases (water and oil), at least one surfactant and sometimes co-surfactants, 

as well. µEm  are thermodynamically stable systems, in which the interfacial 

tension between the water and oil phases must be extremely low.27 To that 

end, the surfactant must saturate the oil-water interface, forming a layer 

between the two immiscible phases. Co-surfactants cooperate with the 

surfactant in reducing the interfacial tension, and fluidify the film; more 
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specifically, co-surfactants are able to reduce the bending rigidity of the 

interface, increasing its entropy and allowing the spontaneous formation 

of the µEm droplets.28–30 

 

 
Figure 2. (A) Teas plot showing the solubility parameters for different families of solvents: 

water (W), solvents containing nitrogen (N), ketones (K), alcohols (Alc), glycol ethers and 

esters (G-E), esters (E), chlorinated solvents (C), aromatics (Ar), aliphatics (Ali). Reproduced 

from ref. [7]. (B) Teas plot for Paraloid B72. 

 

When the water-surfactant interactions are more favored than the oil-

surfactant interactions, and when the surfactant polar heads strongly interact 

with water, a positive curvature of the surfactant layer will be favored, 

resulting in an oil-in-water (o/w) µEm.31 If the organic solvent is partially 

miscible with water, the concept of two well-separated phases, therefore the 

concept of µEm, no longer applies. In that case, the continuous aqueous phase 

will contain a certain amount of solvent (depending on its solubility in water), 

and the solvent in excess will swell the micelles. Such systems have been 

defined as Nanostructured Fluids (NSFs). 

Both µEm and NSFs have been largely investigated by our group as the 

optimal tool for the cleaning of polymer-coated painted surfaces (fig. 3 A, B)6–

9,32. 

Namely, it has been observed that specific surfactants, included in good 

solvents/water mixtures, can enhance polymeric films dewetting33–36. 

Dewetting can be defined as the process in which the spontaneous withdrawal 

of a liquid from a non-wettable surface occurs.37 The free energy of the liquid 

film depends on the interfacial energy, the gravitational energy and the long-

range Wan der Waals forces. For thin films (thickness in the nm range) the 
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gravitational contribution is negligible with respect to the long-range forces; 

in this case the film is unstable and dewetting occurs through a spinodal 

decomposition. On the other hand, for thick films (thickness in the µm range, 

like those found on paintings), the long-range forces contribution is negligible 

with respect to the gravitational energy; these films are metastable and, when 

their thickness is lower than a critical value, dewetting occurs through 

nucleation and growth.37,38 In the case of a thick hydrophobic polymer film 

lying on a hydrophilic surface (glass), dewetting is thermodynamically favored 

but kinetically inhibited (see fig. 3 - 1).39 For the dewetting process to occur, 

the polymer film must become liquid.40–42  

 

 
Figure 3. Left panel (A, B): Removal of an aged coating from a mural painting, in  the 

Annunciation Basilica in Nazareth (Israel). (A) The surface before restoration: the aged 

coating caused a yellowing of the painted surface; (B) The painted surface after treatment 

with an o/w µEm. The highlighted rectangular area shows the untreated surface, as a 

reference. Reproduced from ref. [28] 

Right panel (1 – 5): Dewetting process occurring when a model Paraloid B72 film, lying on 

a glass substrate, is treated with an o/w µEm. (1) Film before interaction; (2 – 3) Film 

destabilization and formation of cavities at the glass-film interface; (4 – 5) Polymer 

rearrangement in spherical blobs. 

Reproduced from ref. [7]. 
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More specifically, the temperature must be higher than the polymer glass 

transition temperature (Tg): this can be achieved either by heating the film, or 

by using a good solvent for the polymer, which lowers its Tg to room 

temperature, or below.43 At that point, chains mobility increases and dewetting 

is no more inhibited: new polymer-fluid and substrate-fluid interfaces form, 

and the detached areas evolve through a nucleation and growth process (fig. 

3 – 2, 3). Eventually, complete dewetting may occur (after a certain critical 

point), leading to polymer rearrangement in spherical blobs, completely 

detached from the substrate7 (see fig. 3 – 4, 5). Dewetting is of paramount 

importance in the removal of unwanted polymeric coatings from painted 

surfaces: the use of a o/w µEm or a NSF grants the lowering of the polymer 

Tg, triggering the dewetting process. 

 

1.3 Hydrogels to clean Modern and Contemporary 
paintings 

In order to achieve a controlled cleaning action, capillary penetration and 

solvent evaporation must be reduced, while the solvent must be gradually 

released on the surface. In this regard, aqueous solutions, µEm or  NSFs can 

be mixed with thickeners to obtain the so-called “solvent gels”, or confined 

in rigid gels3,21,44. Thickeners traditionally used in Conservation include 

cellulose ethers and poly acrylic acid polymers, while common examples of 

rigid gels are gellan and agar. While solvent gels leave residues that are difficult 

to remove, even after several rinsing steps, traditional rigid gels are not able 

to adapt to textured surfaces, limiting their application in the cleaning of 

clotted painted surfaces16,17. Moreover, both systems are scarcely retentive and 

can damage solvent-sensitive artifacts. 

Our research group, in the last decade, focused on the study of chemical 

pHEMA hydrogels and physical PVA-based cryogels for the treatment of 

water- and solvent-sensitive surfaces10,16,17,45 (see fig. 4). Both o/w µEm and 

NSFs have been confined in these gels and used to clean hydrophobic dirt 

and polymer layers from both model substrates and paintings10,11,13.  

Hydrogels to clean Modern and Contemporary paintings should possess the 

following characteristics: 

a) High water retentiveness and free water content, to grant the diffusion 

of the cleaning fluids without excessive wetting of the substrate; 
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b) An interconnected, micron-sized porosity; 

c) High adaptability on rough, clotted surfaces, to guarantee a uniform 

cleaning action; 

d) Ease of handling and a residue-free removal.32 

 

PVA-based cryogels, obtained through a FT process, satisfy all the 

aforementioned characteristics. In fact, PVA cryogels can be formulated to 

exhibit excellent strength and elasticity, with no need of toxic cross-linkers: 

PVA crystallites, formed during the polymer-water phase-separation 

occurring at low temperatures, are the only tie-points in the structure.46 

The FT process provides unique swelling and rheological properties to the 

gels: their structure is highly cohesive, which translates into easy handling and 

feasible removal from the treated artifacts, without leaving polymer residues16. 

Sponge-like networks can be obtained by exploiting semi-interpenetrating 

polymers as porogens. The interconnected porosity grants the diffusion of 

cleaning fluids, in a controlled fashion, at the gel-artifact interface: here dirt 

and grime are detached and included in the polymer matrix. The inclusion of 

cleaning fluids in cryogels also grants their controlled release on water- and 

solvent-sensitive artifacts, avoiding any leaching of paints or pigments. 

Finally, adaptability of the gels to rough surfaces must be guaranteed, because 

homogeneous adhesion is essential to achieve optimal cleaning. Also in this 

case, the use of semi-interpenetrating polymers is crucial: they can change the 

gels rheological response and increase the systems compliance. 
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Figure 4. Chemical hydrogels, loaded with a o/w µEm, are used to remove an aged varnish 

from an eighteenth-century canvas painting. (a) From left to right: the appearance of the 

surface (detail) before cleaning, under visible light; the same surface under UV light; hydrogel 

application; cleaned area under visible light; cleaned area under UV light. 

(b) UV photographs of the painting showing the efficacy of the treatment: right-half is 

cleaned, while left-half is still uncleaned; (c) The painting under visible light: right-half is 

cleaned, while left-half is still uncleaned. Reproduced from ref. [1]. 
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Chapter 2. Polymer solutions 
Polymers are macromolecules, in which single repeating units, the monomers, 

are linked through covalent bonds to form long chains. The molecular weight 

of a single polymer chain can be calculated as: 

 

 𝑀𝑐ℎ𝑎𝑖𝑛 = 𝑁 𝑚 (1) 

 

where m is the monomer mass and N the degree of polymerization, i.e. the 

number of monomers constituting the polymer chain. 

 

2.1 Polymers average Molecular Weights 

For synthetic reasons, polymers are always characterized by a molecular 

weight distribution. Therefore, different average molecular weights can be 

obtained from different characterization techniques: the number average Mn 

from osmometry, the weight average Mw from light scattering, the Z-Average 

Mz from ultracentrifugation, and the viscosity average Mv from viscometry47. 

Mn, Mw and Mz can be calculated from the following equation: 

 

 
�̅� =  

∑ 𝑁𝑖𝑀𝑖
𝑎

∑ 𝑁𝑖𝑀𝑖
𝑎−1 (2) 

 

where the parameter a is 1 for Mn, 2 for Mw and 3 for Mz, and 𝑁𝑖 is the number 

of chains with weight 𝑀𝑖 . On the other hand, Mv can be calculated from the 

intrinsic viscosity of the polymer solution, [η], by applying the Mark-Houwink 

equation47: 

 

 [𝜂] = 𝐾 𝑀𝑣
𝛼 (3) 

 

where K and α are known as Mark-Houwink parameters for the specific 

polymer-solvent system at a certain temperature. 

Therefore, Mv can be defined as: 
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𝑀𝑣 =  {
∑ 𝑁𝑖𝑀𝑖

1+𝛼

∑ 𝑁𝑖𝑀𝑖
}

1/𝛼

 (4) 

 

From Eq. 2 and 4, it can be inferred that the polymer average molecular 

weights increase as follows: 

 𝑀𝑛 < 𝑀𝑣 ≤ 𝑀𝑤 < 𝑀𝑧 (5) 

 

and Mv = Mw for α = 1. 

 

2.2 Solvent quality and chain conformation in solution 

When a polymer is dissolved in a certain solvent, the conformation of polymer 

chains will depend on polymer-solvent interactions. Such interactions have 

been described by the Flory-Huggins theory48,49: polymer chains are 

represented as random walks on a cubic lattice, each lattice site being occupied 

either by a monomer or by a solvent molecule (see fig. 5). If the volume 

fraction of sites occupied by the monomer is Φ and the number of monomers 

constituting the chain (i.e. the degree of polymerization) is N, the overall free 

energy per site is given by50: 

 

 1

𝑘𝐵𝑇
Δ𝐺𝑚𝑖𝑥|

𝑠𝑖𝑡𝑒

=
Φ

𝑁
ln Φ + (1 − Φ) ln(1 − Φ) +  𝜒Φ(1 − Φ) (6) 

 

χ is the Flory interaction parameter, which takes into account monomer-

monomer (MM), monomer-solvent (MS) and solvent-solvent (SS) 

interactions. More specifically: 

 

 
𝜒 =  𝜒𝑀𝑆 −

1

2
(𝜒𝑀𝑀 + 𝜒𝑆𝑆) (7) 

 

χ is dimensionless and depends on temperature and pressure. If χ < ½, the 

solvent is good for the polymer, while χ > ½ is found for bad solvents. In 

good solvents, the polymer chain will be extended because solvent-polymer 

interactions are favored; in bad solvents, instead, polymer-polymer 

interactions will be favored and the chain will collapse. 
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Figure 5. A bidimensional plane of the cubic lattice used to describe a polymer-solvent 

system in the Flory-Huggins theory. Each site on the lattice is occupied either by a solvent 

molecule or by a monomer: blue circles represent solvent molecules, while red lines represent 

polymer chains. 

 

At χ = ½ the solvent is called “theta” and the polymer chain assumes an ideal 

conformation (random walk), because polymer-solvent interactions are 

balanced as regards thermal energy. 

Information about polymer conformation in solution and solvent quality can 

also be obtained from viscosity data of polymer solutions. For example, in the 

Mark-Houwink equation (Eq. 3), the α coefficient varies with chain 

conformation: 0 < α < 0.5 describes rigid spheres in ideal solvents, α = 0.5 

for theta solvent, 0.5 < α < 0.8 for polymers in good solvent (extended coil), 

while 0.8 < α < 2 is found for rigid/stiff chains.51 Also Huggins equation52 

(Eq. 8) for dilute polymer solutions, and Martin equation53 (Eq. 9) for semi-

dilute polymer solutions, give some hints about chains conformation:  

 

 𝜂𝑠𝑝 = [𝜂]𝑐 + 𝑘𝐻[𝜂]2𝑐2 + 𝑘2[𝜂]3𝑐3 + ⋯ (8) 

 

 ln 𝜂𝑠𝑝/𝑐 = ln[𝜂] + 𝑘𝑀[𝜂]𝑐 (9) 

 

ηsp is the specific viscosity, [η] the intrinsic viscosity and c the polymer 

concentration. 

The Huggins coefficient, kH, describes polymer-solvent interactions: it has a 

lower value in good solvents (i.e., kH < ½), while it increases in bad solvents 
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(kH > ½).54 The Martin constant takes into account also polymer-polymer 

interactions, but varies like kH. 

Values of χ and kH for aqueous solutions of PVA can be found in the 

literature55–59. For highly hydrolyzed PVAs, χ = 0.494 at 30°C (it does not vary 

significantly with temperature) and kH = 0.51; partially hydrolyzed PVAs, 

instead, are characterized by χ ≈ 0.464 (it increases with temperature to χ ≈ 

0.49)60 and kH = 0.3957. 

These data suggested that, even if PVA is soluble in water, highly hydrolyzed 

PVA chains tend to self-associate in aqueous solutions (kH ≈ ½), while 

partially hydrolyzed chains are molecularly dispersed at room temperature. 

However, higher temperatures cause an increase in χ for partially hydrolyzed 

PVAs. In fact, at high temperatures, the hydrogen bonds formed among PVA 

chains and water become less effective: the polymer hydrophobicity, due to 

the presence of acetates, prevails. As a result, water becomes a poorer solvent 

and polymer chains collapse. Nonetheless, it should be noted that χ values are 

usually obtained in dilute conditions, i.e. for non-overlapping chains. Higher 

polymer concentrations and longer chains are expected to affect χ.61 

 

2.3 Phase behavior of polymer-solvent systems 

When χ exceeds ½ polymer-solvent interactions could become so unfavorable 

that the solution may separate in two phases. More specifically, when χ is 

higher than a certain critical value χc (identified by a certain critical volume 

fraction) the system becomes unstable (see the critical point in fig. 6). The line 

between the stable and the unstable regions is the spinodal line (the dashed 

line in fig. 6).  

χ for a polymer-solvent system can be changed by varying the temperature. In 

most of the cases, an increase in T causes χ to decrease: therefore, there will 

be a critical temperature, Tc, below which the system will separate in two 

phases. This temperature is called Upper Critical Solution Temperature 

(UCST). Conversely, when higher T causes an increase in the χ value, there 

will be a Tc above which two phases will form: in this case, the polymer-

solvent system is characterized by a Lower Critical Solution Temperature 

(LCST). LCST behavior can occur more easily when hydrogen bonds are 

involved in the polymer-solvent interactions;62 in fact, hydrogen bonds are 

disrupted by high temperatures and an extended polymer chain conformation 
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is no longer favorable: polymer chains collapse and phase separation occurs. 

This is the case for aqueous solutions of partially hydrolyzed PVAs63,64: they 

display a LCST behavior around 60°C. 

 

 
Figure 6. An example of phase diagram for a polymer-solvent system. The critical point 

indicates the critical temperature and volume fraction at which the system phase-separates. 

More specifically, the diagram describes a UCST behavior, as the separation occurs below a 

certain critical temperature. Between the binodal and the spinodal lines there is a metastable 

(ms) region: in this area the phase separation occurs as a nucleation and growth process. In 

the spinodal area, phase separation occurs through spinodal decomposition. Reproduced 

from S. L. Burg and A. J. Parnell 2018 J. Phys.: Condens. Matter 30 413001. 

 

Phase-separation can occur through two distinct mechanisms: spinodal 

decomposition or nucleation and growth65, depending on the position of the 

polymer-solvent mixture in the phase-diagram (fig. 6): unstable regions should 

give spinodal decomposition, while metastable regions result in nucleation and 

growth. 

 

2.4 Polymer-polymer mixtures 

Mixtures of two polymers can be described in term of Flory-Huggins theory: 

the polymers A and B, with degree of polymerization NA and NB, respectively, 

are positioned on a cubic lattice. The free energy per site can be written as50: 

 

 1

𝑘𝐵𝑇
Δ𝐺𝑚𝑖𝑥|

𝑠𝑖𝑡𝑒

=
Φ𝐴

𝑁𝐴
ln Φ𝐴 +

Φ𝐵

𝑁𝐵
ln Φ𝐵 +  𝜒Φ𝐴Φ𝐵 (10) 
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being ΦA and ΦB the volume fractions of the two polymers. For high 

molecular weight polymers the contribution of the entropic term to the free 

energy becomes negligible (the combinatorial entropy of mixing for the two 

polymers is much lower with respect to the polymer-solvent case). 

Moreover, in most cases χ is positive. Therefore, A and B are usually not 

miscible. This description can be valid also when a concentrated solution of 

the two polymers is considered as, also in this case, the entropy of mixing is 

very low, and this prevails on the enthalpic term due to polymer-solvent 

interactions.50,66 As a matter of fact, segregation nearly always occurs in 

solutions containing two polymers.50 

While polymer-solvent mixtures (with a borderline miscibility) usually exhibit 

UCST behavior, polymer-polymer mixtures usually show a LCST.67 

Both UCST and LCST behaviors have been reported for mixtures of highly 

and partially hydrolyzed PVAs.63 

When the polymers composing the system are linear homopolymers, phase-

separation results in macroscopic phase-separation (fig 7 A). 

If linear homopolymers are mixed with the corresponding co-polymer, the 

co-polymer may act as a surfactant and stabilize phase-separation in micron-

sized domains (fig. 7 B).65 

 

 
Figure 7. Two possible scenarios of phase-separation. (A) Two incompatible linear polymer 

are mixed: a macroscopic phase-separation results; (B) Linear homopolymers and the 

corresponding diblock copolymer are mixed: the latter stabilizes a phase-separation at the 

micron-scale, acting as a surfactant. Adapted from ref [59].  
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Chapter 3. Polymer Gels 
A gel can be defined as a non-fluid network, expanded throughout its whole 

volume by a fluid.68 

Therefore, a polymer gel is expected to contain at least two components: a 

network, made of flexible polymer chains, and the liquid; systems of this type 

show both the cohesiveness of a solid and the diffusional properties of a 

liquid.69 Depending on the nature of the fluid contained in the network, gels 

can be classified as hydrogels (containing water) or organogels (containing 

organic solvents). 

 

3.1 Chemical and physical gels 

Gels are obtained from chemical or physical processes. In the first case, the 

network forms by condensation of polyfunctional units, by additive 

polymerization or by covalent crosslinking of preexisting chains50. Chemical 

gels are real macromolecules, with a nominally infinite molecular weight. 

Physical crosslinks, instead, form because of physical interactions between 

polymer chains. Thus, in this case, the gelation is due to weak interactions, 

hydrogen bonds, or the formation of helix or crystallites50. If the ordered 

regions containing such tie-point can be disrupted by a change in temperature, 

physical gels can also be defined “thermoreversible”. 

It is convenient to distinguish between strong and weak gelation processes. In 

the first case, crosslinks are stable in the experimental conditions, and a sharp 

gelation threshold can be identified. In the second case, the gelation occurs 

due to a progressive decrease in the degrees of freedom in the system: the 

crosslinks can form and disrupt in the experimental condition, i.e. they are 

transient. Most gels obtained by chemical crosslinking are strong gels, while 

physical gels can be strong or weak. De Gennes defined the strong gelation 

regime as the case where polymer clusters, obtained at a certain polymer 

concentration p, at the beginning of the gelation process, could be isolated 

and subjected to different treatments (such as dilution, change of solvent, 

shear flow) without disrupting them.50 

From the rheological point of view, strong gels behave as solids at small and 

large deformations: the real and the imaginary part of their shear modulus G*, 
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i.e. the storage modulus, G’, and the loss modulus, G’’, are parallel and 

frequency-independent for a wide range of applied strain. In weak gels, 

instead, G’ and G’’ have more similar values and the G’-G’’ crossover occurs 

at lower strains: the system starts to flow, behaving as a liquid70 (fig. 8). 

 

 
Figure 8. Rheological behavior of (A) a strong gel and (B) a weak gel. The crossover between 

G’ and G’’ occurs at higher strains in (A) and at lower strains in (B). Reproduced from: de 

Souza Mendes, P. R., et al. (2014). Applied Rheology, 24(5), 1-10; Lee, J. H., et al. (2015). 

Nature communications, 6(1), 1-9. 

 

3.2 Gelation models 

Gelation can be schematically described by considering a system containing 

monomers which are able to covalently link to each other, randomly. If the 

functionalities on each monomer are, at least, three, the system eventually 

evolves in an infinite, single macromolecule69 (fig. 9). 

 

 
Figure 9. Tree-like branched molecule, obtained through the reaction of monomers with 

three functional sites. Flory-Stockmayer theory of gelation is based on this model. 
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This scenario constitutes the basis of the classical theory of gelation, 

developed by Flory and Stockmayer71,72. The classical model is based on the 

following assumptions: monomers form tree-like clusters, the functionalities 

on each monomer having the same reactivity; intramolecular reactions cannot 

occur (closed cycles are never obtained); the reaction probability for each 

functional group depends on the mean monomer concentration (steric 

hindrance and excluded volumes are not considered). Due to these strong 

approximations, the classical model is able to describe the behavior at the 

gelation threshold only for vulcanization50. In 1976, Stauffer73 and De 

Gennes74  applied percolation theory to describe the gelation mechanism. 

Percolation was first introduced to describe diffusion in disordered media.75 

However, it provides a model description for the gelation without considering 

diffusion processes, i.e. in absence of solvent. A two-dimensional lattice is 

considered, where each lattice site has z nearest-neighbors and z 

functionalities. Neighboring sites can react randomly, forming bonds (see fig. 

10). If p is the number of reacted bonds at a certain time, a critical value pc 

can be defined: when p > pc, an infinite network is obtained. pc is the gelation 

threshold. 

 

 
Figure 10. Percolation model: monomers (green circles) are represented in a tree-dimensional 

lattice (in the figure only one plane is shown). Neighboring units can react forming chains 

(green lines), until a single macromolecule forms. 

 

De Gennes calculated different critical exponents, describing the 

characteristics of the system right below and above the gelation threshold.50 
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Above the gelation point, the rheological characteristics of the system scale 

with polymer concentration and, more specifically, the following can be 

stated: 

 𝐸 ≅  Δ𝑝𝑡      𝑓𝑜𝑟   𝑝 > 𝑝𝑐 (11) 

 

where E is the elastic modulus, Δ𝑝 = 𝑝 − 𝑝𝑐  and t ~ 1.7 - 1.9 in three 

dimensions. 

For gels swollen in good solvent, relationship (11) becomes: 

 

 𝐸 ∝  𝑐2.25 (12) 

 

where c is the polymer concentration50. 

The percolative approach fits particularly well with the gelation mechanism of 

chemical gels, but it has been widely used to describe the gelation of both 

chemical and physical networks, such as PVA cryogels76–78. 

As far as physical gelation processes are concerned, Jones and Marques (JM) 

theory describing rigid polymer networks79 has been readapted in an empirical 

model to describe the formation of fibrillar networks80. According to the JM 

theory, the elastic modulus of rigid networks can be described as a function 

of the polymer volume fraction. More specifically, rigid networks are classified 

in enthalpic networks, containing frozen crosslinks, and entropic networks, whose 

crosslinks are defined as freely-hinged junctions. In enthalpic networks 

polymer chains are rigidly crosslinked and the network can deform only by 

bending the chains, while the freely hinged junctions of entropic networks can 

rotate freely about the tie-point, so that a certain entropy is associated to the 

crosslinks.79 

The following relationships have been established for enthalpic and entropic 

junctions, respectively: 

 

 𝐸𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑖𝑐 ∝  𝐶(3+𝐷𝐹)/(3−𝐷𝐹) (13) 

 𝐸𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐 ∝  𝐶3/(3−𝐷𝐹) (14) 

   

C being the polymer concentration, and DF the fractal dimension of the 

objects that connect at the tie-points. 

According to JM theory, enthalpic and entropic behaviors can be 

simultaneously present in real systems, and a crossover concentration is 
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defined in passing from frozen to freely-hinged junctions in the final 

networks. 

According to Guenet80, JM model can be applied to physical gels with fibrillar 

morphology, where fibers have cross-sections in the nanometer range and 

mesh sizes of 0.1 – 1 µm. PVA cryogels have been already described as fibrillar 

networks: as will be evident by SEM micrographs, they are characterized by 

straight gel strands and a micron-sized porosity. 

 

3.3 Poly(vinyl alcohol) cryogels 

The term “cryogel” has been extensively used in the literature. The first 

publications describing such networks were about the chemical crosslinking 

of polymer chains or precursors in a moderately frozen organic solvent or in 

aqueous environment; in both cases, the solute was concentrated in restricted 

areas during the process, due to the partial freezing of solvent molecules.81 As 

a matter of fact, for FT gelation to occur, the low temperature of the freezing 

step must cause a phase-separation: water expels monomers or long chain 

molecules, which are concentrated in non-frozen areas, where they can react 

with crosslinking agents. 

In the case of PVA cryogels, the crosslinking process has a physical nature. 

At low temperatures, the PVA chains in aqueous solution segregate in 

polymer-rich areas, while the water-rich phase is localized in pockets which 

eventually freeze. The ice exerts pressure on the polymer chains, until polymer 

crystallites form. PVA crystals are the physical tie-points, which hold together 

the hydrogel structure obtained after thawing (fig. 11). Ice crystals dissolve, 

but leave behind micron-sized pores: in other words, ice has served as a 

porogen during the process. 

The literature concerning PVA physical cryogel is the widest: the applications 

range from medicine and biotechnology to environmental protection81, due to 

their high biocompatibility and non-toxicity. 

PVA cryogels can have highly variable characteristics, which can be tuned and 

tailored to the desired application: gels rigidity, porosity, transparency, water 

content and retentiveness can be adjusted depending on the number of FT 

cycles, the type of polymers used in the formulation, their relative amounts or 

molecular weight. 82 
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More specifically, gels crystallinity and rigidity increase with the number of FT 

cycles46,83, while pores enlarge by repeating FT steps84. 

A further increase in gels crystallinity is caused by curing/ageing of the 

networks in water.46 

 

 
Figure 11. Effect of freezing on a PVA aqueous solution: a water polymer phase-separation 

occurs. Ice crystals form in polymer-poor areas, while concentrated polymer chains will 

interact with each other, forming crystallites. Ice will leave water pockets (pores) after 

thawing. Readapted from ref [53]. 

 

The addition of additives (co-solvents or oligomers) can also affect gels 

structure and rheological behavior. 

For instance, low-molecular weight polyols interfere with PVA cryotropic 

gelation, while higher-molecular weight components can lead to a liquid-liquid 

phase separation at low temperatures85; in this case PVA, as the most 

abundant component, concentrates in the continuous phase, and the resulting 

gels are stiffer. In fact, higher polymer concentrations in the pre-gels solution 

lead to more elastic and structured gels. 
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MATERIALS AND METHODS 
 

Chemicals 

PVAs coded as L-PVA, (HD = 88%, Mw 100 kDa) and H-PVA, (HD 98%, 

Mw 160kDa) were purchased from Sigma-Aldrich, while PVAs coded as 

K18_L-PVA, K32_L-PVA and K47_L-PVA (increasing Mw, HD = 88%) 

were purchased from Kuraray. 

PVP (Mw 1300 kDa) was also purchased from Sigma-Aldrich. 

For the polymer labeling reactions, Fluorescein isothiocyanate isomer I (purity 

≥ 90%, FITC), Rhodamine B isothiocyanate (mixed isomers, RBITC), 

triethylamine (purity > 99%) and DMSO (anhydrous, purity > 99.9%) were 

purchased from Sigma Aldrich; H-PVA was labeled with FITC, L-PVA and 

PVP with RBITC. When required, reaction steps were conducted under dry 

and inert atmosphere using standard Schlenk technique procedures. 

Rhodamine 110 chloride (purity ≥ 99%) from Sigma-Aldrich was used to 

obtain confocal images of the four types of gel. 

For the calibration procedure in Fluorescence Correlation Spectroscopy, the 

fluorescent probe Alexa Fluor 568 dye from Thermo Fisher Scientific was 

used. Ammonium citrate tribasic (TAC), 2,2-Bis(hydroxymethyl)-

2,2roxymnitrilotriethanol (Bis-Tris, purity ≥ 98.0 %) and hydrochloric acid 

(37.0%), used for the cleaning tests, were all purchased from Sigma-Aldrich 

and used as received.  

For the NSFs preparation, the following chemicals were used, without further 

purification: C11(C=O)EO15-CH3, Methoxy pentadeca oxyethylene 

dodecanoate (MPD, Nikkol Chemicals, assay 99%), C12EO15, Pentadeca 

oxyethylene dodecyl ether (PDE, Nikkol Chemicals, assay 99%), sodium 

dodecyl sulfate (SDS, Sigma-Aldrich, assay 99%), propylene carbonate (PC, 

Sigma-Aldrich, assay 99%), 2-butanone (MEK, Sigma-Aldrich, purity 99%), 

2-butanol (BuOH, Sigma-Aldrich, assay > 99%), ethyl acetate (EA, Sigma-

Aldrich, ACS Reagents, assay ≥ 99.5%), C9–11E5,5 alcohol ethoxylate (Berol 

266®, AkzoNobel), %), C9-11E6 ethoxylated alcohol (Stepan, purity 95%), 1-

pentanol (PeOH, Merck, purity ≥ 98.5%), and p-xylene (Merck, purity > 

99.5%). Bodipy® 558/568 C12 ((4,4-difluoro-5-(2-thienyl)-4-bora-3a,4a-
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diaza-sindacene-3-dodecanoic acid), ThermoFisher) was used to label the 

surfactant shell of micelles/droplets in NSFs. 

Polymer films to mimic hydrophobic dirt were made of poly(ethyl 

methacrylate/methylacrylate) (p(EMA/MA) – Paraloid B72®). Paraloid was 

labeled with Coumarin 6 (Merk, Purity ≥ 97.5 %). 

Water used for the preparation of polymer solutions and NSFs was purified 

by a Millipore system (resistivity > 18 MΩ cm). 

 

Hydrogels preparation 

PVA-based cryogels were prepared as follows: H-PVA was mixed with the 

semi-interpenetrating agent, according to the quantities reported below. The 

polymers were dissolved in pure water at 98°C, using a round flask equipped 

with a condenser. Once the solutions were homogeneously mixed, they were 

cooled to room temperature. The viscous liquids were poured in polystyrene 

molds (14 x 7 x 0.2 cm3) and underwent the FT process. A FT cycle consists 

of one freezing step at -18°C/-23°C for 16 hours, and one thawing step at 

RT, for 8 hours. 

Chapter 4: H-PVA/L-PVA and H-PVA/PVP gels were prepared, varying H-

PVA concentration (coded as X = 3-15 % w/v) and maintaining constant L-

PVA and PVP concentrations (3 % w/v). Samples underwent 1 FT cycle. 

More specifically, three different series of cryogels were prepared: 

- PN_X, with X = 3, 5, 7, 9, 12, 15 % w/v, are cryogels containing 

increasing concentrations of H-PVA (X); 

- i-PVA_X, with X = 3, 5, 7, 9, 12, 15 % w/v, are cryogels containing 

3% w/v of L-PVA and increasing concentrations of H-PVA (X); 

- i-PVP_X, with X = 3, 5, 7, 9, 12, 15 % w/v, are cyogels containing 

3% w/v of PVP and increasing concentrations of H-PVA (X); 

Chapter 5: Gels were obtained either by H-PVA aqueous solutions (9 % w/w 

of polymer) or H-PVA/L-PVA solutions (12% w/w of polymers, in a ratio 

3:1, respectively). The solutions underwent 1 or 3 FT cycles. Samples are 

denominated PVA FT1, PVA FT3, PVA/PVA FT1 (or TC-PN FT1), 

PVA/PVA FT3 (or TC-PN FT3). 

Chapter 6: Gels were obtained by mixing H-PVA either with K18_L-PVA, 

K32_L-PVA, or K47_L-PVA. The ratio between the two polymer was 3:1, 

the total polymer concentration 12% w/v. The polymer solutions underwent 
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1 FT cycle. Samples obtained are denominated as TC-PN K18, TC-PN K32 

and TC-PN K47. 

In all cases, after the last thawing step, gel samples were washed in 

demineralized water for one week. Water was changed once per day during 

the storage time, to extract the unbound polymer. 

 

NSFs Preparation 

Chapter 7: Four different NSFs were prepared, containing the solvent PC or 

MEK, and the nonionic surfactant PDE (C12E15 - OH) or MPD (C11 - C=O - 

E15 - OCH3). The quantities of each chemical are in w/w: 

- H2O/PC/PDE: H2O (79.9 %), PC (15.1 %), PDE (5 %); 

- H2O/PC/MPD: H2O (79.9 %), PC (15.1 %), MPD (5 %); 

- H2O/MEK/PDE: H2O (83.8 %), MEK (11.2 %), PDE (5 %); 

- H2O/MEK/MPD: H2O (83.8 %), MEK (11.2 %), MPD (5 %). 

 

Chapter 8: XYL and BEMP NSFs were prepared as follows (concentrations 

are in w/w): 

- XYL: H2O (85.5 %), SDS (4 %), PeOH (8 %), xylene (2.5 %); 

- BEMP: H2O (60 %), C9-11E6 (5 %), BuOH (10%), PC (7 %), MEK (11 

%), EA (7 %). 

 

The NSF used to clean Picasso’s painting (investigated in Chapter 8, 

paragraph 8.2) had, instead, the following composition (w/w): H2O (65.9 %); 

C9–11E5,5 (3.3 %), SDS (0.2 %), BuOH, (9.7 %), MEK (20.9 %). 

 

Determination of commercial L-PVAs Mw 

The viscometric molecular weight (Mv) of commercial L-PVAs (K18_L-PVA, 

K32_L-PVA and K47_L-PVA) was determined by calculating the value of the 

intrinsic viscosity, [η], from the Martin equation (Eq. 9): solutions at increasing 

concentrations of each polymer were prepared, and their viscosity was 

measured through an Ubbelohde type viscometer, placed in a thermostatic 

bath (25.0 ± 0.1 °C). The values of [η] obtained for each polymer were used 

to calculate Mv from the Mark-Houwink equation (Eq. 3). Values of K and α 
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parameters of the Mark-Houwink equation were obtained from Masuelli et 

al.51 

The Mv of H-PVA and L-PVA from Sigma-Aldrich was calculated too, for 

comparison. 

 

Labeling of polymers 

See Paper II in Appendix17. PVP was labeled with RBITC (see the condition 

of L-PVA labeling), exploiting synthetic defects on the polymer backbone. 

 

Physico-chemical characterization of gels 

Gel fraction (G%). The gel fraction quantifies the percentage of polymer that 

is incorporated in the network. It was obtained gravimetrically, as the ratio 

between the weight of the residual dry matter of a gel sample after one week 

washing (Wwa) and the initial polymer content of the same gel (W0): 

 

 𝐺(%) =  𝑊𝑤𝑎 𝑊0 × 100⁄  (15) 

 

The residual dry matter was obtained by drying washed gel samples in an oven 

at 100 °C until constant weight is achieved. Values reported are averages of at 

least three measurements. 

 

Equilibrium Water Content and Free Water Index (EWC % and FWI). 

Water content of hydrogels, after washing, was calculated as follows: 

 

 𝐸𝑊𝐶 (%) =  𝑊𝑤 − 𝑊𝑑 𝑊𝑑 × 100⁄  (16) 

 

where Ww and Wd are the weights of the wet gel and the dry gel, respectively. 

They were obtained through Thermogravimetric Analysis (TGA).  

The Free Water Index (FWI) was calculated in order to determine the quantity 

of water in the samples that behaves as free water: 

 

 
𝐹𝑊𝐼 =  

Δ𝐻𝑒𝑥𝑝

EWC × Δ𝐻𝑡ℎ𝑒𝑜
 (17) 
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where Δ𝐻𝑒𝑥𝑝 (J /g) and Δ𝐻𝑡ℎ𝑒𝑜  are the melting enthalpy of water in the gel 

sample  and the theoretical value for pure water (334 J/g)86, respectively. The 

experimental enthalpies of melting were obtained by Differential Scanning 

Calorimetry (DSC). DSC measurements were performed using a DSC Q1000 

(TA Instruments) apparatus. Hydrogel samples (15–25 mg) were analyzed 

using “Tzero” aluminum hermetic pans with a temperature scan from -60 °C 

to 25 °C (heating rate: 0.5 °C/min). Water content was obtained on the same 

samples: hermetic pans were pierced to permit water to evaporate, and were 

subjected to a DTG run using a SDT Q600 (TA Instruments) apparatus. The 

temperature was increased from 25°C to 230°C with a heating rate of 10 

°C/min, under nitrogen flow. The presented results are the average of at least 

three measurements. 

 

Equilibrium Volume Swelling Ratio (qv). The swelling degree was 

evaluated on washed gels sheets. The swelling capacity was calculated by 

measuring the variation of the width by means of a caliper rule (resolution 

0.02 mm) according to87: 

 

 
𝑞𝑉 = (𝐿

𝐿0
⁄ )

3

 (18) 

 

where L0 is the side’s length after preparation (i.e. the mold’s side), and L is 

the side’s length after washing (at swelling equilibrium). 

 

Crystallinity degree (Xc). The crystallinity degree of hydrogels was 

evaluated from the DSC melting peak of the freeze-dried samples. It was 

calculated as the ratio between the experimental specific enthalpy of fusion of 

the samples and the specific enthalpy of fusion of fully crystalline PVA (161 

J/g)88. The DSC experiments were carried out increasing the temperature 

from 25°C to 250 °C at a heating rate of 5 °C/min. The reported values are 

averages of 5 measurements. 

 

Water release. Hydrogels surface was gently blotted, before a square sample 

was placed on Whatman filter paper, in a Petri dish covered with a lid to avoid 

evaporation. The amount of water released on the filter paper was recorded 
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by weighing the Petri dish before and after 30 minutes contact with the 

sample. Reported values are averages of 4-6 measurements. 

 

Rheology. A Discovery HR-3 rheometer from TA Instruments (steel parallel 

plate geometry, diameter of 40 mm), equipped with a Peltier temperature 

control system, was used to investigate the hydrogels and pre-gel solutions 

rheological properties. Amplitude sweeps curves were collected in a range of 

oscillation strain between 0.01 and 50%, at a frequency of 1 Hz. The linear 

viscoelastic range, identified in the amplitude sweeps, lies between strains of 

0.01-1 % for the FT1 gels, while it is located between 0.01 and 0.1% for the 

FT3 gels.  Frequency sweeps curves were thus recorded within this range, at 

constant oscillation strain, by increasing the oscillation frequency (0.01-100 

Hz). The measurements were conducted at constant temperature (25°C) on 

40 mm diameter gel disks (thickness of 2 mm ca.). Data are averages of 3-6 

measurements. 

 

Gels structure and morphology 

Confocal laser scanning microscopy (CLSM). Confocal images were 

acquired using a Leica TCS SP8 confocal microscope (Leica Microsystems 

GmbH, Wetzlar, Germany). The chosen laser lines were the Ar ion laser (488 

nm laser line) for FITC and Rhodamine 110 and the DPSS 561 (561 nm) for 

RBITC and Bodipy. Fluorescence was detected using photomultipliers tubes 

(PMT) in the 498-540 nm and 571-630 nm ranges, respectively. The objective 

was a water immersion 63X/1.2 W (Zeiss). All samples were placed in the 

appropriate sample-holder (Lab-Tek® Chambered #1.0 Borosilicate 

Coverglass System, Nalge Nunc International, Rochester, NY, USA). 

3D stacks were obtained for both pre-gel solutions, gels right after thawing 

and washed gels. 

 

Image analysis. Chord distribution analysis was implemented on stacks of 

confocal images (obtained on washed gels, soaked in a Rhodamine 110 

solution) containing about 100 2D images, corresponding to a thickness of 

~50 µm. Each image of the stack was iteratively analyzed through the 

MATLAB® algorithm developed by M. Ryan MacIver89, which we readapted 

to work on the Leica format (.lif) to obtain an average chord length 
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distribution representative of the whole stack of images. Briefly, in the chosen 

stack, each 2D image was converted to grayscale, contrast-enhanced and 

binarized. Then, a set of 10,000 lines, randomly oriented, were drawn on each 

image and the number of segments defining phase boundaries (changes from 

the pore- to the gel-phase) were binned according to chord dimension, R (µm) 

so as to extract a frequency, f(R), histogram with a binning size of 1 µm. The 

minimum chord length in pixels was set to 2, which corresponds to about 0.6 

µm. All histograms show an exponential decay if plotted in a semi-log plot 

(i.e. log f(R) vs R (µm)), that evolves according to:90 

 

 
𝑓𝑃𝑜𝑟𝑒𝑠 (𝑅) ∝ exp (−

𝑅

𝜆𝑃𝑜𝑟𝑒𝑠
) (19) 

   

 
𝑓𝐺𝑒𝑙−𝑃ℎ𝑎𝑠𝑒 (𝑅) ∝ exp (−

𝑅

𝜆𝐺𝑒𝑙−𝑃ℎ𝑎𝑠𝑒
) (20) 

 

where the persistence length λ describes the characteristic length scales of the 

of the two phases; λ was obtained for each gel by fitting the averaged 

exponential decays, considering only the most frequent chord lengths. 

In the preliminary development of the code, the minimum chord length was 

varied from 2 to 6 pixels showing that the resulting extracted characteristic 

dimension was independent on the chosen length. The variation of the decay 

curves along the depth of the stack was reported in 3D graphs. 

 

Scanning electron microscopy (SEM). SEM imaging was performed on 

freeze-dried gels samples, by using a Field Emission Gun Scanning Electron 

Microscope SIGMA (FEG-SEM, Carl Zeiss Microscopy GmbH, Germany). 

The acceleration potential was set to 5 kV and the working distance to 2.0–

2.7 mm. Pure H-PVA (FT1 and FT3) and TC-PNs (FT1 and FT3) gels 

(chapter 5) were coated with an ultra-thin layer of gold, by using the Agar 

Scientific Auto Sputter Coater. 

 

Small angle X-ray scattering (SAXS). SAXS measurements were 

performed using a HECUS S3-MICRO SWAXS-camera (Hecus XRS, Graz, 

Austria) equipped with a Hecus System 3 with a Kratky collimation system 

and a position-sensitive detector (PSD 50M), containing 1024 channels (width 
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= 54 μm). Cu Kα radiation of wavelength, λ = 0.1542 nm, was provided by a 

Cu anode from a 50W Microfocus source, with customized FOX-3D single-

bounce multilayer point focusing optics (Xenocs, Grenoble, France). The 

voltage is generated by the GeniX system (Xenocs). The sample-to-detector 

distance was 281 mm. The volume between the sample and the detector was 

kept under vacuum during the measurements to minimize scattering from the 

air. Scattering curves were obtained in the Q-range between 0.009-0.54 Å-1. 

Temperature was kept at 25±0.1°C by a Peltier element. A demountable 

sealed cell for solid was used as sample holder with Kapton as a window 

material (optical path = 1 mm). Gel samples were cut in thin slices, while 

precursor solutions were poured in the cell. Standard measurement conditions 

were 50 kV, 1 mA. The acquisition time was from 1 to 2 hours depending on 

the sample. Scattering curves were corrected for the empty cell/water 

contribution. 

Scattering curves of both gels and pre-gel solutions were fitted, according to 

the literature91,92, as a sum of two contributions to the scattered intensity, due 

respectively to fixed polymer junctions (i.e. the tie points of the network or 

polymer agglomerates in solution) and polymer chains in solution (i.e. chains 

in a liquid-like environment). Namely, SASView93 was used to perform the 

fitting. The scattered intensity I(q) is described as follows: 

 

 
𝐼(𝑞) = 𝐼𝐿(0)

1

[1 +
𝐷 + 1

3
(𝑞2𝜉2)]

𝐷
2⁄

+ 𝐼𝐺(0)𝑒𝑥𝑝(−𝑞2𝑅2/3) + 𝐵 
(21) 

 

where IL(0) and IG(0) are the Lorentzian and the Guinier parameters, D is the 

fractal exponent, ξ is the correlation length and R is the radius of gyration of 

larger objects.  More specifically, the equation consists of two terms: the 

Lorentzian term, which describes the liquid-like fluctuations in the network, 

and is linked to ξ and D; and the Guinier term, which describes solid-like 

fluctuations, and is related to R. Thus, ξ  was assumed to describe the polymer 

chains conformation in liquid-like environments, while R describes the 

crystallites dimension in the gels, and to the radius of polymer aggregates in 

pre-gel solutions. 
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Nuclear Magnetic Resonance (NMR). NMR experiments were performed 

on i-PVA_9 and i-PVP_9 samples (Chapter 4), containing increasing amounts 

of L-PVA and PVP (2, 3, 4, 5 % w/v). A Bruker Avance Spectrometer was 

used, operating at the frequency of 400 MHz for 1H in DMSO-d6. The signal 

due to residual proton of the solvent was used as internal reference. The 

amount of semi-interpenetrated polymer after washing and storage in water 

(2 months) was calculated for i(2)-PVA, i(3)-PVA, i(4)-PVA and i(5)-PVA 

samples by comparing the signals due to residual esters moieties of L-PVA 

with alcohols’ –CH- of L-PVA and H-PVA, according to the following 

equation: 

 

 
𝐿 − 𝑃𝑉𝐴 (𝑤𝑡)

𝐻 − 𝑃𝑉𝐴 (𝑤𝑡)
=

(
𝐼1.9−2.1

3 × (1 − 𝐻𝐷𝐿−𝑃𝑉𝐴)
× 𝑀𝑊𝐿−𝑃𝑉𝐴)

[(
𝐼1−1.7

2 −
𝐼1.9−2.1

3 × (1 − 𝐻𝐷𝐿−𝑃𝑉𝐴)
) × 𝑀𝑊𝐻−𝑃𝑉𝐴]

 (22) 

 

where I1.9-2.1 and I1-1.7 indicate the peaks areas due to the 3 acetate’s hydrogens 

(present in L-PVA only) and the 2 vinyl hydrogens (present in both H-PVA 

and L-PVA), respectively; HD is the hydrolysis degree of L-PVA; MWL-PVA 

MWH-PVA are the average molecular weights of H-PVA and L-PVA monomers, 

respectively. Assessment of residual PVP in the four i-PVP_9 gels was 

attempted following a similar procedure and, though a trend can be identified, 

exact quantification was not possible because of its very low amount (less than 

6 wt% with respect to H-PVA).

 

Polymer chains dynamics - Diffusion of NSFs 

Fluorescence correlation spectroscopy (FCS). FCS was used to determine: 

the diffusion free H-PVA, L-PVA and PVP chains (concentration of dye: 50 

nM); the diffusion of L-PVA in TC-PNs pores; the diffusion of free NSFs 

droplets/micelles (concentration of dye: 10 nM); the diffusion of NSFs 

through the gel matrices.  

FCS curves were obtained using a Leica TCS SP8 confocal microscope (Leica 

Microsystems GmbH, Wetzlar, Germany) equipped with a PicoQuant FCS 

modulus (PicoQuant, Berlin, Germany). Measurements were performed using 

a 63X/1.2 W water immersion objective (Zeiss). The RBITC labeled PVA and 
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PVP diffusion was monitored exciting the RBITC with the DPSS 561 laser 

(561 nm), while the fluorescence intensity was acquired using a Hybrid SMD 

detector in the 571–630 nm range. Bodipy is an amphiphilic dye, used to label 

the NSFs by forming mixed micelles. It was excited with the same laser line 

(561 nm). FITC-labeled H-PVA was tracked by exciting FITC with the 488 

nm Ar laser line, and the fluorescence was collected with the Hybrid SMD 

detector in the 500–540 nm range.  Analyzed samples were deposited in the 

appropriate sample-holder (Lab-Tek® Chambered #1.0 Borosilicate 

Coverglass System, Nalge Nunc International, Rochester, NY, USA).  

10 nM aqueous solutions of Alexa Fluor 568 and Rhodamine 110 were used 

for FCS calibration94. 

The fitting model assumes that the three-dimensional Brownian diffusion of 

labeled molecules across a 3D-ellipsoidal Gaussian volume is the only 

contribution to the observed decay time. FCS curves were analyzed 

considering either a one-component decay95: 

 

 
𝐺(𝜏) =

1

𝑁
[(1 +

𝜏

𝜏𝐷
)

−1

(1 +
𝜏

𝑆2𝜏𝐷
)

−1/2

] (23) 

 

or a two-components decay96: 

 

𝐺(𝜏) =
1

𝑁
[𝑓1 (1 +

𝜏

𝜏𝐷1
)

−1
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𝜏
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)

−
1

2
+ (1 − 𝑓1) (1 +

𝜏

𝜏𝐷2
)

−1

(1 +
𝜏

𝑆2𝜏𝐷2
)

−
1

2
]      (24) 

 

where N is the average number of fluorescent molecules detected inside the 

confocal volume (𝑁 = 𝐶𝑉 , with 𝑉 = 𝜋3/2𝑤0
3𝑆 and 𝐶  the concentration), 

𝑓1 is the percentage of the contribution of 𝜏𝐷,1 to the total decay time, 𝜏𝐷,𝑖 are 

the decay times, and 𝑆 = 𝑧0/𝑤0 is the ratio between the axial and the lateral 

dimensions of the confocal volume, determined through the calibration 

procedure with Alexa 568. The diffusion coefficients Di of the labeled species 

can be determined by:  

 
𝜏𝐷,𝑖 =

𝑤0
2

4𝐷𝑖
 (25) 
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The hydrodynamic radii of the labeled species were calculated trough the 

Stokes-Einstein equation. 

 

Fluorescence recovery after photobleaching (FRAP). FRAP experiments 

were performed with the FRAP module of the Leica TCS SP8 confocal 

microscope (Leica Microsystems GmbH, Wetzlar, Germany). A 63X/1.2 W 

water immersion objective (Zeiss) was used. Gels containing RBITC-labeled 

L-PVA (after 1 week washing) were analyzed. The bleaching sequence lasted 

7.74 s, while the recovery time was 155s for the TC-PN FT3 gel and 103s for 

the TC-PN FT1 gel (ROIs diameter: 2.5 μm).  All measurements were 

performed at room temperature (25°C). FRAP curves were obtained through 

two subsequent normalizations: the first consisted in calculating the ratio 

between the signals of the bleached ROI and the reference ROI, and then the 

curves were normalized between their minimum and maximum values. The 

double-normalized curves were used to calculate an averaged final curve (7-

10 repetitions per sample). 

 

Cleaning Tests 

Artificial soil preparation. An artificial soil mixture, containing both 

hydrophobic and hydrophilic compounds, and particulate matter, was 

prepared according to the literature97. 

 

Preparation of Paraloid coated glass slides. Paraloid films with a thickness 

of 2 μm ca. were obtained by spin-coating 200 μL of a 10% w/w  Paraloid 

solution in EtAc on cover-glasses (2000 rpm, 120 s). Coumarin 6 was co-

dissolved with the polymer solution, to obtained labeled films for confocal 

microscopy experiments. 

 

Preparation of painting mockups. Painting mock-ups mimicking 

modern/contemporary painting techniques were prepared using a commercial 

primed canvas, oil (Windson&Newton), and alkyd colors (Ferrario). 

 

Cleaning of mockups with TC-PNs cryogels (loaded with aqueous 

solutions). After about one year from the preparation, an artificial dirt 

mixture in ligroin was applied on mockups, by means of a brush over the paint 



Materials and Methods 

34 
 

layer. After one month, cleaning tests were performed using TC-PN FT1 gels. 

Prior to use, gels were immersed for 12 hours in the following cleaning 

solution: water, 98.88%; Bis-Tris, 1.09%; TAC, 0.03%. The solution was 

buffered to pH 7 using a mild HCl solution. This cleaning fluid was selected 

as it represents a standard choice by conservators for the removal of airborne 

dirt particles from paintings21,98. Prior to the application, the gel sheets were 

gently squeezed with blotting paper to remove the water excess from their 

surface. During application, the contact time of the gel over the paint layer 

was one minute. Most of the soil was removed, and the left soil residues were 

softened and detached after contact with the gel. Gentle mechanical action 

with an “eraser-gum” shaped TC-PN was carried out to complete the 

cleaning. After soil removal, a water-loaded gel was applied for two minutes 

on the same spot to remove the possible residues of the cleaning solution. 

 

Cleaning of mockups with TC-PNs cryogels (loaded with NSFs). After 

1 year ageing, some of the mockups were lined, using a wax-resin adhesive 

based on Watherston’s original recipe99. Moreover, mockups were varnished 

by spraying with commercial PVAc (AYAC, Union Carbide, Dow Chemical, 

USA) dissolved (20% w/w) in toluene or methyl alcohol (Sigma-Aldrich). 

Then, the mock-ups were aged in a light box at 11,000 lux for 1 month. NSFs-

loaded TC-PNs were gently squeezed with blotting paper to remove the 

excess fluid from their surface. During application, the contact time of the gel 

with the paint layer varied from few seconds to 2 min. The varnish and wax 

layers were swollen and softened after the application; they were removed by 

gentle mechanical action with a dry cotton swab. Finally, a water-loaded gel 

was shortly applied on the same spot to remove possible residues of the NSF. 

 

Fourier-transform infrared (FTIR) spectroscopy imaging. The 2D FTIR 

imaging of the painting mock-ups was carried out using a Cary 620-670 FTIR 

microscope, equipped with a Focal Plane Array (FPA) 128 x 128 detector 

(Agilent Technologies). This set-up was selected as it allows discriminating 

compounds with different chemical composition on a surface, down to a 

spatial resolution of few microns100. 

The spectra were recorded directly on the surface of the samples in reflectance 

mode, with open aperture and a spectral resolution of 8 cm-1, acquiring 128 

scans for each spectrum. A “single tile” map has dimensions of 700 x 700 µm2 
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(corresponding to 128 x 128 pixels), and a spatial resolution of 5.5 µm (i.e. 

each pixel has dimensions of 5.5 x 5.5 µm2, and is related to an independent 

spectrum). “Mosaic” maps were also recorded, composed of multiple single-

tiles. In each 2D map, the intensity of characteristic bands of PVA or the 

artificial soil was imaged. The chromatic scale of the maps shows increasing 

absorbance of the bands as follows: blue < green < yellow < red. 
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RESULTS AND DISCUSSION 
 

Gels for the cleaning of artworks require distinctive features to make them 

easy to use and effective in removing soil, aged coatings, and other unwanted 

materials from the artifacts’ surface, preserving the original components and 

avoiding detrimental effects. 

PVA-based cryogels here investigated were obtained by varying the 

formulation and the number of FT cycles. 

More specifically, all cryogels were prepared by using a PVA with a high 

hydrolysis degree (HD), H-PVA, which constitutes the gel main structure. 

The structural properties of cryogels, as well as pores shape and dimension, 

were investigated in the following cases: 

a) After the inclusion of a second polymer, acting as a semi-

interpenetrating agent; polyvinylpyrrolidone (PVP) and a PVA with a 

lower HD (L-PVA) were used.  

b) Gels obtained by the combination of H-PVA and L-PVA performed 

better in the cleaning tests, therefore their structure was further 

investigated by varying the number of FT cycles applied to the 

formulation. These gels were called Twin-Chain Polymer Networks 

(TC-PNs), due to the similarity of the two polymers included in the 

network. 

c) After the inclusion of L-PVAs with three different molecular weights 

(Mv). 

These investigations are described in chapters 4-6. 

Later, the diffusion of NSFs through the gels matrix was tracked; the 

mechanism of removal of polymer coatings from model surfaces was also 

investigated (chapters 7-8). 

Finally, cleaning abilities of TC-PNs were assessed, and compared to those of 

rigid gels, such as chemical gels or gels traditionally used in restoration 

(chapter 9). 

TC-PNs were used to clean Jackson Pollock’s Two and Eyes in the Heat (Peggy 

Guggenheim Collection, Venice) and Pablo Picasso’s The Studio (Peggy 

Guggenheim Collection, Venice). More details on the restoration are reported 

in chapter 10.  
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Chapter 4. PVA-based cryogels: the 
influence of the semi-
interpenetrating polymer 
This chapter 1  is aimed at deepening and analyzing physico-chemical 

properties of PVA-based cryogels, containing linear semi-interpenetrating  

polymers. Namely, the partially hydrolyzed L-PVA, and PVP, were dissolved 

with H-PVA in aqueous solutions, and the resulting mixtures underwent one 

FT cycle. L-PVA and PVP chains alter crystallinity, gel fraction and 

rheological properties of the networks, influencing the gelation mechanism; 

the nano- and micro-structure change: pores shape and dimension were 

proven to depend on the polymers phase-behavior in aqueous solution. 

Rheological properties and porosity are deemed to be crucial for the cleaning 

action. However, this chapter explores the physical chemistry behind the gel 

formation at different polymer concentrations, trying to define the role of 

semi-interpenetrating polymers. 

In the samples here investigated, H-PVA concentration (coded as X) was 

varied from 3 to 15 % w/v (X = 3, 5, 7, 9, 12 and 15 % w/v), while the semi-

interpenetrating agent concentration was maintained constant ([L-PVA] = 

[PVP] = 3 % w/v). 

Gels containing only H-PVA are coded as “Pure Networks” (PN_X), while 

gels containing also L-PVA or PVP are coded as “semi-interpenetrated” (i-

PVA_X and i-PVP_X, respectively). 

 

4.1 Morphology and structure of PVA-based cryogels 

containing L-PVA and PVP 
Confocal images of PN_X, i-PVA_X and i-PVP_X gels (H-PVA 

concentration, X = 5-12 % w/v), washed for one week and swollen in a 

Rhodamine 110 solution are shown in fig. 12. 

 
1 Mainly based on Paper I, see Appendix. 



Results and Discussion 

38 
 

Pores shape and dimension vary widely among the three series. As already 

explained in the Introduction, the low temperature of the freezing steps 

induces a water-polymer phase separation: ice crystals form in water-rich 

areas, while polymer crystallites are obtained in polymer-rich areas, due to the 

high local pressure induced by ice formation. Therefore, ice should play the 

role of porogen.17  

 

 
Figure 12. Confocal images of PN, i-PVA and i-PVP gels for different H-PVA 

concentrations: (A) X = 5; (B) X = 7; (C) X = 9; (D) X = 12. Gels are soaked in a Rhodamine 

110 solution. Scale bar: 50 µm. 

 

PN_X samples are strongly anisotropic: the elongated, needle-shaped porosity 

of the PN series can be ascribed to the crystallization of ice in aligned needles, 
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on surfaces perpendicular to the direction of freezing. 101–103,17  This results in 

a linear ordering of the gel structure, where straight gels strands are 

interspersed with elongated pores. Directionality is stronger for higher values 

of X. 

In both i-PVA and i-PVP series, porosity drastically changes in passing from 

X = 7 to X = 9: pores become almost spherical when X = 9, 12 and the 

networks become sponge-like. 

In i-PVA_X series, gel walls still show a preferential orientation for X = 5 and 

X = 7, while in i-PVP_X gels, X = 5 and X = 7 samples do not show a high 

degree of local order: pores have random shapes and a wide size distribution.  

The variability of the cryogels structure may depend on the cryostructuration 

process, occurring during freezing: L-PVA or PVP concentrated aqueous 

solutions do not form gels if subjected to 1 FT cycle. Therefore, L-PVA and 

PVP are not expected to phase-separate from water, at low temperatures, with 

the same efficiency of H-PVA. In other words,  H-PVA is expected to be the 

main structural polymer: the higher its concentration in the pre-gel solution, 

the better the chance of obtaining  a stable gel (i.e. with numerous polymer 

crystals) during the freezing step. 

As a results, L-PVA and PVP may affect H-PVA ability to crystallize and form 

a gel at low temperatures. 

To verify this hypothesis, the effects of the semi-interpenetrating agents on 

gels crystallinity, swelling ability and gel fraction (i.e., the effective polymer 

content of the gels) were investigated. 

Table 1 summarizes the principal physico-chemical properties of the PVA-

based cryogels investigated in this chapter. Crystallinity of gels right after 

thawing, Xc AT, increases with X for all the series, as expected. Xc AT values 

decrease, under the same conditions, when L-PVA or PVP are added to the 

formulations. More in detail, Xc AT is lower for i-PVA_3-7 and for i-PVP_3-

9, while it approximates PN series values for higher X. 

Xc AT values indicate that the presence of a semi-interpenetrating polymer 

hinders H-PVA crystallization during the freezing step, especially when the 

initial concentration of H-PVA is lower than a threshold value. PVP has a 

stronger influence on crystallinity than L-PVA. So far, it can be ascribed to 

PVP higher molecular weight (see Materials and Methods Chapter). 

When thawed gels are swollen and stored in water, a “second crystallization” 

(curing) may occur104, enlarging the crystalline portions generated during the 
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FT process; at the same time polymer chains which are only weakly bonded 

in the network are extracted; the network fills with water, until the elastic 

forces due to the physical crosslinking are balanced by the osmotic pressure. 

 

Table 1. Crystallinity degree after thawing (Xc AT) and after washing (Xc AW), Equilibrium 

Volume Swelling Ratio (qv) and Gel Fraction (G%) of PN, i-PVA and i-PVP gels. 

 *Data for i-PVP_X AT are indicative. 
 

The effects of the second crystallization are stronger for i-PVA_X and i-

PVP_X gels: due to the absence of cryostructuration for L-PVA and PVP, 

these polymers are expected to be preferentially extracted during washing. As 

a result, the structural H-PVA chains remaining in the network can interact 

more easily with each other, forming new crystallites.  

Overall, the crystallinity of the gels after washing, Xc AW, shows the same 

trend of Xc AT: it is higher for PN_X and i-PVA_X with respect to i-PVP_X 

series. 

The chains actively involved in the network formation can be quantified by 

calculating the gel fraction (G%). G% can be defined as the effective 

concentration of polymer constituting the network. It plays a major role in 

determining gel elasticity and the swelling ability (quantified through the 

swelling ratio, qv). G% and qv for the washed samples are reported in Table 1. 

G% increases with X in all the series. G% of i-PVP_X samples is the highest. 

In i-PVA_5 and i-PVA_7 gels, G% is lower than PN_5 and PN_7 samples: 

 PN_X i-PVA_X i-PVP_X 

X 
Xc 

AT 

Xc 

AW 
qv G% 

Xc 

AT 

Xc 

AW 
qv G% 

Xc 

AT* 

Xc 

AW 
qv G% 

3 

21 

± 3 

3 

-- -- -- 14 

± 1 

-- -- 18 

± 1 

N.A. -- -- -- 

5 
26 

± 1 

34 

± 1 

-- 27 

± 1 

17 

± 2 

35 

± 1 

-- 21 

± 1 

9 ± 

3 

19 

± 2 

2.51 59 

± 1 

7 
32 

± 2 

35 

± 2 

1.40 29 

± 1 

22 

± 1 

36 

± 1 

2.40 18 

± 7 

11 ± 

3 

26 

± 6 

1.40 38 

± 1 

9 
30 

± 1 

35 

± 1 

1.77 29 

± 8 

27 

± 1 

38 

± 1 

2.15 27 

± 1 

15 ± 

2 

26 

± 6 

1.37 41 

± 2 

1

2 

33 

± 1 

41 

± 5 

1.90 30 

± 4 

26 

± 1 

39 

± 3 

2.04 28 

± 1 

30 ± 

1 

33 

± 1 

1.48 41 

± 1 

1

5 

36 

± 1 

-- -- 38 

± 3 

30 

± 1 

-- -- 35 

± 1 

31 ± 

1 

-- -- -- 
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in these cases L-PVA hindered polymer crystallization, causing a higher 

portion of H-PVA chains to be non-structural and, probably, a higher number 

of structural defects. G% values of i-PVA_X and PN_X samples for X = 9, 

12, instead, do not differ significantly: as for crystallinity, L-PVA effects on 

cryostructuration are less pronounced when H-PVA concentration is higher. 

The values of qv show that L-PVA facilitates gels swelling for all X values. 

PVP does not alter the swelling ability when X = 5 or X = 7, while i-PVP_9 

and i-PVP_12 are more elastic and, therefore, less swollen than their PN and 

i-PVA counterparts.  

Overall, L-PVA has a strong impact on the crystallinity of thawed gels; in 

washed gels, elastic forces of the network are weaker and the swelling ability 

increases, with respect to PN_X gels.  After washing, crystallinity values are 

not significantly different from those of PN_X gels. 

PVP, on the other hand, strongly influences the crystallinity of both thawed 

and washed gels, lowering their values with respect to those of PN_X and i-

PVA_X series. i-PVP_X gels have also a higher G% and a lower qv, i.e. PVP 

causes more polymer chains to be structural components of the networks. 

Being i-PVP samples more rigid, it can be inferred that crystallization is not 

the only significant contribution to the structuration of these gels.  

Further information on gels crystallinity and polymer chains organization 

were obtained through Small Angle X-ray Scattering (SAXS). SAXS curves of 

the thawed gels PN_5-12, i-PVA_5-12, i-PVP_5-12 (fig. 13) were fitted 

according to the model reported in the Materials and Method section (Eq. 21); 

fitting parameters are listed in Table 2. 

The correlation length 𝝃 describes chain conformation in the liquid-like 

portions of the networks; it usually decreases when the local polymer 

concentration increases.105 Therefore, for gels with the same composition, 

submitted to one FT cycle, 𝝃 should decrease by increasing H-PVA 

concentration, i.e. X. In fact, 𝝃 values decrease along the PN_X series, 

suggesting that the gel walls become denser for higher X values. In i-PVA_X 

series 𝝃 decreases with X, as well; however, 𝝃 values are generally lower than 

those of PN_X gels. Moreover, an abrupt change in 𝝃 (from 4.7 to 3.4 nm) 

occurs in passing from i-PVA_7 to i_PVA_9, as if chains crowding increased 

suddenly. 𝝃 values in i-PVP_X series are close to those of i-PVA_9,12 gels 

and do not show significant variations with X: 𝝃 is almost constant for i-

PVP_5-9, while it increases for i-PVP_12. This suggest that, as for i-PVA_X 
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gels, H-PVA chains are crowded in the gel walls; such low values of 𝝃 have 

been obtained for cryogels that underwent 3 FT cycles, i.e., for very high local 

polymer concentrations. 17 

 

 
Figure 13. SAXS curves of (A) PN, (B) i-PVA and (C) i-PVP thawed gels. 

 

The values of crystallites radius, R, are expected to follow an opposite trend 

with respect to 𝝃; in fact, crystallites are more likely to form and grow when 

the local polymer concentration is higher. R increases with X for PN_X and 

i-PVA_X series. In i-PVA series, the abrupt change between i-PVA_7 and i-

PVA_9 is again clearly visible: crystallites radius becomes almost 1 nm larger, 

confirming that polymer crowding increases abruptly from X = 7 to X = 9. 

As concerns i-PVP_X series, R follows the opposite trend: it slightly decreases 

for increasing values of X: it passes from a value of ca. 6 nm (similar to i-

PVA_12) to a value of 4.8 nm, close to those of PN_7 and i-PVA_5,7. 

IG(0)/IL(0) ratio (Table 2) is an indication of the extension of crystalline 

portions in a sample. It confirms that the number of crystallites increases with 

H-PVA concentration in PN_X and i-PVA_X gels. For i-PVP, IG(0)/IL(0) 
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increases from i-PVP_5 to i-PVP_7, but then stabilizes to a limiting value for 

i-PVP_7-12. 

The fractal dimension D of PN_5-12 and i-PVA_5,7 is similar to the fractal 

dimension of a polymer solution in semi-dilute regime. In fact, when D is 

about 2, the first term of the fitting equation takes the form of the Ornstein-

Zernicke equation, describing a polymer system is in a semi-dilute regime. In 

other words, gels with D ~ 2 behave almost like concentrated polymer 

solutions. 

 

Table 2. SAXS fitting parameters obtained for PN_5-12, i-PVA_5-12 and i-PVP_5-12 

thawed cryogels. 

Sample Guinie

r Scale 

IG(0) 

Lore

ntz 

Scale 

IL(0) 

IG(0)

/ 

IL(0) 

Correlatio

n Length 𝝃 

(nm) 

Fractal 

Dimensi

on (D) 

Crystallit

es 

Radius R 

(nm) 

Bac

kgro

und 

(B) 

PN_5 0.3 5.5 0.05 5.7 ± 0.8 2.1 ± 0.1 3.9 ± 0.2 0.06 

PN_7 0.9 6.9 0.13 5.4 ± 0.8 2.2 ± 0.1 5.0 ± 0.1 0.06 

PN_9 2.6 11 0.24 5.2 ± 0.8 2.1 ± 0.1 5.1 ± 0.1 0.09 

PN_12 4.1 14 0.29 4.9 ± 0.4 2.2 ± 0.1 5.2 ± 0.1 0.14 

i-PVA_5 0.4 8.1 0.05 4.7 ± 0.1 2.1 ± 0.1 5.3 ± 0.4 0.09 

i-PVA_7 2.2 14 0.16 4.6 ± 0.1 2.2 ± 0.1 5.1 ± 0.2 0.11 

i-PVA_9 2.0 12 0.17 3.4 ± 0.1 2.6 ± 0.1 6.2 ± 0.2 0.13 

i-PVA_12 4.8 15 0.32 3.3 ± 0.1 2.7 ± 0.1 5.9 ± 0.2 0.12 

i-PVP_5 1.4 11 0.13 3.6 ± 0.1 2.5 ± 0.1 5.8 ± 0.2 0.10 

i-PVP_7 3.1 13 0.24 3.7 ± 0.1 2.4 ± 0.1 5.4 ± 0.1 0.07 

i-PVP_9 3.3 14 0.24 3.7 ± 0.1 2.5 ± 0.1 5.2 ± 0.1 0.13 

i-PVP_12 3.2 18 0.18 4.3 ± 0.1 2.5 ± 0.1 4.8 ± 0.1 0.16 

 

D values between 2.7 and 2.9, instead, were found for systems characterized 

by a significant number of H-bonds.106 As these values describe i-PVA_9,12 

samples it can be inferred that, in specific concentration ranges, the presence 

of a L-PVA enhances H-bonding in the cryogels, favoring network 

structuration. In i-PVP gels the H-bonding contribution is lower; in PN and 

i-PVA_5,7 gels, instead, the contribution of dangling or non-structuring 

chains is, probably, more significant. 

Overall, also SAXS data suggest that PVP affects H-PVA crystallization. 

However, a comparison among IG(0)/IL(0) and R values shows that H-PVA 

crystallization is enhanced by PVP almost for all X values (X = 5, 7, 9), but 

the crystallites size decreases with X. In other words, an increase of X in i-
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PVP series causes more small crystallites to form, as for the presence of a high 

steric hindrance. 

To sum up, confocal images suggest that semi-interpenetrating polymers play 

a key role in determining gel morphology and porosity at the microscale. 

Crystallinity, gel fraction and SAXS data showed that both L-PVA and PVP 

hinder H-PVA crystallization and gel cryo-structuration; however, the effect 

of PVP is different: while it causes the overall crystallinity to decrease, SAXS 

data showed that in i-PVP gels more small crystallites formed, and smaller 

crystallites are expected for increasing values of X. This could be caused by a 

higher steric hindrance at a local scale. 

 

4.2 L-PVA and PVP as porogens: polymer-polymer 

interaction and segregation in aqueous solution 

Fig. 12 showed that, in i-PVA_X and i-PVP_X gels, the pores formed during 

freezing are different with respect to PN gels. As a matter of fact, pore shape 

and dimension could also be a result of the morphology of the pre-gel 

solutions17. To explore the causes of such differences, morphologies of i-

PVA_X and i-PVP_X pre-gel solutions and gels after thawing were 

investigated through confocal imaging. Pre-gel solutions of i-PVA and i-PVP 

series, for X = 5-12, were prepared using RBITC-labeled L-PVA and PVP: 

confocal images acquired at room temperature, for 2 days-aged solutions, are 

shown in fig. 14. 

 
Figure 14. Confocal images of RBITC-labeled i-PVA_5-12 (A-D) and i-PVP_5-12 (E-H) 

pre-gel solutions. Scalebar: 50 µm. 
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The RBITC-labeled polymers are shown in red. i-PVA_5 and i-PVA_7 

solutions are homogenous, while phase separation occurs for X = 9, 12: 

spherical blobs where L-PVA concentrated are clearly visible in fig. 12 C-D. 

In i-PVP series, instead, phase-separation seems to occur at almost all X 

values: in i-PVP_7 solution H-PVA-rich areas and PVP-rich areas can be 

detected; in i-PVP_9 and i-PVP_12 solutions, PVP preferentially concentrates 

in blobs. 

Confocal images of thawed gels containing red-labeled L-PVA and PVP are 

shown in fig. 15. The morphology of thawed gel confirms that phase-

separation in the pre-gel solutions has an influence on the morphology of the 

gel structure and pores. In fact, in both i-PVA and i-PVP samples with X = 5 

(fig. 15 A, E) and X = 7 (fig. 15 B, F) the semi-interpenetrated polymer 

occupies large areas of the samples. In i-PVA_7 the strong orientation given 

by cryostructuration is evident. In i-PVA_X and i-PVP_X samples with X = 

9 (fig 15 C, G) and X = 12 (fig 15 D,  H), L-PVA and PVP are confined in 

blobs, instead.  

 

 
Figure 15. Confocal images of i-PVA and i-PVP gels containing RBITC-labeled L-PVA and 

PVP: i-PVA_5 (A), i-PVA_7 (B), i-PVA_9 (C), i-PVA_12 (D), i-PVP_5 (E), i-PVA_7 (F), i-

PVA_9 (G), i-PVA_12 (H). 

 

Fig. 14 and fig. 15 prove that, in both H-PVA-L-PVA and H-PVA-PVP 

aqueous solutions, phase segregation occurs and contributes to determine the 

final gel morphology during cryostructuration; therefore, some degree of 

incompatibility should exist among the two polymer pairs. 
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PVAs with HD > 80 % are known to be water-soluble polymers 107,108. 

However, PVAs with very high HD (98-99%), as in the case of H-PVA, tend 

to self-associate in aqueous solution. Even if pre-existing crystals can be 

dissolved by heating the aqueous polymer solution at T > 95 °C,109,110 

concentrated solutions of H-PVA would be not stable at room temperature: 

a physical network forms, because H-PVA chains interact with each other 

through H-bonds, forming new crystallites.  

On the other hand, aqueous solutions of partially hydrolyzed PVAs (as L-

PVA) are stable, because chains have only a weak tendency to self-associate.   

The conformation of polymer chains in solution can play a role in determining 

polymer-polymer incompatibility. 

The hydrodynamic radii of H-PVA and L-PVA chains, in dilute solutions, 

were calculated through the diffusion coefficients obtained from FCS 

experiments at RT (see Eq. 23-25), fig. 16 A-B and Table 3): they do not differ 

markedly, being 12 nm for H-PVA and 9 nm for L-PVA. 

 

 
Figure 16. FCS curves of the three labeled polymers in diluted aqueous solution: (A) H-PVA, 

(B) L-PVA, (C) PVP. The diffusion coefficients obtained by curves fitting were used to 

calculate the hydrodynamic radius. 

 

Partially hydrolyzed PVAs can adopt different conformations in solution, 

depending on the position and crowding of acetate groups along the polymer 

chain.111 When acetate groups are not randomly distributed along the polymer 
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chain, the polymer arranges as a pseudo-micelle; this seems to be the case for 

L-PVA, as the calculated hydrodynamic radius, RH = 9 nm, is in line with a 

collapsed conformation.111 

H-PVA conformation is supposed to be more extended and hydrophilic in 

character also at high temperature, while partially hydrolyzed PVAs undergo 

phase-separation in aqueous solution, for T > 60 °C ca.64 This behavior is 

called Lower Critical Solution Temperature (LCST) and is due to the 

hydrophobic character of acetate groups: when temperature increases, H-

bonds between PVA chains and water molecules are less effective, the solvent 

become poorer and the polymer chains tend to collapse, going through a 

phase-separation. 

 

Table 3. Diffusion coefficients and hydrodynamic radii of H-PVA, L-PVA and PVP in dilute 

solution, obtained by fitting FCS curves. For PVP, also the diffusion of some free dye was 

detected. 

Polymer in dilute 

solution 
D (µm2/s) 

Hydrodynamic Radius 

(nm) 

H-PVA 20 ± 1 12 ca. 

L-PVA 26 ± 2 9 ca. 

PVP 
D1= 10 ± 1 (80%) 

D2=420 (for free RBITC) 
25 ca. 

 

The phase behavior of H-PVA and L-PVA in aqueous solution was 

investigated by varying polymer concentration (3 – 15% w/w) and 

temperature (5 – 100 °C) (see fig. 17 a-b).  

No phase-separation was observed for H-PVA solutions17 (fig. 17 a), while 

sufficiently concentrated L-PVA solutions became hazy when heated at T > 

60 °C; however, any micron-sized structures were observed through Confocal 

microscopy. 

The phase behavior of H-PVA-L-PVA mixtures (ratio 3:1) in solution was 

also investigated (fig. 17 c). Incompatibility was found for concentrations 

equal or higher than 12% w/w: blobs of L-PVA formed in the continuous H-

PVA phase. Blobs were detectable also for concentrations of 9 and 7 % w/w 

of polymer, but only above 60°C and 70°C.17 
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Figure 17. Phase behavior in aqueous solution of: (a) H-PVA; (b) L-PVA; (c) H-PVA-L-PVA 

mixtures (ratio 3:1). Reproduced from ref [17]. 

 

Such phase separation could be influenced by the different conformations of 

H-PVA and L-PVA chains in aqueous solution: H-PVA chains, with a more 

extended conformation, would preferentially interact with themselves;57 on 



Results and Discussion 

49 
 

the other hand, the coiled L-PVA chains would be expelled from the 

continuous H-PVA phase, concentrating in spherical droplets. 

L-PVA blobs undergo a slow coarsening when the solutions are stored at RT, 

either because of Ostwald ripening, or for the further L-PVA expulsion from 

the H-PVA continuous phase. However, H-bonds probably form between L-

PVA chains on the blobs surface and H-PVA chains in the continuous phase, 

so that a meniscus between H-PVA and L-PVA phases is never visible, even 

after several months. 

PVP is a water-soluble polymer, as well. PVP interacts with PVA, especially if 

highly hydrolyzed, trough H-bonds58; negative values of 𝜒𝑃𝑉𝑃−𝑃𝑉𝐴  are 

reported in the literature 112,113. However, the interaction occurs only when 

PVA chains are not included in polymer crystals; in fact, PVA-PVP miscibility 

is not optimal when PVA chains tend to self-association.58 

Nonetheless, PVA-PVP blends are usually described as homogeneous 

mixtures with a single glass transition temperature, and the two polymers are 

considered to be compatible.58,114–118 

As for i-PVA, i-PVP pre-gel solutions were obtained by mixing the two 

polymers in water at 98°C (see Materials and Methods section). H-PVA chains 

in solution probably behave in a similar fashion: they form inter- and intra-

chain H-bonds and, especially in concentrated solution, they are also oriented 

by the shear of mixing. PVP chains, as opposed to those of L-PVA, are not 

collapsed in aqueous solution (the hydrodynamic radius obtained through 

FCS at room temperature is 25 nm, considering that some free dye, diffusing 

at 420 µm2/s ca.119, was also detected, see fig. 16 C and Table 3). The Flory 

parameter for the water-polymer interaction is reported to be 0.5 – 0.6 at room 

temperature, for low- and medium-molecular weight PVPs. 120,121 The value 

slightly increases with temperature 120 while a LCST behavior occurs only at 

high temperatures (145 °C) 122. Therefore, it is reasonable to assume that PVP 

chains are sufficiently extended, behaving as ideal chains, also at 98°C. 

The phase behavior of H-PVA-PVP mixtures (H-PVA:PVP ratio 3:1) was 

investigated in a range of temperatures (80°C – 5°C). H-PVA-PVP do not 

segregate at high temperature, and phase separation is only incipient when the 

solution is cooled to RT (fig. 18). 
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Thus, it can be inferred that the principal cause of the formation of spherical 

pores in i-PVP_9 and i-PVP_12 gels (fig. 12, i-PVP) is the formation of blobs 

due to the temperature drop occurring during the freezing step. 

 

 
Figure 18. Phase behavior of i-PVP solution (H-PVA-PVP mixtures with ratio 3:1). Solutions 

are homogeneous, until they are cooled to 5°C. Scalebar: 50 µm. 

 

The data on i-PVP gels crystallinity, G%, crystallites radius and on H-PVA – 

PVP phase behavior suggest that the structuration of i-PVP gels is only 

partially due to freezing. The enhanced phase separation occurring at low 

temperatures leads to two different polymer phases:  a PVP phase, which 

contains a significant amount of water, due to the polymer hydrophilicity; and 

a H-PVA phase, which further expels water, as H-PVA self-interactions 

increase at low temperature. Consequently, H-PVA concentration in the 

continuous phase increases to the point that the physical gelation (i.e. 

formation of polymer crystals and glassy areas) starts before the effects of 

freezing become significant. When ice crystals finally form, they consolidate 

the preformed structure, causing the formation of small additional H-PVA 

crystallites. The crystallites dimension decreases as H-PVA concentration 

increases, because as H-PVA is more concentrated in the continuous phase, 

its physical gelation at low temperatures occurs more rapidly. 



Results and Discussion 

51 
 

H-PVA self-interactions in concentrated solutions were demonstrated by 

investigating the shear thinning behavior of pre-gel solutions of PN, i-PVA 

and i-PVP samples (X = 9, 12, 15); the flow curves are shown in fig. 19. 

Shear thinning is stronger for higher H-PVA concentrations, confirming that 

H-PVA self-interactions increase with X. Moreover, it is worth noting that i-

PVA_15 solution is more viscous and displays stronger shear thinning than i-

PVP_15 solution: this suggests that PVP is a better plasticizer than L-PVA. 

 

 

 
Figure 19. Shear thinning behavior of PN (orange markers), i-PVA (blue markers) and i-PVP 

(green markers) pre-gel solutions. At high H-PVA concentrations (x = 15) i-PVA solution is 

the most viscous and displays the stronger shear-thinning behavior, suggesting stronger H-

PVA self-interactions. 

 

To sum up, both H-PVA - L-PVA and H-PVA - PVP phase separations are 

probably driven by the tendency of H-PVA chains to interact with themselves. 

However, in i-PVA solutions, the contribution of the collapsed L-PVA chains 

conformation can also play a role in determining a polymer-polymer 

segregation. i-PVP gels, on the other hand, result from two different 

mechanisms occurring at low temperatures. In fact, PVP subtracts water from 

the H-PVA phase, forming water-rich PVP blobs; and the H-PVA phase 

expels water, in order to be able to phase-separate and crystallize. Physical 

gelation of H-PVA starts to occur before cryostructuration becomes effective, 
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probably forming small crystallites and glassy areas. The resulting networks 

are less crystalline than their i-PVA counterparts, but more rigid. 

4.3 L-PVA and PVP as structuring agents 

Confocal imaging, G%, SAXS and crystallinity measurement suggested that 

L-PVA and PVP act both as porogens and structuring agents in H-PVA 

cryogels, but in different ways. 

To unravel the structuring effects induced by the semi-interpenetrating 

polymers, the rheological response of gels containing increasing amounts of 

L-PVA or PVP, and a constant concentration of H-PVA (9 % w/v), was 

investigated. Samples in these series were coded as i(Y)-PVA and i(Y)-PVP, 

Y having the following values: 0.5, 1, 2, 3, 4 and 5 % w/v. 

The G’ (1 Hz) data for i(Y)-PVA and i(Y)-PVP thawed gels are shown in fig. 

20 A, B, in double logarithmic scale, versus the concentration of the semi-

interpenetrating polymer added. The orange line represents the G’ value in 

absence of L-PVA or PVP (i.e., PN_9 sample). 

Fig. 20 A shows the effects of increasing concentrations of L-PVA on a H-

PVA cryogel: the storage modulus steeply increases, and then stabilizes at a 

plateau value for i(1-3)-PVA samples. The addition of higher quantities of L-

PVA (i(4-5)-PVA gels) causes a drop in G’ values. 

Fig. 20 B shows, instead, the trend of G’ versus the concentration of PVP for 

i(Y)-PVP cryogels. In this case, G’ increases with PVP concentrations up to 

3% w/v (sample i(3)-PVP). For higher concentrations (i(4-5)-PVP), G’ values 

drop. 

Rheology data of fig. 20 A, B demonstrated that, up to the 3% w/v, semi-

interpenetrating polymers contribute to the structuration of gels, while, at 

higher concentrations, L-PVA and PVP act as plasticizers. 

The different trends observed in fig. 20 A and B confirm that L-PVA and 

PVP act as structuring agents, but in different ways: L-PVA has a lower 

structuring effect than PVP, and the maximum in G’ is registered already for 

i(1)-PVA sample; conversely, PVP has a greater impact on G’: the storage 

modulus increases constantly between i(0.5)-PVP and i(3)-PVP samples, and 

G’i(3)-PVP > G’i(3)-PVA. It may be concluded that H-PVA maximized its 

structuring capacity after the inclusion of 1% w/v of L-PVA and 3% w/v of 

PVP. 
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The persistence of semi-interpenetrating polymers in in i(Y)-PVA  and in i(Y)-

PVP networks, after a 2-months washing, was tested through NMR (see fig. 

20 C, D). 

 
Figure 20. A – B: Log-log plots of the storage modulus, G’ (1 Hz), versus the semi-

interpenetrating polymer concentrations. (A) Effects of increasing concentration of L-PVA 

on a 9% w/v H-PVA network; (B) Effects of increasing concentration of PVP on a 9% w/v 

H-PVA network. The orange line in both graphs represents the correspondent H-PVA gel 

(PN_9). C – D: NMR spectra of i(Y)-PVA and i(Y)-PVP gels after washing and storage in 

water (2 months). (A)From top to bottom: NMR spectra recorded for i(5)-PVA (violet), i(4)-

PVA (green), i(3)-PVA (orange) and i(2)-PVA (blue); the final L-PVA/H-PVA ratio, 

calculated according to Eq. 22, is indicated on the right. (B) From top to bottom: NMR 

spectra recorded for i(5)-PVP (violet), i(4)-PVP (green), i(3)-PVP (orange) and i(2)-PVP 

(blue); in this case only a minor trend is visible, but the amount of residual PVP is negligible. 

 

The amount of L-PVA permanently embedded in i(Y)-PVA networks was 

calculated through Eq. 22, and the values of the L-PVA/H-PVA ratio are 

shown in Fig. 20 C. They are almost independent on the concentration of L-

PVA in the pre-gel solution: for a given and sufficiently high concentration of 

H-PVA, residual L-PVA tends to a constant quantity. Such quantity could be 
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related to H-PVA - L-PVA interactions in the pre-gel solutions. Conversely, 

NMR analysis of i(Y)-PVP samples (fig. 20 D) revealed that a negligible 

amount of PVP is retained during washing, and only a minor trend in its 

concentration can be identified, in good correlation with rheological data. 

These data support the hypothesis of PVP having only an “indirect” 

structuring effect, mainly due to its ability to concentrate H-PVA phase, 

before cryostructuration takes place. 

Finally, the point of gelation of H-PVA in i-PVA and i-PVP mixtures, was 

evaluated. L-PVA and PVP concentrations were maintained at 3% w/v. The 

experiment (see fig. 21) showed that H-PVA alone forms a gel at 1.4 % w/v, 

i-PVP solutions become gels for a H-PVA concentration of 2% w/v and i-

PVA solutions form a gel when H-PVA concentration is at least 1%. This 

confirms that not only L-PVA favors H-PVA self-interaction, but also that 

some L-PVA chains can take part to the cryostructuration process (H-PVA = 

1% w/v, L-PVA = 3% w/v). PVP long chains, on the other hand, disrupt H-

PVA chains ordering, and higher H-PVA concentrations are needed to 

achieve the gel state. 

 
Figure 21. Gel points for PN, i-PVA and i-PVP series: H-PVA formed a gel at 1.4 % w/v; 

when mixed with 3% w/v L-PVA, H-PVA forms a gel at 1% w/v, while in presence of PVP 

at 3% w/v the gel point of H-PVA increases to 2 % w/v. Water on top is due to syneresis. 

 

In conclusion, L-PVA and PVP were proven to play also the role of 

structuring agents in cryogels, even if in different ways: while L-PVA has both 

a direct and an indirect effect on the gel structuration, PVP structuration 

ability is only indirect, as it is completely extracted after washing. The next 

paragraph illustrates L-PVA and PVP impact on the gelation process. 
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4.4 Gelation mechanism 

The impact of a semi-interpenetrating agent on the cryogel structuration can 

be investigated through rheology measurements, and specifically by observing 

the dependence of the storage modulus, G’, on the concentration of polymer 

constituting the network. G’ represents the elastic response of the material to 

a certain stress applied and, according to the theory of rubber elasticity, it is 

proportional to the number of “active chains” in the network, i.e. the polymer 

chains whose ends are blocked in tie-points 123. 

The gelation processes can often be described through the percolation model 
124: according to this theory, G’ is related to the fraction of reacted bonds, p, 

through: 𝐺′ ∝ (𝑝 − 𝑝𝑐 𝑝𝑐)⁄ 𝑛
, where 𝑝𝑐 is the critical value of p to obtain an 

infinite cluster (i.e., the gelation threshold). The exponent n, in three 

dimensions and just above the gelation threshold, should be 1.7-1.9.  

For gels well beyond the gelation threshold and swollen in good solvents, the 

system can be considered a semi-dilute solution of polymer chains, and both 

G’ and the osmotic pressure scale as: 𝐺′ ∝ 𝐶𝑛 , where C is the polymer 

concentration and n = 2.25 124. However, the 2.25 exponent is generally more 

accurate to describe osmotic pressure, rather than rheology results, owing to 

the difficulties in preparing series of gels with negligible defects 125. 

Experimental values of n usually range from 1.9 to 3.5 126,127. For PVA 

cryogels, n = 2.4-3.8 have been reported.76,77,128 

In cryogels, the network’s tie-points are the polymer crystals formed during 

freezing, and crystallinity represents the main contribution to G’.129 As already 

discussed, when such networks are swollen in water, a “second crystallization” 

(curing) occurs; moreover, a significant amount of polymer chains are 

extracted; therefore, elastic properties of the networks could change after 

washing. G’ (1 Hz) data obtained for thawed and washed gels, reported as a 

function of 
𝐶𝐻−𝑃𝑉𝐴

𝐶𝑔
− 1 (being Cg the gel point) were compared (see fig. 22). 

Values of the exponent n are reported in Table 4.  Effective polymer 

concentrations in the washed gels were also calculated, considering the gel 

fraction, G%, of each sample after washing. 

Fig. 22  shows the trend of G’ versus 
𝐶𝐻−𝑃𝑉𝐴

𝐶𝑔
− 1 for the PN_X (fig. 22 A), i-

PVA_X (fig. 22 C) and i-PVP_X (fig. 22 E) series, right after thawing (full 

markers). The slope of the linear fitting is in agreement with a percolation 
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mechanism for PN_X and i-PVP_X, while, in i-PVA series, only the curve 

describing i-PVA_X with X < 7 points can be related to percolation. 

Some samples of the three series were tested again after washing, and G’ data 

are reported in the same figure (fig. 22 A, C, E), with empty markers, for 

comparison. Only gels containing very low concentration of polymer (i.e. 

PN_5 and i-PVA_3) changed significantly after washing. In fact, a low 

polymer concentration can cause the formation of instable polymer crystallites 

and a higher number of structural defects. G’ (1 Hz) of the washed gels versus 

the effective polymer concentrations in the networks, calculated with G% 

values, are shown in the right side of fig. 22 (PN_X series in fig. 22 B, i-

PVA_X series in fig. 22 D and i-PVP_X series in fig. 22 F). 

The slope of curve in this case is higher, being around a value of 3 for PN_X 

series, 5.6 for the lower concentrations of i-PVA_X gels and 2.3 for i-PVP_X 

gels. The data of i-PVP_X series are the only ones in agreement with De 

Gennes theory of gels swollen in good solvents (i.e. slope of 2.25), probably 

because i-PVP_X networks are very stable and elastic, and contain less 

defects. 

It is, in fact, well known125 that the presence of dangling chains affects the 

exponents of the scaling laws, especially when the number of those chains is 

not constant at different gel’s polymer fractions. Such defects could be more 

evident after washing because some structural compensation effects may fail 

when weakly- and non-bonded polymer chains are washed out. 

It is worth noting that G’ VS 
𝐶𝐻−𝑃𝑉𝐴

𝐶𝑔
− 1  trend is peculiar for i-PVA_X 

thawed and washed gels, as for this series two different regimes can be 

identified, one at lower, the other at higher H-PVA concentrations.  

Gelation occurring in two different regimes was reported for agarose gels.130 

This was justified on the basis of the Jones-Marques (JM) theory. Guenet80 

adapted this model to the physical gelation processes characterizing fibrillar 

gels. PVA chains do not form fibrils in solution, that associate to build a 

network. 
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Figure 22. Log-log plots of the storage modulus (G’, 1 Hz) versus the effective concentration 

of polymer for the three series. A), C) and E) show the trend of G’ for PN, i-PVA and i-PVP 

gels right after thawing (full markers) and after washing (empty markers), versus the effective 

H-PVA concentration, obtained by considering the gelation threshold (Cg). B), D) and F) 

show the trend of G’ of some gel samples of each series after washing versus the effective 

polymer fraction constituting the networks, calculated using G% values. 

 

Table 4. Values of the exponent n obtained for the gels after thawing, AT (see fig. 22 A, C, 

E), considering the gelation point, and the gels after washing, AW (see fig. 22 B, D, F), 

considering the effective concentration of polymer constituting the network.  

Series n (AT) n (AW) n (JM model) 𝑫𝑭 

PN 1.69 ± 0.06 3.3 ± 0.5 - - 

i-PVA 
1.7 ± 0.1 5.6 ± 0.4 2.2 ± 0.2 1.1 

1.3 ± 0.1 0.7  ± 0.4 1.4 ± 0.1 0.9 

i-PVP 1.96 ± 0.02 2.3 ± 0.5 - - 
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However, a PVA cryogel can be described as an array of rigid objects 

connecting at junctions, due to the high directionality given by both the self-

association of H-PVA chains in solution and the freezing step; in fact, cryogels 

have already been defined fibrillar networks.128,131,132  Clearly, the morphology 

of these gels is complex and the fibrillar description is not exhaustive, but it 

can be used as a starting point to shed light on the gels formation mechanism. 

In light of JM theory, the presence of two regimes in the G’ VS [H-PVA] data 

for i-PVA series (see fig. 23 and Table 4) can be explained considering the 

presence of dangling polymer chains at lower H-PVA concentrations, which 

are gradually incorporated in the network when polymer concentration 

increases.  

 
Figure 23. Log-log plots of the storage modulus (G’, 1 Hz) versus the concentration of H-

PVA in i-PVA_X series. The slopes of the two curves were used to calculate the fractal 

dimensions according to Jones-Marques theory. 

 

A fractal dimension, DF, was calculated for i-PVA series by Eq. 12, 13 and 

reported in Table 3. Both values are ~ 1, indicating the presence of straight 

elements. 𝐷𝐹 decreases when H-PVA concentration increases, suggesting that 

gel strands contain more defects for 𝐷𝐹 = 1.1 (low X values), which smooth 

as H-PVA concentration increases and dangling chains are included in the 

network.  

Evidences to support this hypothesis can be obtained by observing the 

morphology and shape of gel strands in the gel series at two different H-PVA 

concentrations, through Scanning Electron Microscopy (SEM). 
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Fig 24 shows the SEM images obtained for two samples of each series (X = 

5 and X = 12), after curing in water. 

In PN (fig. 24 A, B) and i-PVP series (fig. 24 E, F) gel defects are almost 

absent, even if some structure refinement occurs when H-PVA concentration 

increases. For i-PVA series, instead, defined linear strands are clearly visible 

in i-PVA_12 (fig. 24 D) , while i-PVA_5 is characterized by more irregular 

objects (fig. 24 C): linear strands are still visible, but they show a high surface 

roughness.  

 

 
Figure 24. SEM images obtained for: (A) PN_5, (B) PN_12, (C) i-PVA_5, (D) i-PVA_12, 

(E) i-PVP_5, (F) i-PVP_12 samples. Scale bar: 1 μm. 
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Chapter 5. Twin-Chain Polymer 

Networks (TC-PNs): the influence of 

the freeze-thawing cycles 

The number of FT cycles is known to be a critical aspect in determining 

physico-chemical properties of PVA cryogels.82 However, the effects of FT 

cycles on gels containing a semi-interpenetrating agent are not easily 

predictable. This chapter 2  explores the morphological, structural and 

rheological characteristics of cryogels obtained by mixing two different types 

of PVA: one with higher (H-PVA) and the other with lower (L-PVA) 

molecular weight and HD. Such networks, called TC-PNs because of the 

similar structure of the polymers composing them, showed unprecedented 

cleaning performances when tested on rough painted surfaces. 

 

5.1. Cryogels morphology and structure 

Four PVA-based cryogels were synthesized: two pure H-PVA hydrogels were 

prepared using only H-PVA (9% w/w, one and three FT cycles) and two TC-

PNs were obtained by mixing H-PVA and L-PVA, in a 3:1 ratio (12% w/w, 

one and three FT cycles). The morphology of the four hydrogels, investigated 

by confocal imaging, is shown in Fig. 25. 

The freezing of the sole H-PVA solution leads to a more homogeneous 

structure, with smaller pores than the TC-PNs (see Fig. 25 a). 

As already explained in the previous chapter, the formation of the H-PVA gel 

walls takes place following the dendritic growth of ice during crystallization; 

as a consequence, pores have an elongated shape, and exhibit an elliptical 

section in the confocal images, as if ice grew in aligned needles along axes that 

are slightly tilted with respect to the plane of the gel surface (Fig. 25 a).  

Instead, in the TC-PNs, pores do not show any specific orientation: the 

networks become sponge-like, due to L-PVA phase separation in the pre-gel 

solution (Fig. 25 b). 

 
2 Mainly based on Paper II, see Appendix. 
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Figure 25. Confocal images and SEM micrographs of pure H-PVA and TC-PN gels. (a) Pure 

PVA FT1 gel; (b) PVA/PVA TC-PN FT1 gel; (c) Pure PVA FT3 gel; (d) PVA/PVA TC-PN 

FT3 gel. Reproduced from ref. [17]. 

 

The dimensions and distribution of the pores in the TC-PNs (3-30 µm) are 

such that the presence of an interconnected porosity across the gel network 

can be hypothesized. This feature can be attractive for applicative purposes: 

when the gel is applied on a soiled surface, the soil detached and dissolved by 

water can migrate inside the gel porosity, all through the gel volume; during 

the application, evaporation at the gel upper surface could recall water from 

the bulk through the interconnected porosity, favoring dirt pick up. Moreover, 

the larger pore dimensions in the TC-PNs result in a rougher gel surface, 

which could favor the capture and retaining of dirt, as opposed to the flat 

surface of pure H-PVA gels. 

Gels obtained by three FT cycles do not differ significantly by FT1 networks; 

the main differences reside in a larger pores cross-section for PVA FT3 gels, 

and thicker gel walls for both PVA FT3 (fig. 25 c) and TC-PN FT3 (fig. 25 d) 

gels. In fact, the repeated FT cycles cause further phase separation between 

water and the polymer, and the latter is pressed against the walls as it 

separates133. Overall, it can be inferred that the cryogel structure is already 

defined after the first FT cycle. 
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The bottom row of Fig. 25 shows the scanning electron microscopy (SEM) 

images of xerogels obtained from the H-PVA and TC-PN hydrogels. Because 

the freeze-drying of hydrogels causes some shrinkage, the SEM images cannot 

be directly compared to those obtained by confocal imaging; nonetheless, 

comparisons between the SEM images of different systems can be made, 

assuming that the process did not alter the pores shape and spatial 

arrangement. SEM analysis confirmed that the pure PVA gels display an 

ordered pores pattern. PVA FT3 exhibits larger channels, produced by the 

repeated FT cycles. The TC-PNs xerogels show the same disordered and 

sponge-like porosity observed for the hydrogels in confocal images; however, 

the SEM images highlighted the presence of smaller pores (< 1 µm) in the gel 

walls. The thickness of the walls increases with the number of FT cycles, and 

this trend is particularly evident for the TC-PN gels. Moreover, the larger pore 

dimensions in the TC-PNs result in a rougher gel surface, which could favor 

the capture and retaining of dirt, as opposed to the flat surface of pure H-

PVA gels. 

A thorough investigation of pores and walls average dimension was 

performed by implementing the chord-length distribution analysis on 

confocal stacks. Originally introduced by Tchoubar and Levitz90,134, this 

method allows a quantitative description of biphasic media: a set of randomly 

oriented lines is drawn on a binary image (i.e. containing a continuous and a 

dispersed phase) and chords are defined as a line crosses phase boundaries. 

The frequency of chords with a certain length is then plotted against their 

length itself. 

Fig. 26 shows the frequency f(R) of chords for both the pores (fig. 26 a) and 

the walls (fig. 26 b) in confocal 3D images of the four systems (PVA and TC-

PN, FT1 and FT3). All distributions show a peak and an exponential tail; the 

exponent describing the decay, λ, is a characteristic persistence length of the 

gel structure (see Table 5). 
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Figure 26. Averaged chord-length distributions for: (a) the pore phase and (b) the gel phase 

of PVA-based cryogels. The lines are the fitting of the data to exponential decays. The bottom 

panels show the variance of chord distributions of pores with the depth of confocal stacks 

for (a) PVA FT1 and (d) TC-PN FT1. Reproduced from ref. [17]. 

 

In the pores chord distribution (fig. 26 a) λ increases with the number of FT 

cycles and when L-PVA is added to the gel formulation: in TC-PNs the 

maximum pores size is higher than their pure PVA gel counterparts. This is 

due to the porogen action of L-PVA during cryostructuration. 

 

Table 5. Parameters obtained by the exponential fitting of f(R) VS R (1/ λ), and persistence 

length (λ) for the pores and gel-phase chord distributions. Data were obtained by analyzing 

confocal stacks.  

Gel 
1/ λ Pores 

(µm-1) 
λ Pores (µm) 

1/ λ Gel 

phase (µm-1) 

λ Gel phase 

(µm) 

PVA FT1 0.702 1.4 1.805 0.6 

PVA FT3 0.444 2.3 0.504 2.0 

TC-PN FT1 0.349 2.9 0.391 2.6 

TC-PN FT3 0.275 3.6 0.421 2.4 

 

Gel walls (fig. 26 b) are thicker for PVA FT3 than PVA FT1, and their 

dimension further increases for the TC-PN gels. Any difference in wall 

thickness was detected among the FT1 and FT3 TC-PN gels (it was instead 
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clearly evident in SEM images), probably because it falls beyond the resolution 

of confocal images. 

Pores dimension varies also along the single confocal stacks: in fig. 26 c - d, it 

is evident that f(R) decays faster for confocal planes closer to the gel surface. 

This can be related to the temperature gradient formed across the gels 

thickness during freezing: the external surfaces are subjected to a sharp 

decrease in temperature and, therefore, to a higher directional stress, and the 

resulting pores are more elongated; in the inner confocal planes, instead, pores 

have larger cross-sections and higher polydispersity. 

 

5.2 Physico-chemical and structural characteristics of 

PVA and TC-PN cryogels 

As explained in chapter 4, the morphology of cryogels can be linked to some 

of their physico-chemical properties (Table 6). For example, the thickness of 

the gel walls is related to the effective polymer concentration in the network. 

After washing and storage in demineralized water, non-active polymer chains 

are washed out and the gel fraction (G%) can be determined. G% strongly 

depends on how far the compression of PVA chains went during the freezing 

steps, thus it increases with polymer concentration in solution and with the 

number of FT cycles. For the same number of FT cycles, the TC-PNs exhibit 

lower G% values than the pure PVA systems (Table 6).  

 
Table 6. Some physico-chemical properties of PVA and TC-PNs FT1 and FT3 cryogels. 

Sample 

Name 

Gel 

fraction 

(G%) 

Crystallinity 

(Xc %) 

Equilibrium 

Water 

Content 

(EWC, %) 

Free 

Water 

Index 

(FWI) 

Water 

release 

(mg/cm2) 

PVA FT1 58 ± 2 39 ± 1 96.3 ± 0.4 98 ± 1 24 ± 3 

PVA FT3 77 ± 1 50 ± 1 92.3 ± 0.6 94 ± 1 17 ± 2 

TC-PN FT1 55 ± 1 46 ± 2 97.1 ± 0.2 98 ± 1 21 ± 1 

TC-PN FT3 68 ± 5 41 ± 2 92.8 ± 0.3 96 ± 1 19 ± 1 

 

By increasing the number of FT cycles, phase separation leads to water pools 

that are progressively poorer in polymer content, while more polymer chains 
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are pressed and stably accumulate on the gel walls; thus, less polymer chains 

are released during washing and storage in water, resulting in higher G% 

values. 

As previously mentioned, an indication of the efficacy of cryostructuration 

can be provided also by the crystallinity of the systems. Crystallinity of gels 

should increase with the number of FT cycles135–137, and this is the case for 

pure PVA networks. For the TC-PN gels, crystallinity sharply rises above 45% 

after the first FT cycle, but its value slightly decreases after the third cycle 

(Table 6). This minor decrease is probably due to the equilibrium established 

between the crystallization of H-PVA occurring during freezing, and the 

crystals melting occurring during thawing: while in pure PVA gels the first 

process overruns the second, in TC-PNs the two processes are probably more 

balanced. In other words, in TC-PNs the highest level of structuration is 

obtained after the first FT cycle and, for the following FT cycles, the 

crystallization value varies slightly, due to the PVA crystallites 

formation/melting equilibria. All the washed/cured gels contain high 

percentages of water (> 90%), which behaves almost completely as free water 

(Table 6). High amount of free water ensures the effectiveness of the cleaning 

action. Both the EWC and FWI values decrease with increasing FT cycles. 

Water release data show a similar trend: the release decreases with the number 

of FT cycles. In general, the four gel types show a retentiveness that is 50% 

higher with respect to the traditional gels used in restoration16: the control of 

the water released during the cleaning action is fundamental when sensitive 

artifacts are treated. Systems previously reported showed similar 

performances16.  

Further information on the polymer chains arrangements and crystallinity of 

the washed networks were obtained through Small Angle X-ray Scattering 

(SAXS). 

SAXS curves of the four cryogels and the two pre-gel solutions are shown in 

Figure 27, while fitting parameters (obtained from Eq. 21) are listed in Table 

7. 
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Figure 27. SAXS data (markers) and fitting (solid lines) of the PVA and TC-PN gels (FT1, 

FT3) and pre-gel solutions. The curves were shifted along the y-axis to improve the readability 

of the graph. Reproduced from ref. [17]. 

 

For the pre-gel solutions, the Lorentzian term reduces to the Ornstein-

Zernicke equation for semi-dilute polymer solution, as the fractal dimension 

D ≈ 2. 𝝃 describes the conformation and extension of polymer chains in 

solution, being around a value of 2.5 for the pre-gel mixtures. 

𝝃 strongly depends on the local concentration of polymer, thus it increases 

when the FT1 gels are stored in water: the polymer chains in the liquid-like 

portion of the hydrogels swell. The increase is less pronounced for the FT1 

TC-PN network, probably due to the higher initial polymer concentration, 

which causes higher local crowding. The number of FT cycles is another key-

factor affecting the value of 𝝃, due to the increased water-polymer phase 

separation as the freezing steps are repeated: as a consequence, the gel walls 

become denser also at the nanoscale. In both FT3 cryogels, 𝝃 value decreases 

(𝝃 = 3.5 – 3.6 nm). 

As regards the R parameter, in the case of pre-gel solutions it was associated 

with the formation of PVA aggregates before the FT gelation (R = 13 – 20 

nm), while, in the cryogels, it was assumed to describe the polymer crystallites 

radius. 
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Table 7. Fitting parameters of the SAXS curves for the gel samples and pre-gel solutions. 

Sample 

Gui

nier 

Scal

e 

IG(0

) 

Lor

entz 

Scal

e 

IL(0

) 

IG(0)/ 

IL(0) 

Correlati

on 

Length 

𝝃 (nm) 

Fractal 

Dimensio

n (D) 

Crystallites 

Radius 

(R, nm) 

Bac

kgr

oun

d 

(B) 

PVA sol 4.8 4.5 - 2.4 ± 0.2 2.0 ± 0.1 13.9 ± 0.8 0.06 

TC-PN 

sol 
2.8 3.6 - 2.5 ± 0.2 2.1 ± 0.1 17.0 ± 2.2 0.03 

PVA FT1 3.6 41 0.09 6.0 ± 0.3 2.7 ± 0.1 4.6 ± 0.1 0.01 

PVA FT3 16 57 0.28 3.5 ± 0.1 2.9 ± 0.1 4.2 ± 0.1 0.07 

TC-PN 

FT1 
1.8 31 0.06 4.6 ± 0.2 2.8 ± 0.1 3.8 ± 0.2 0.03 

TC-PN 

FT3 
13 39 0.33 3.6 ± 0.1 2.7 ± 0.1 4.2 ± 0.1 0.02 

 

R does not vary significantly among the four samples, being around a value of 

4 nm. However, the Guiner Scale, IG(0), describes the magnitude of the 

contribution of the crystallites to the total scattering intensity, and the Lorentz 

Scale, IL(0), is the contribution of polymer chains in a liquid-like environment; 

therefore, the lower value of the IG(0)/IL(0) ratio for the FT1 gels, as 

compared to FT3, indicates that after the first FT cycle polymer crystallites 

are less numerous in both the formulations. 

These data, overall, confirm that, in both pure PVA and TC-PN gels, 

crystallites form in a similar fashion and reach the same final dimension, 

leading to the conclusion that they are made of H-PVA only. 

The fractal exponent of the hydrogels obtained by fitting, D, ranges between 

2.7 and 2.9, in agreement with previous observations on systems where strong 

hydrogen bond forms106. 

 

5.3 TC-PNs structuration due to freezing and washing: 

the effects of H-PVA-L-PVA phase separation 

The sponge-like morphology of TC-PN hydrogels and the role of porogen 

played by L-PVA were further investigated by confocal imaging: H-PVA was 

green labeled with FITC, while L-PVA was red-labeled with RBITC. Confocal 
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images of the TC-PN pre-gel solution, fig. 28, at RT, show the presence of L-

PVA blobs (2 – 20 µm) dispersed in the continuous H-PVA phase.  

 
Figure 28. Confocal images of: (a) PVA/PVA pre-gel solution; (b) TC-PN gel obtained after 

1 FT cycle; (c) TC-PN FT1 after 1 week of washing/curing in water. The 2D view of the top 

horizontal planes () highlights that L-PVA is preferentially localized on the gel walls, 

interacting with the H-PVA. Part of L-PVA is also present inside the pores, throughout the 

gel volume. Reproduced from ref. [17]. 

 

As a result, H-PVA accumulates in the continuous phase and its local 

concentration is higher than in the pure H-PVA pre-gel solution. As 

previously highlighted, this justifies the lower correlation length observed for 

TC-PN FT1 with respect to gels containing only H-PVA. 

The spherical blobs act as templates during the cryo-formation of the TC-PN 

gel structure. Because water is a better solvent for L-PVA than H-PVA57 at 

RT, L-PVA does not undergo further phase separation during the freezing 

step; L-PVA remains thus confined as blobs in water pockets during freezing, 

and after thawing. The formation of ice crystals along preferential axes leads 

to the deformation of the blobs, which are distorted from spherical to 

elongated shapes138 (fig. 28 b).  
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After thawing and storage in water (1 week), most of the L-PVA is washed 

out of the network. However, confocal microscopy showed that the red-

labeled L-PVA is still observable in the gel, either confined in the gel pores or 

stuck onto the gel walls (fig. 28 c). The FT3 TC-PN shows a more intense red 

fluorescence than the FT1 (fig. 29), suggesting that the amount of L-PVA that 

remains in the TC-PNs after washing increases with the number of FT cycles. 

This is in agreement with the higher G% observed for FT3 as compared to 

FT1 (Table 6). 

 

 

Figure 29. Confocal images (acquired at the same laser intensity and PMT voltage) of (A) 

TC-PN FT1 and (B) TC-PN FT3 gels, containing RBITC-L-PVA. The images were acquired 

after 7 days of washing/curing in water. Scale bar: 20 μm. Reproduced from ref. [17]. 

 

5.4 The diffusion of PVA chains in the TC-PN network  

As mentioned in the previous sections, after the FT process, the cryogels are 

cured by one week washing in water. Confocal microscopy showed that L-

PVA is still included in the TC-PNs structure, either as confined in the pores 

or stuck onto the gel walls. The dynamics of L-PVA chains were, then, 

investigated through FCS (gel pores) and FRAP (gel walls). The two 

techniques allow the measurement of diffusion coefficients, but on different 

ranges: ideally D > 1 µm2/s for FCS, and 0.01 µm2/s < D < 50 µm2/s for 

FRAP.139 

Fig. 30 shows the fitted FCS autocorrelation curves of RBITC-L-PVA chains 

in dilute aqueous solution (fig. 30 a), and in the pores of TC-PN FT1 and FT3  

(fig. 30 b and 30 c respectively). In the first case, the curve is fitted by a single 
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decay function (Eq. 23). The calculated diffusion coefficient is reported in 

Table 8. 

 

 
Figure 30. The diffusion of L-PVA in the TC-PN gels. (Top) FCS autocorrelation curves 

(marks) and fitting functions (solid lines) for (A) a diluted solution of L-PVA in water, L-(B) 

PVA in the pores of TC-PN FT1 gel, and (C) L-PVA in the pores of TC-PN FT3 gel. FRAP 

recovery profiles of L-PVA on the walls of TC-PN FT1 (blue markers) and FT3 (green 

markers) gels (D); the curves are flat, without recovery in the fluorescence intensity, which 

indicates that any diffusion of the polymer chains is detectable. Reproduced from ref. [17]. 

 

Instead, a double decay function (Eq. 24) was necessary to fit the 

autocorrelation curves for L-PVA chains in the gels pores. In this case, the 

fastest component of the decay (D1) was assumed to correspond to that of 

free polymer chains (see Table 8), while the slow-diffusing elements were 

associated to L-PVA chains protruding from the gel walls or interacting with 

them through hydrogen bonds.  

 

Table 8. Diffusion coefficient values (D) obtained from the fitting of FCS curves. 

System 
L-PVA 

D (µm2/s) 

PVA diluted solution (100 

nM in RBITC) 
24 ± 1 

TC-PN FT1 pores 
D1 = 24 (65%) 

D2 = 4  1 (35%) 

TC-PN FT3 pores 
D1 = 24 (80%) 

D2 = 6  4 (20%) 
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The FRAP data of L-PVA chains on TC-PNs walls are shown in fig. 30 d. No 

recovery was observed for both FT1 and FT3 gels within the first 140-160 s. 

For exposure times longer than 140-160 s, the gels are partially disrupted. 

FRAP measurements confirmed that, after curing in water, L-PVA chains are 

also partially blocked on the gels walls. Their diffusion coefficient is lower 

than 0.01 µm2/s, i.e., lower than the detection limit of FRAP. 

 

5.5 Rheological behavior of PVA-based cryogels 

The influence of the gel composition and the number of FT cycles on washed 

gels was investigated through rheology. 

The amplitude sweep curves (fig. 31 a) show that the cross-over between the 

storage (G') and loss (G'') moduli can be found at lower oscillation strains for 

the FT3 hydrogels than for the FT1. Theoretically, the cross-over point is 

associated to a decrease in the cohesion of the structure: cohesive bonds 

should break, and systems should flow as liquids140. In this case, no change to 

the liquid state is observed for the cryogels, and the cross-over point was 

interpreted as the partial rupture of weak bonds in the polymer network. The 

peak that appears in the G'' curves, the so-called "weak strain overshoot"141, 

can be reasonably attributed to weak interactions (i.e. hydrogen bonds not 

involved in the crystalline structure) that resist deformation until a certain 

strain value is reached (at the peak maximum, right before the cross-over). 

The peak position is shifted to lower strains when the number of FT cycles 

increases; this was explained considering that a higher number of FT cycles 

leads to stiffer and less mobile networks that are less capable of relaxing 

mechanical stresses. For the same number of FT cycles, the G'' peak moves 

to higher strain values for the TC-PNs. It can be argued that the chains of L-

PVA act as plasticizers that make the final structure more compliant.  
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Figure 31. Rheological properties of PVA-based cryogels: (a) Amplitude sweep curves; 

arrows indicate the cross-over points; (b) Frequency sweep curves; (c) Visual aspect and 

adaptability on uneven surfaces. Reproduced from ref. [17]. 

 

Frequency sweeps (see fig. 31 b) were collected in the LVE range (linear 

viscoelastic range, identified in the amplitude sweeps), and show that for the 

FT1 gels G' is higher in the case of the TC-PN network. This is in apparent 

contrast to the lower G% observed for the TC-PNs, as G' is known to depend 

on the polymer concentration142. This further confirms the structural role of 

L-PVA in the gel structure. 

No significant difference is observed among the FT3 gels; in any case, they 

have significantly higher G' than the FT1 systems, highlighting that 

structuration takes place during the freezing steps. It must be noticed that 

systems with excessively high elastic moduli are not able to adapt to surface 

irregularities in the typical range encountered in painted artifacts (i.e. ≥ 1 mm). 

In fact, the FT3 formulations were deemed too rigid for cleaning purposes, 

while the FT1 gels showed optimal adhesion to 3D textured surfaces (see fig. 

31 c). 

  



Results and Discussion 

73 
 

Chapter 6. Twin-Chain Polymer 
Networks: the influence of L-PVA 
molecular weight 
Last chapters clarified L-PVA role as a porogen and structuring agent during 

the cryoformation of H-PVA-based hydrogels. The gel microstructure and 

porosity, observed through confocal imaging, were proven to be determined 

by a liquid-liquid phase-separation between the two polymers, occurring in 

the pre-gel solution. This influence structural and rheological properties of the 

final gels, deemed to be crucial for the cleaning action. 

The polymers incompatibility is mainly determined by the different 

conformation of H-PVA and L-PVA in aqueous solution: while H-PVA 

chains are extended, L-PVA chains are partially collapsed, due to the presence 

of the hydrophobic acetate groups. 

However, L-PVA molecular weight could also play a role in determining the 

physico-chemical properties of the resulting cryogels. In this chapter3, cryogels 

obtained by combining H-PVA with three different L-PVAs (K18_L-PVA, 

K32_L-PVA and K47_L-PVA, HD = 88 %, different molecular weights) are 

investigated. 

 

6.1. Determination of L-PVA molecular weight  

The Mv of the three commercial L-PVAs was determined by using viscometry. 

The viscosity of polymer solutions containing increasing concentrations of 

polymer was measured through a capillary viscometer (Ubbelohde). Data are 

shown in fig. 32. They were fitted according to Martin equation53 for semi-

dilute solutions (Eq. 9); the [η] values were extrapolated and used in the Mark-

Houwink equation (Eq. 3) to obtain Mv. The calculated [η] and Mv values are 

reported in Table 9. For comparison, the viscometric Mv of L-PVA (from 

Sigma) was also determined with the same method. 

 

 
3 Based on Paper III, see Appendix. 
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Figure 32. Data (full markers) of the reduced viscosity (ηsp/C) VS the polymer concentration 

(CPolymer) for aqueous solutions of each polymer investigated. ηsp was obtained from viscosity 

measurements (with the Ubbelohde viscometer). Data were fitted with the Martin equation 

(solid black lines). (A) K18_L-PVA; (B) K32_L-PVA; (C) K47_L-PVA; (D) H-PVA (Sigma); 

(E) L-PVA (Sigma). 

 

Table 9. Intercept ([η]) and slope (𝐾𝑀[η]) obtained by fitting curves in fig. 32 with Martin 

equation. From [η] values, MV was calculated through the Mark-Houwink equation. The table 

shows also MW for H-PVA and L-PVA (Sigma) and the calculated 𝐾𝑀 values. 

Polymer 
ln 

[η] 
𝑲𝑴[η] 

Intrinsic 

Viscosity, 

[η] 

Viscometric 

�̅�𝒗 

Producer’s 

MW 

Martin 

constant, 

𝑲𝑴 

K18_L-

PVA 

4.06 

±0.03 
40 ± 1 

58.12 ± 

0.03 
73,050 (± 50) - 

0.69 ± 

0.01 

L-PVA 

(Sigma) 

4.19 

±0.09 
36 ± 3 

65.86 ± 

0.09 

89,010 (± 

190) 
100,000 

0.54 ± 

0.04 

K32_L-

PVA 

4.19 

±0.06 
53 ± 2 

66.23 ± 

0.06 

89,810 ± 

(130) 
- 

0.79 ± 

0.03 

K47_L-

PVA 

4.26 

±0.02 
60 ± 1 

71.27 ± 

0.02 

100,860 ± 

(40) 
- 

0.84 ± 

0.01 

H-PVA 

(Sigma) 

4.31 

±0.02 
63 ± 1 

74.42 ± 

0.02 
-- 160,000 

0.84 ± 

0.02 
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[η] values increase from K18 to K47 sample. The Mv of commercial L-PVAs 

ranges between 73,000 and 101,000 Da; the Mv  of K47_L-PVA is probably 

higher than that of H-PVA (Sigma), given the similar [η] values and the 

stronger inter- and intra-chain interactions in H-PVA solutions. 

The fitting with Martin equation led also to the determination of the Martin 

constant (KM); it is a measure of both the quality of the solvent and polymer-

polymer interactions53. KM increases with the polymers Mv, with the exception 

of L-PVA (Sigma) sample. L-PVA (Sigma) and K32_L-PVA have very similar 

[η] and Mv, but differ for the KM value. Thus, we can suppose that, even if 

both polymers have a HD = 88 %, the positions of acetate groups on the 

chains backbone is not the same; as a result, chains conformation in aqueous 

solution will be different. 

 

6.2 How L-PVA chains length influences phase-
separation and cryostructuration 

Three TC-PNs were prepared by mixing H-PVA with the three commercial 

L-PVAs, in a 3:1 ratio, respectively. 

Fig. 33 shows the confocal images of pre-gel solution containing FITC-labeled 

H-PVA, and the resulting FT1 gels soaked in a Rhodamine 110 solution. 

 

 
Figure 33. Confocal images of pre-gel solutions (A-C) and washed gels (D-E), containing 

respectively: K18_L-PVA (A, D); K32_L-PVA (B, E); K47_L-PVA (C, F). Scalebar: 50 µm. 
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L-PVA Mv affects the dimension of blobs formed during the liquid-liquid 

phase separation at RT; more in detail, blob dimensions increase with the 

length of L-PVA polymer chains: their diameter is less than 5 µm in TC-PN 

K18 pre gel solution, and it increases to tens of µm for TC-PN K32 and TC-

PN K47 pre-gel solutions. As a consequence, also pore dimension changes, 

even if it does not reflect exactly the blob dimensions observed at RT; in fact, 

the low temperature of freezing enhances the phase-separation process 

(leading to larger and more numerous blobs), while the ice crystals formed 

during freezing compress the H-PVA chains contained in the continuous 

phase. 

 

6.3 The impact of L-PVA MW on gels physico-chemical 

properties 

Physico-chemical properties of 1 week washed TC-PNs, such as gel fraction, 

crystallinity (by DSC, both thawed and washed gels), Equilibrium Volume 

Swelling Ratio and water release, were quantified (Table 10). The gel fraction 

is around a 30% of the initial polymer content; it did not vary even after 3 

weeks of storage in water, suggesting that further loss of polymer is negligible. 

 

Table 10. Gel fraction, Crystallinity (non-washed, NW, and washed, W, gels), Equilibrium 

Water Swelling Ratio and Water Release obtained for the three samples. 

Sample 

Name 

Gel 

fraction 

(G%) 

Crystallinity 

NW (Xc %) 

Crystallinity 

W (Xc %) 

Equilibrium 

Volume 

Swelling 

Ratio (qv) 

Water 

release 

(mg/cm2) 

TC-PN K18 31 ± 8 24 ± 1 31 ± 1 1.73 ± 0.05 25 ± 2 

TC-PN K32 29 ± 2 28 ± 1 32 ± 1 1.89 ± 0.05 27 ± 1 

TC-PN K47 31 ± 4 24 ± 1 32 ± 1 2.12 ± 0.05 23 ± 2 

 

Despite the very different structures of TC-PNs K18, K32 and K47, observed 

through confocal microscopy, the hydrogels properties here analyzed are, 

overall, not significantly different. 

In general, the second crystallization occurring after washing is affecting the 

crystallinity values, and the swelling ability is higher for TC-PN K47, probably 

because of its larger pores. 
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TC-PN K32 seems to be more structured, before washing, than the other two 

samples: the value of the crystallinity of the non-washed gel is slightly higher. 

Otherwise, the three samples are almost identical. 

Rheological properties of both pre-gel solutions and networks were also 

investigated. TC-PN K47 pre-gel solution has the highest viscosity: it is 

comparable to a 12 % w/v H-PVA aqueous solution at high shear rates (Fig. 

34). 

 

 
Figure 34. Flow curves of pre-gel solutions (Sol TC-PN K18, K32 and K47) compared to 

the flow curve of a H-PVA aqueous solution (12% w/v). 
 

This could be an effect of the larger K47_L-PVA blobs: in fact, either the 

phase separation is more effective in concentrating H-PVA continuous phase, 

or the long K47_L-PVA chains remaining in the continuous phase are able to 

interact with H-PVA chains and increase the viscosity. All the TC-PN pre-gel 

solutions show a different shear thinning behavior (with a plateau region), 

around 1 s-1, with respect to the concentrated H-PVA solution. This could be 

an effect of the presence of L-PVAs acetate groups, which act as plasticizers 

in the mixtures. 

The rheological response of the non-washed TC-PN gels does not differ 

significantly (fig. 35). 

However, after washing, TC-PN K32 appeared to be, like crystallinity data 

suggested, more structured than TC-PN K18 and TC-PN K47. TC-PN K47 

showed the highest compliance after washing (G’ is significantly lower with 
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respect to the other two samples), i.e., it is the most adaptable to rough and 

clotted surfaces; this could be an effect of its extended porosity. 

 

 
Figure 35. Frequency sweeps of TC-PNs containing K18, K32 and K47 L-PVAs. 

Measurements have been performed before and after washing. 

 

6.4 SAXS characterization 

Pre-gel solutions and TC-PNs nanostructure were investigated through 

SAXS. SAXS curves and fittings, obtained through Eq. 21, are shown in fig. 

36. Fitting parameters are reported in Table 11. 

The Guinier scale, IG(0), and the Lorentz scale, IL (0), have values that are 

almost comparable for the solutions. In that case, they quantify areas 

containing polymer aggregates and polymer chains in solution, respectively. 

For TC-PN gels, instead, IG(0) and IL(0) describe the solid-like portions of the 

networks, containing crystallites, and the liquid-like areas, containing swollen 

polymer chains. Therefore, the IG/IL ratio can be used to quantify the ordered 

regions in the networks: they are more extended in the non-washed gels with 

respect to the swollen networks, as the solvent causes the disruption of some 

polymer interactions established during freezing. Among the non-washed 

gels, ordered regions are less numerous in the TC-PN K47, probably because 

the long semi-interpenetrating chains prevent some of the H-PVA self-

interactions.  

TC-PN K18 is the sample that is more affected from the washing step: the 

ordered regions strongly decrease after washing. In this case, the short K18_L-
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PVA chains have less interaction with the structural H-PVA: they are easily 

extracted by water, leaving structural defects in the networks. 

The correlation length, ξ, increases from pre-gel solution to non-washed gels. 

This can be related to the swelling of polymer chains in the less dense areas 

of the gels, after the melting of ice crystals. A further increase in ξ is registered 

after gels swelling in water. 

The fractal dimension, D, is around 2 for pre-gel solutions, as expected. D 

values increase for gels: networks where polymer chains interact through H-

bonds have 2.7 < D < 2.9106; such values are reached, especially after swelling. 

The radius of aggregates in the pre-gel solutions, R, could be related to 

polymer complexes formed because of specific interactions. 

Crystallites radius in the gels, R, has a value of 5.5 nm ca. It decreases for the 

washed TC-PN K18, confirming that the swelling in water causes a 

destabilization of the network structure. 

 

 
Figure 36. SAXS curves (full markers) and fittings (solid black lines) for pre-gel solutions, 

non-washed (NW) gels and washed (W) gels. 
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Table 11. SAXS fitting parameters for pre-gel solutions (Sol), non-washed (NW) gels and 

washed (W) gels. 

Sample 

Guini

er 

Scale 

IG(0) 

Lore

ntz 

Scale 

IL(0) 

IG/ 

IL 

Correlation 

Length 𝝃 

(nm) 

Fractal 

Dimensio

n (D) 

Radius of 

aggregates 

/Crystallit

es Radius 

(R, nm) 

Bac

kgr

oun

d 

(B) 

TC-PN 

K18 Sol 
13 25 - 2.3 ± 0.1 2.0 ± 0.1 15.1 ± 0.6 0.14 

TC-PN 

K32 Sol 
26 34 - 2.1 ± 0.1 2.1 ± 0.1 11.6 ± 0.3 0.14 

TC-PN 

K47 Sol 
34 24 - 2.1 ± 0.1 2.2 ± 0.1 19.7 ± 0.6 0.10 

TC-PN 

K18 NW 
11 38 0.29 3.8 ± 0.1 2.5 ± 0.1 6.1 ± 2 0.21 

TC-PN 

K32 NW 
7 25 0.28 3.5 ± 0.1 2.6 ± 0.1 5.6 ± 0.1 0.10 

TC-PN 

K47 NW 
5 26 0.19 3.6 ± 0.1 2.6 ± 0.1 5.7 ± 0.2 0.16 

TC-PN 

K18 W 
0.5 42 0.02 5.5 ± 0.1 2.7 ± 0.1 2.4 ± 0.1 0.15 

TC-PN 

K32 W 
5 35 0.14 5.1 ± 0.1 2.8 ± 0.1 5.4 ± 0.1 0.08 

TC-PN 

K47 W 
4 29 0.14 5.2 ± 0.1 2.9 ± 0.1 5.6 ± 0.1 0.03 
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Chapter 7. Nanostructured fluids: 

dewetting process and cleaning 

mechanism 

The dirt depositing on painted surfaces can be hydrophilic or hydrophobic in 

nature. Specific cleaning fluids can be embedded in gels to grant a selective 

and controlled removal of unwanted materials: the latter are solubilized at the 

gel-substrate interface, and kept inside the polymer matrix. 

One of the most common hydrophobic grime found on painted surfaces is 

the resin Paraloid B72. It is usually applied on paintings because of its 

transparency and its ability to saturate the colors, giving a glossy appearance 

to the surface; moreover, it protects the paint from moisture. However, 

Paraloid becomes yellow over time, due to a crosslinking reaction induced by 

UV light, and its removal becomes necessary to grant the readability of the 

work of art. 

o/w µEm and NSFs were proven to be the most effective tools to clean 

Paraloid coated surfaces33. The organic solvent contained in the droplets (for 

µEm) or in both the micelles core and the continuous phase (for NSFs) 

contributes to lower the polymer Tg, inducing dewetting on thin films, while 

the surfactants act on the kinetics of the process35,36. 

In this chapter 4, the dewetting mechanism of Paraloid B72 2 µm thick-films, 

induced by four different NSFs, is investigated through Confocal imaging, 

DLS and FCS. 

NSFs with a similar structure were loaded in TC-PN gels to clean Pablo 

Picasso’s The Studio (see Chapter 8). 

 

 
4 Based on Paper IV, see Appendix. 
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7.1 NSFs-induced dewetting of Paraloid B72 films: 

effects of the solvent and the surfactant 

The four NSFs here investigated contain two types of nonionic surfactants 

(MPD, C12E15 – OH, methoxy-pentadeca(oxyethylene) dodecanoate, and 

PDE, C11 – C=O - E15 – OCH3, pentadeca-(oxyethylene) dodecyl ether), 

which differ for the presence of a methyl group in the polar head of MPD, 

and two different solvents (propylene carbonate, PC, and Methyl Ethyl 

Ketone, MEK). The final NSFs result by the combination of each surfactant 

with each solvent, in an aqueous environment: H2O/PC/PDE, 

H2O/PC/MPD, H2O/MEK/PDE, H2O/MEK/MPD. 

MPD and PDE have a very similar chemical structure; nonetheless, MPD 

cleaning performances are better, especially in steady condition, i.e., without 

any stirring or shaking. In fact, phase behavior in water, polar head hydration 

and CMC are different for the two surfactants.36 

As regards the organic phase, while both PC and MEK can induce the 

dewetting of thin Paraloid films, it was recently demonstrated that PC is more 

effective, leading to a complete dewetting of the polymer.33,34 As a matter of 

fact, both solvents should be ideal for Paraloid solubilization according to the 

relative Hansen parameters22, and MEK should even perform better (see 

Table 12). However, when combined with water in the NSFs, PC 

performances are superior: this could be due to a stronger interaction between 

MEK and water molecules. 

 

Table 12. Hansen solubility parameters for PC, MEK and Paraloid B72. δd, δp and δh are  the 

dispersion component, the polar component and the hydrogen bonding component, 

respectively. 

 δd δp δh 

PC 20.0 18.0 4.1 

MEK 16.0 9.0 5.1 

Paraloid B72 18.1 10.1 5.8 

 

Fig. 37 shows the effects of the four NSFs on a Coumarin 6-labeled Paraloid 

B72 film, deposited on a microscope glass slide, over a time of 30 min. 

Confocal images were taken at the glass-film interface. 
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Figure 37. Confocal images of a 2 µm-thick, Coumarin 6-labeled Paraloid B72 film with: (A) 

H2O/PC/PDE, (B) H2O/PC/MPD, (C) H2O/MEK/PDE, (D) H2O/MEK/MPD. (E) 

3D image of the polymer film before the interaction with the NSFs, and after a 30 min 

interaction with (A1) H2O/PC/PDE, (B1) H2O/PC/MPD, (C1) H2O/MEK/PDE, (D1) 

H2O/MEK/MPD. Each confocal image has a side of 150 µm. Reproduced from ref. [32].  

 

The 2 µm-thick films here investigated are examples of metastable systems: 

the hydrophobic polymer covers an hydrophilic surface, therefore dewetting 

is thermodynamically, but not kinetically, favored. 

In all cases, the polymer starts to detach from the surface forming liquid filled 

cavities, which expand as the liquid-polymer interaction goes on. 

The stripes of polymer remaining in contact with the glass surface draw a 

typical pattern, called Voronoi pattern or tessellation143. The evolution of the 

systems over time changes with both the surfactant and the solvent 

constituting the NSF; in fact, both NSFs containing PC lead to the complete 
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dewetting of the Paraloid film (fig. 37 A, B, A1 B1), i.e. the polymer detaches 

completely from the surface and eventually forms spherical blobs. However, 

it is evident that the kinetics of H2O/PC/PDE (fig. 37 A) are slower than 

those of H2O/PC/MPD (fig. 37 B). 

As regards the MEK containing NSFs, the dewetting process is not complete 

after a 20 min interaction (fig. 37 C, D, C1, D1) and, even if the cavities at the 

polymer-glass interface become larger for longer interaction times, the 

Voronoi pattern eventually stabilizes. 

Also in this case, the effect of the different surfactant is evident: PDE-based 

NSF is less effective in the dewetting process with respect to MPD NSF (see 

fig. 37 C, D, respectively). 

The role of the surfactant can be explained considering the mechanism of the 

dewetting process: while the polymer locally detaches from the glass, new 

polymer-liquid and glass-liquid interfaces form, that is, the interfacial area of 

the system increases. Surfactants are able to reduce the energy cost of this 

transition, by reducing interfacial tension. The higher ability of MPD in 

“catalyzing” dewetting with respect to PDE can be explained also on the basis 

of their interfacial tensions: it was found that γMPD ≈ 34.5 N/m, while γPDE ≈ 

37.5 N/m (see fig. 38). 

 

 
Figure 38. Surface tension of MPD and PDE aqueous solutions, as a function of surfactant 

concentration. Reproduced from ref. [32]. 
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Moreover, MPD has a higher hydrophobicity than PDE, granted by the 

methoxy group at the end of the polyoxyethylene chain, and could be able to 

penetrate more easily into the hydrophobic polymer film. 

 

7.2 Dewetting mechanism 

The diffusion and evolution of the NSFs droplets during the interaction with 

the polymer film were investigated by combining DLS, Confocal imaging and 

FCS. Initially, micellar solution of PDE and MPD were labeled with the 

fluorescent, amphiphilic dye Bodipy and their diffusion was compared to that 

of neat micellar solutions through DLS. Then, the influence of the presence 

of Bodipy was investigated also on the four NSFs. The diffusion coefficients 

(see Table 13), obtained either from the cumulant analysis, or as a weighted 

average of the most recurrent D values obtained from the CONTIN analysis, 

show that both the labeling and the addition of the organic solvent do not 

drastically affect micelles dimension. 

The average diffusion coefficient of 80 µm2/s was used as a “guess value” for 

the FCS analysis. FCS probing was performed on the labeled NSFs before the 

interaction, in the liquid-filled cavities (during the interaction), and on top of 

the film, after a 20 min interaction. More in detail, FCS probing was 

performed in the cavities at the glass-polymer interface for the MEK-based 

NSFs only; for the PC-based NSFs, in fact, the evolution of the system was 

too fast, and measurements could be done only at the end of the polymer 

rearrangement, i.e., in liquid-filled cavities inside the spherical polymer blobs. 

 

Table 13. Average Diffusion Coefficients, D (μm2/s), obtained by DLS Analysis. 

System D (μm2/s) for 

unlabeled sample 

D (μm2/s) for 

Bodipy-labeled sample 

H2O/PDE 85 ± 3 a 81 ± 2 a 

H2O/MPD 88 ± 6 a 86 ± 3 a 

H2O/MEK/PDE 85 ± 11 b 87 ± 10 b 

H2O/PC/PDE 72 ± 5 b 75 ± 15 b 

H2O/MEK/MPD 73 ± 5 a 87 ± 6 b 

H2O/PC/MPD 77 ± 2 a 78 ± 2 b 
aValues and standard deviations obtained by cumulant analysis. 
bWeighed averages of the most recurrent D values obtained by CONTIN algorithm, with 

standard deviation. 
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The probing is schematized in the cartoon of fig. 39, with the FCS curves 

obtained in each area of the samples. 

 

 
Figure 39. The cartoon illustrates the points of FCS probing during the film dewetting, while 

the panels A-D show the FCS curves acquired in each spot at t = 0 min (before interaction) 

(A), at time t = 5−15 min (only for MEK-based NSFs) (B), after 20 min of incubation of the 

polymer with the four NSFs (C), and in cavities inside polymer blobs after complete dewetting 

(only for PC-based NSFs) (D); H2O/PC/PDE (blue circles), H2O/PC/MPD (red circles), 

H2O/MEK/PDE (white circles), and H2O/MEK/MPD (green circles). Reproduced from 

ref. [32]. 

 

The real regions where measurements were performed are shown as confocal 

images in fig. 40, with the FCS curves fitting. All FCS decays were fitted 

accounting for the presence of two components (Eq. 24). The calculated 

diffusion coefficients are listed in Table 14 for MEK-based NSFs and Table 

15 for PC-based NSFs. 

Droplet sizes and polydispersity of the systems remain almost the same for 

the MEK-based NSFs before and after the interaction (see Dbulk at t = 0 and 

t = 20 min in Table 14), except for the lower D2,bulk of H2O/MEK/MPD, 

probably due to MPD ability to solubilize low-molecular weight components 

of Paraloid. 

However, the most remarkable feature of these systems lies in the surfactant 

ability, either as a monomer or as micellar aggregates, to penetrate the swollen 

polymer film and reach the cavities at the polymer-glass interface. In these 

cavities, the diffusion of micelles is detectable. 
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Figure 40. Confocal images show the areas where FCS probing was performed; FCS 

averaged curves and two-components decay fitting are shown for each panel. Panel (A): 

cavities formed at the glass-polymer interface after 5 and 15 min, respectively, of interaction, 

and FCS curves and fitting, for H2O/MEK/MPD system. Panel (B): cavities formed at the 

glass-polymer interface after 5 and 15 min, respectively, of interaction, and FCS curves and 

fitting, for H2O/MEK/PDE system; Panel (C): cavities formed in the dewetted polymer 

blobs for H2O/PC/MPD (left) and H2O/PC/PDE (right), and relative FCS decays and 

fitting. Reproduced from ref. [32]. 

 

More specifically, the micelles probably penetrates through polymer film 

defects144 and reach the cavities, while some surfactant molecules are absorbed 

inside the polymer film and contribute to the Tg lowering induced by the 

solvents. 

For H2O/MEK/PDE NSF, the larger fraction of diffusing species in the 

cavities is represented by smaller micelles (D = 80 µm2/s, 80% of the diffusing 

fluorescent molecules) and the system does not significantly change over the 

time of the interaction; H2O/MEK/MPD NSF, instead, seems to penetrate 
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more trough the film as the contact time increases: the species detected in the 

cavities after a 12 min interaction are very similar to the bulk species (i.e. the 

species on top of the film, after a 20 min interaction), even if smaller species 

are still more numerous in the cavities. 

As regards the PC-based NSFs, the diffusion of H2O/PC/PDE micellar 

species, before and after the interaction with the Paraloid film, reflects the 

same situation observed for MEK-based systems: the systems did not evolve 

with time. However, H2O/PC/MPD micelles grew bigger after the 

interaction, probably because MPD, in combination with the better solvent 

PC, was able to further extract soluble components of the film after a 20 min 

interaction (see Table 15). 

The micelles entrapped in the liquid-filled cavities inside dewetted polymer 

blobs are either larger than the original micelles (especially for the MPD 

system) and/or their mobility is limited. The faster D1 is, especially in PDE 

system, probably an average of faster and slower diffusing species, while the 

slow component D2, for both PC-based NSFs, indicates that the fluorescent 

species are strongly interacting with the polymer. 

To sum up, the mechanism of polymer dewetting and removal strongly 

depends on the type of organic solvent and surfactant used in the NSF 

formulation: while a good solvent is necessary to grant a the polymer 

dewetting, different surfactants can be used to play with the kinetics of the 

process, granting a controllable but efficient treatment of several types of 

artifacts. 
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Table 14. Diffusion coefficients, in µm2/s obtained by FCS curves fitting for MEK-based 

NSFs in different areas of the samples, during a 20 min polymer-NSFs interaction (see the 

cartoon in fig. 39 and panels a, b in fig. 40). 

NSF 

Dbulk 

(t = 0 min) 

Dcav (t = 5 

min) 

Dcav (t = 12 

min) 

Dbulk 

(t = 20 min) 

H2O/MEK/PDE 

D1 = 80 

(40%) 

D2 = 17 ± 2 

D1 = 80 

(80%) 

D2 = 0.4 ± 

0.2 

D1 = 80 

(80%) 

D2 = 6 ± 2 

D1 = 80 

(40%) 

D2 = 16 ± 5 

H2O/MEK/MPD 

D1 = 80 

(50%) 

D2 = 17 ± 3 

D1 = 80 

(70%) 

D2 = 7 ± 3 

D1 = 80 

(60%) 

D2 = 6 ± 3 

D1 = 80 

(50%) 

D2 = 6 ± 2 

 

Table 15. Diffusion coefficients obtained by FCS curves fitting for PC-based NSFs in 

different areas of the samples, during a 20 min polymer-NSFs interaction (see the cartoon in 

fig. 39 and panel c in fig. 40). 

NSFs with PC Dbulk (t = 0 min) 
Dcav (t = 10 

min) 
Dbulk (t = 20 min) 

H2O/PC/PDE 
D1 = 80 (50%) 

D2 = 19 ± 4 

D1 = 33 ± 2 

(99%) 

D2 = 0.01 

D1 = 80 (50%) 

D2 = 13 ± 4 

H2O/PC/MPD 
D1 = 80 (60%) 

D2 = 18 ± 4 

D1 = 5 ± 2 

(90%) 

D2 = 0.1 

D1 = 64 ± 40 

(40%) 

D2 = 4 
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Chapter 8. The diffusion of cleaning 

Nanostructured Fluids into the gel 

matrix 

The diffusion of micelles or solvent droplets contained in aqueous NSFs and 

o/w µEm can be controlled by embedding the cleaning liquids in a hydrogel 

network. 

The species diffusion will depend on the specific micelles-polymer interaction 

and on the micro-porosity of the network. 

This chapter 5 explores the mobility of NSFs, either containing nonionic or 

anionic surfactants, or both, in pure H-PVA and TC-PN cryogels, obtained 

by 1 or 3 FT cycles (see Chapter 5 for a description of the gels structure and 

properties). 

The diffusion into the gels matrix was investigated trough FCS. 

 

8.1. How the porosity of hydrogels and the surfactant 

nature influence droplets diffusion in gels 

Two aqueous NSFs, coded as XYL and BEMP, were prepared according to 

the quantities reported in Table 16. 

XYL contains the anionic surfactant SDS, Pe-OH as a co-surfactant and 

Xylene as “oil”. XYL is a proper o/w µEm, i.e. the organic solvent is 

completely confined the core of the SDS micelles. BEMP, on the other hand, 

contains a nonionic surfactant (C9-11E6) and four organic solvents; one of 

them, Bu-OH, also acts as a co-surfactant. BEMP is defined a NSF: in this 

case, the organic solvents are partially soluble in water, so they will be find 

both in the micelles core (forming “swollen micelles”) and in the aqueous 

continuous phase. 

Systems of this type were thoroughly characterized through SAXS and 

USAXS. 

 
5 Based on Papers V and VI, see Appendix. 
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Table 16. XYL and BEMP NSFs composition. 

Composition (% w/w) XYL BEMP 

H2O 85.5 60 

SDS 4 - 

Pe-OH 8 - 

Xylene 2.5 - 

C9-11E6 - 5 

Bu-OH - 10 

PC - 7 

MEK - 11 

EA - 7 

 

The loading of XYL and BEMP in PVA-based cryogels does not affect 

significantly the gels structure; however, it is well known that hydrophobic 

polymer-surfactant interactions are likely to occur, especially in presence of 

anionic surfactants: the hydrophobic surfactant tail interacts with the 

backbone of the PVA chain, even for highly hydrolyzed PVAs145. As a result, 

polymer chains behave as polyelectrolytes and the equilibrium swelling ratio 

can increase. Concurrently, network inhomogeneities in the hundreds of 

nanometers decrease, while polymer crystal size slightly increases (due to the 

local electrostatic repulsion of surfactant charged polar heads). 

The diffusion of XYL and BEMP micelles in PVA-based cryogels was 

measured through FCS, after labeling both NSFs with the nonionic, 

amphiphilic dye Bodipy. 

The comparison between the averaged autocorrelation curves of the free and 

confined NSFs are shown in fig. 41 A and B, for XYL and BEMP, 

respectively. 

Curves fitting, obtained considering a single component decay (Eq. 23), are 

shown as dashed lines in figure 41 C and D, for XYL and BEMP, respectively. 

The diffusion coefficients are listed in Table 17. 

XYL droplets are slightly smaller than BEMP “swollen micelles”: the 

diameters obtained by USAXS measurements are dXYL ≈ 5 nm and dBEMP ≈ 

6.3 nm. However, the viscosity of XYL is far higher than that of BEMP; as a 

result, the diffusion coefficient of XYL droplet, DfreeXYL, is ca. 3 times smaller 

than DfreeBEMP. Such difference in viscosity can be ascribed both to the 

different composition of the continuous phase (in BEMP the organic solvents 
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mainly constitute the continuous phase, lowering its viscosity) and to the 

higher hydration of SDS head group, with respect to that of C9-11E6 contained 

in BEMP. In fact, it has been reported that sulfate groups of anionic surfactant 

are highly hydrated and strongly interact with water through hydrogen 

bonding.146 This leads to a larger hydration shell for XYL droplets, and to a 

higher viscosity of the medium with respect to BEMP. 

Fig. 41 A shows the effects of XYL inclusion in the four cryogels: the solid 

green line describing the free XYL diffusion is not significantly different from 

droplets diffusion in TC-PNs (i.e. PVA/PVA gels), while for both pure H-

PVA gels FCS autocorrelation curves are significantly different, both 

displaying a faster decay, probably ascribable to the diffusion of free dye. 

Fig. 41 B shows the comparison between free BEMP (solid light blue line) 

and BEMP included in the gels autocorrelation curves: in this case PVA FT1 

and PVA/PVA FT3 are the systems that mostly differ from the others. 

 

 
Figure 41. FCS autocorrelation curves describing the diffusion of NSFs in PVA-based 

cryogels. (A) Comparison between the curves describing the diffusion of free XYL and XYL 

embedded in the cryogels; (B) Comparison between the curves describing the diffusion of 
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free BEMP and BEMP embedded in the cryogels; (C) Autocorrelation curves (markers) and 

relative one-component fitting (dashed lines) of XYL diffusing in the networks; (D) 

Autocorrelation curves (markers) and relative one-component fitting (dashed lines) of BEMP 

diffusing in the networks. Curves are averages of 12 repetitions and error bars in (A) and (B) 

represent the standard deviations. Curves in (C) and (D) have been shifted along the Y axis 

for clarity. 

 

A different diffusional behavior of micellar aggregates can be ascribed either 

to the different average viscosity of the medium, to a small average pore-size, 

or to surfactant-polymer interactions. 

As regards XYL systems, it is known that anionic surfactants are likely to 

interact with polymers, such as PVA, through their hydrophobic tails, 

exposing polar heads and forming polyelectrolytes147. As described in Chapter 

5, PVA FT1 has long, needle-shaped pores whose diameter (0.5 µm ca.) 

slightly expands after the second and the third FT steps.17 Conversely, TC-PN 

gels have a sponge-like structure, with pores diameter ranging from 1 to 20 

µm ca.17 Therefore, it is likely that SDS adsorbs on the gel walls in the four 

XYL systems. However, for needle-shaped pores, the bulky charged head-

groups of SDS make the pores even narrower, due to their excluded volume. 

As a result, in PVA FT1 and PVA FT3 droplets diffusion is two times slower 

than in the free µEm (see Table 17).  

 

Table 17. Diffusion coefficients, D (µm2/s) obtained by FCS curves fitting, for XYL and 

BEMP loaded in PVA-based cryogels. 

System D (µm2/s) 

Free XYL 22 ± 1 

XYL in PVA FT1 10 ± 1 

XYL in PVA FT3 12 ± 2 

XYL in TC-PN FT1 19 ± 2 

XYL in TC-PN FT3 32 ± 3 

Free BEMP 69 ± 3 

BEMP in PVA FT1 32 ± 2 

BEMP in PVA FT3 51 ± 3 

BEMP in TC-PN FT1 50 ± 3 

BEMP in TC-PN FT3 38 ± 4 
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Some droplets probably deform and disrupt in passing through the small 

channels, due to the strong electrostatic repulsion: that is why the diffusion of 

free Bodipy can be detected in these two systems (the fast decay visible for 

PVA FT1 and FT3 in fig. 41 A, C). 

While XYL freely diffuse in TC-PN FT1 gel, a diffusion coefficient higher 

than that of the free µEm is detected in TC-PN FT3. To explain this effect, 

we need to consider the structure of TC-PN FT3: the gel was obtained after 

a phase-separated solution of L-PVA blobs in a H-PVA continuous phase 

underwent 3 FT cycles. The repeated FT process can contribute to produce a 

force-coating of the L-PVA chains on the H-PVA main structure17: in fact, 

TC-PN FT3 contained higher amounts of L-PVA with respect to TC-PN-

FT1, after washing (see fig. 29). Consequently, TC-PN FT3 is the only gel 

under consideration which contains, in the pores and on its walls17, significant 

quantities of L-PVA, a partially hydrolyzed PVA with hydrophobic acetate 

groups, very likely to interact with surfactants tails. It can be inferred that, in 

this case, mixed micelles in which L-PVA chains interact with SDS form: an 

increase in the population of small surfactant aggregates occurs, and the 

measured diffusion coefficients are lower. 

BEMP NSF contains only a nonionic surfactant. The slight decrease of D 

observed in PVA FT3 and TC-PN FT1 gels with respect to DfreeBEMP (see 

Table 17) can be due either to a different viscosity of the medium or to a 

change of equilibria between the micellar species, after loading. The micelles 

motion is significantly delayed in PVA FT1 gel, due to the narrow needle-

shaped pores. 

The low D value registered for BEMP in PVA/PVA FT3 gels can be linked, 

again, to the high amount of L-PVA contained in this network: free or 

dangling L-PVA chains probably interact with the micelles, lowering their 

mobility. 

Overall, FCS measurements show that the gel-NSF interaction strongly 

depends on the functionalities lying on the polymer chain backbone or the 

surfactant tail, the type of polar head, the porosity of the network and the 

massive presence of dangling and/or free chains in the gel pores. All these 

characteristics can affect the mobility or even the nature of micellar aggregates 

in the system, and need to be considered in order to design an effective 

cleaning action. 
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8.2 Diffusion of a NSF in a FITC-labeled TC-PN FT1 for 
the selective cleaning of Picasso’s The Studio 

The diffusion, in TC-PN FT1 gel, of a NSF containing both a nonionic and 

an anionic surfactant, was investigated through FCS measurements. In this 

case, polymer-surfactant interactions were highlighted by confocal imaging: 

the TC-PN gel was prepared with FITC-labeled H-PVA (green fluorescence), 

while the NSF was labeled with Bodipy (red fluorescence, 10 nM). 

NSF formulation components are listed in Table 18. 

 

Table 18. NSF composition. 

Composition (% w/w) NSF 

H2O 65.9 

C9-11E5,5 3.3 

SDS 0.2 

Bu-OH 9.7 

MEK 20.9 

 

Labeled “swollen micelles” will be mixed micelles, containing two nonionic 

surfactants (C9-11E5,5 and Bodipy) and an anionic one (SDS). 

Their interaction with the cryogel walls is shown in fig. 42: fig. 42 A is the 

confocal image where only FITC is excited, and the structure of the loaded 

TC-PN gel is evident; in fig. 42 B only Bodipy is excited: the surfactant and 

the micelles trace the pattern of the gel pores, suggesting that some Bodipy 

(either as a monomer or included in the micelles) is interacting with the gel 

walls; fig. 42 C is the superposition of images A and B and confirms that the 

red fluorescence of Bodipy overlaps the green signal of FITC. 

The diffusion of the free NSF was measured through FCS, and the resulting 

average autocorrelation curve was compared to the average decay detected in 

the gel pores (fig. 42 D). The related diffusion coefficients, obtained by Eq. 

24, are listed in Table 19. 

In this case, the decay of the fluid embedded in the network could be 

described only through two different diffusion coefficients (Eq. 24): one of 

them is the diffusion coefficient of the free NSF, accounting for the 60% ca. 

of the total decay; the other coefficient is far slower and accounts for a 

polymer-surfactant interaction: probably, also in this case the surfactants are 
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interacting with the gel walls; therefore, either because of the “surfactants-

coated” gel walls, or due to the dangling L-PVA chains in the pores, the 

diffusion of micelles is slower. 

The FITC-labeled H-PVA could also play a role in enhancing Bodipy-polymer 

interaction: the interaction between aromatic domains characterizing FITC 

and Bodipy could be facilitated in this system, leading to a higher amount of 

Bodipy and Bodipy-labeled micelles stuck on the gel walls. 

 

 
Figure 42. CLSM images of FITC-labeled TC-PN FT1 (green) loaded with Bodipy-labeled 

NSF (red): (A) only FITC is excited, showing the gels structure after loading; (B) only Bodipy 

is excited, and it draws the profile of the gel pores, suggesting that the surfactant sticks on the 

gel walls, either as a monomer or in micelles; (C) Overlay of (A) and (B). (D) FCS 

autocorrelation curves describing the diffusion of the free NSF (blue markers) and the NSF 

embedded in the gel (purple markers), with curves fitting. Error bars are the standard 

deviations of the averaged curves. Reproduced from ref. [13].  

 

Table 19. Diffusion coefficients (µm2/s) for the free NSF and NSF micelles embedded in 

TC-PN FT1 gel. 

 Free NSF NSF in TC-PN FT1 

D1 (µ
2/s) 100 ± 6 100 

f1 (%) 100 60 ± 16 

D2 (µ
2/s) - 7 ± 4 
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Chapter 9. Cleaning tests 
The cleaning of rough, clotted painted surfaces, as those characterizing 

Modern and Contemporary Art, requires particular care. On the one hand, 

knocks and crannies, formed by dripping paint or thick brushstrokes, are hard 

to reach with traditional tools used in restoration148; on the other hand, the 

risk of leaving residues during cleaning must always be assessed: polymers, 

surfactants or solvents could react with the original materials constituting the 

work of art and accelerate a superficial degradation, altering the aesthetic 

aspect of the artwork. 

In this chapter 6, cryogels properties like adaptability to rough surfaces and 

cleaning abilities will be described. Cleaning tests, performed on mock-ups, 

will highlight how the best cleaning performances are obtained when 

compliant, sponge-like gels are used. Factors like the presence of a semi-

interpenetrating polymer and the gel surface roughness could also play a key-

role in enhancing PVA-based cryogels cleaning abilities. Overall, TC-PNs 

showed the best performances. 

Also the problem of gel residues seem to be overcome when using TC-PNs: 

ATR-FTIR measurements showed than polymer and surfactant traces are not 

detectable on the treated surfaces. 

 

9.1 How cryogels adapt to rough surfaces 

As already discussed in Chapter 4 and 5, rheological characteristics of PVA-

based cryogels depend on polymer concentration in the pre-gel solution and 

on the number of FT cycles. In fact, when polymer chains are more crowded 

in the final structure, i.e., when the FT process has a higher efficacy (either 

because the initial polymer concentration was higher, or the solution 

underwent more than one FT step), the final networks are stiffer. 

As previously discussed, the surface of Modern and Contemporary paintings 

is often uneven and clotted. Therefore, ideal gels for cleaning should be highly 

adaptable to any surface roughness, and also able to stick on the surface. 

For these reasons, FT1 hydrogels only were chosen to perform cleaning tests. 

 
6 Based on Paper II and VI, see Appendix. 
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As regards polymer concentration in the pre-gel solution, TC-PN formulation 

was considered ideal. Its performance was compared to the pure H-PVA 

cryogel (9 % w/w). 

Both gels are highly compliant and transparent. Pure PVA gel is slightly more 

transparent, but this is due to its small pores: micron-sized pores of TC-PNs 

cause multiple light-scattering. 

PVA and TC-PN FT1 adaptability to a clotted painted surface, representative 

of modern/contemporary paintings and with surface irregularities ≥ 1 mm, 

was also evaluated (see fig. 43 a). Cryogels characteristics were compared to 

those of a traditional gels used in restoration, such as gellan16 and to a poly-

hydroxyethyl methacrylate (pHEMA)/PVP gel previously formulated by our 

group45. Gellan is a rigid, physical gel, obtained by dissolving Gellan gum in 

water and by evaporating the water in excess. Its structure is fragile and it 

usually leaves residues on the treated surfaces. Chemical gels, like 

pHEMA/PVP network, are usually rigid, due to the very nature of the 

chemical crosslinking process. They also contain low amount of free water 

and are used to treat water-sensitive artifacts. They do not leave residues on 

treated surfaces. 

pHEMA/PVP gels storage modulus, G’, is roughly half the modulus of a  

typical gellan sheet.11,149 In turn, PVA and TC-PN FT1 gels have G’ moduli 4 

to 5 times lower than those of pHEMA/PVP, but being still resistant to 

handling and elongation. 

Fig. 43 shows the behavior of these gels when in contact with surface 

harshness: while gellan and pHEMA/PVP sheets lay on the highest points of 

the paint (fig. 43 b and c, respectively), PVA and TC-PN FT1 completely 

cover the uneven surface, insinuating into the cavities (fig. 43 d, e).  

The better adaptability on the surface is expected to facilitate the cleaning of 

difficult spots. Moreover, TC-PN has a high surface roughness and contains 

the partially hydrolyzed L-PVA: both these properties could result in a more 

efficient adsorption of hydrophobic particles, enhancing cleaning 

performances. 
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Figure 43. Adhesion of gels to rough painted surfaces. (a) A clotted painted surface, 

representative of modern/contemporary artifacts, with irregularities ≥ 1 mm. (b) A rigid 

gellan sheet, similar to those used in the traditional restoration practice for the cleaning of 

artworks. (c) A conventional pHEMA/PVP chemical gel, previously formulated for the 

cleaning of water-sensitive artistic surfaces 45,150. (d) A FT1 PVA gel (H-PVA). (e) TC-PN 

FT1. Reproduced from ref. [17]. 

 

9.2 Cryogels ability to clean soiled surfaces 

All PVA-based cryogels contain more than 90% of water at the swelling 

equilibrium (see Table 20); water behaves almost completely as “free water”, 

that is, its molecules are able to freely diffuse through the polymer matrix. 

Free water is a key-factor in granting an effective cleaning action. In fact, 

hydrophilic dirt and dust commonly found on the surface of artworks can be 

easily solubilized/suspended in water; moreover, water cleaning ability can be 

easily enhanced by dissolving chelants or surfactants in it. 

Another crucial parameter that must be considered when choosing a cleaning 

system is its water release. In fact, especially when water-sensitive materials 

will be treated, the presence of free water on the surface can lead to the 

leaching of the paint or the swelling and successive cracking of the paint layers. 

Therefore, the gel should release just a thin film of fluid at the gel-surface 

interface, which will facilitate dirt detachment migration in the gel matrix. 

Water release of PVA-based cryogels is shown in Table 20. It ranges between 
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around 20 mg/cm2 (over a 30 min application on Whatman paper) for FT1 

gels and slightly decreases for FT3 gels. All formulations are more retentive 

than traditional gels, like agar or gellan (30 – 33 mg/cm245), which proved too 

risky to water-sensitive dyes. 

 

Table 20. Equilibrium water content, Free Water Index and Water release for pure PVA and 

TC-PN cryogels.  

Sample 
Eq. Water Content 

(EWC %) 

Free Water Index 

(FWI) 

Water Release 

(mg/cm2) 

PVA FT1 96.3 ± 0.4 98 ± 1 24 ± 3 

PVA FT3 92.3 ± 0.6 94 ± 1 17 ± 2 

TC-PN FT1 97.1 ± 0.2 98.3 ± 0.4 21 ± 1 

TC-PN FT3 92.8 ± 0.3 96.0 ± 0.2 19 ± 1 

 

Even though water retention was higher for FT3 gels, they were excluded 

from the cleaning tests, due to their poor adaptability to rough surfaces. 

Cleaning tests with PVA FT1 cryogels (just swollen in water) were initially 

performed on soiled glass slides. The artificial soil contained both 

hydrophobic and hydrophilic components. Fig. 44 shows the results obtained 

after 1-6 applications of 1 min: TC-PN was able to completely remove the 

grime after the sixth application, while, in the same conditions, the pure PVA 

gel left significant amounts of dirt on the glass (fig. 44 D). 

PVA-based cryogels were further tested on mock-ups with the textured 

surface of a Modern-Contemporary art painting. Namely, the mock-up was 

prepared by mimicking Pollock’s dripping technique and using alkyd paints; 

its surface was, then, covered with artificial soil.  

Cryogels FT1 performance was compared to that of a gellan sheet (fig. 45), 

after a 8 min, single application. 

Gellan performed worse than both cryogels, due to its poor adhesion, while 

PVA FT1 performed worse than TC-PN FT1, either because of lower 

stickiness (in absence of L-PVA, containing acetate groups which can facilitate 

hydrophobic dirt uptake), or for its reduced porosity. 
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Figure 44. Cleaning tests on glass slides covered with artificial soil. (A) Soiled glass surface 
before cleaning. (B) Application of gels (left: pure PVA gel; right: PVA/PVA TC-PN). (C) 
Soil removal after one application (1 minute); no additional mechanical action was carried out 
after the removal of the gels. (D) Soil removal after six applications (1 minute each); the soil 
was removed using the TC-PN, while only partial removal was achieved using the pure PVA 
gel. Reproduced from ref. [17]. 
 

 

 
Figure 45. Cleaning tests on mockups. (A) Clotted painting mockup that mimics Pollock’s 

alkyd paintings, artificially soiled. (B) Application of a pure PVA FT1 gel (Left), a TC-PN 

FT1 (Center), and a gellan gel sheet similar to those used in the traditional restoration practice 

(Right). (C) Soil removal after the application of the gels (8 min each); no additional 

mechanical action was carried out after the removal of the gels. D–F detail the removal 

efficacy of each type of gel. Reproduced from ref. [17]. 



Results and Discussion 

102 
 

The efficacy of traditional cleaning tools, such as cotton swabs, is shown in 

fig. 46. It is evident that the mechanical action, combined with a significant 

water release, causes paint leaching and pigment loss. The application of TC-

PN cryogels, instead, favors dirt uptake or softening: any residues can be easily 

removed through the gentle mechanical action of an “eraser gum” shaped TC-

PN, which avoids any damage of the treated surface. 

 
Figure 46. The cleaning of an artificially soiled mockup by applying mechanical action 

(cotton swab) causes paint loss (alkyd paint, 1-2). Conversely, the application of a TC-PN 

sheet favors only dirt uptake (3-4). Any residues can be removed by gently rubbing with a 

TC-PN gum (5-6). Reproduced from ref. [17]. 

 

9.3 Cleaning assessment through ATR-FTIR 

The cleaning efficacy of TC-PN on artificially soiled mockups was assessed, 

up to the microscale, through two-dimensional (2D) Fourier-transform 

infrared spectroscopy (FTIR) imaging. Spectra of the soiled painted surface 

showed peaks due to kaolin in the 3,725 to 3,592 cm−1 region (Al–OH 

stretching at 3,665 cm−1; OH stretching at 3,625 cm−1, due to crystalline 

hydroxyl groups).151 These peaks are not detected when TC-PN-treated or 

pristine surfaces are investigated, indicating the cleaning efficacy of PVA 

cryogels. Overall, the spectra acquired on the cleaned mockup are not 

significantly different from those of the pristine surface (fig. 47 A).In both 

cases, the peaks are mainly due to the components of the oil paint.152 

The presence of PVA residues on the cleaned surface was assessed through 

the same technique. The absorbance intensity due to OH- stretching of PVA 
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(region from 3,440 to 3,180 cm−1) was mapped on both pristine and cleaned 

surfaces, and any signal ascribable to PVA was detected (fig. 47 B).  

 

 
Figure 47. Assessment of the cleaning efficacy and gel residues through FTIR 2D imaging. 

(A) Cleaning efficacy. The IR maps show the presence of kaolin (contained in the artificial 

soil, bands in the 3,725 to 3,592 cm−1 region). (Top) Pristine painted surface. (Center) Painted 

surface after soiling and subsequent cleaning with TC-PN gel. (Bottom) Soiled painted 

surface. Representative spectra of the pristine, cleaned, and soiled surfaces are shown below 

the maps. (B) Gel residues. The IR maps (acquired on the same areas as panel B) show the 

absorbance in the 3,440 - 3,180 cm−1 region, where characteristic bands of PVA fall. (Top) 

Pristine painted surface. (Bottom) Painted surface after soiling and subsequent cleaning with 

TC-PN gel. Representative spectra of the pristine and cleaned surface are shown below the 

maps, along with the difference between the two spectra; PVA absorption was not found. 

abs, absorbance; max, maximum; min, minimum. Reproduced from ref. [17]. 
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Therefore, it can be inferred that any gel residue was left on the surface during 

cleaning (up to the detection limit of ca. 0.02 pg/μm2), see fig. 48. 

The FPA detector has, in fact, a lower detection limit than conventional 

mercury cadmium telluride (MCT) detectors, used to find materials in traces: 

heterogeneous distributions and small areas with high local concentration can 

be identified thanks to FPA detector spatial resolution.  

 

 
Figure 48. Determination of FTIR detection limit per unit area, for PVA. FTIR 2D Imaging 

of PVA rings on Al foils, obtained by depositing droplets of polymer solution. Images A (ca. 

700 x 700 μm2) and B (ca. 700 x 700 μm2) show the mapping of the PVA band at 3330 cm-1 

(OH stretching), in the 3660-3000 cm-1 region. (A) 20 μL droplet, polymer concentration of 

5x10-2 g/L; (B) 20 μL droplet, polymer concentration of 5x10-4 g/L. The bottom panel shows 

spectra from: (top) PVA rim, panel A; (center) PVA rim, panel B; (bottom) Al foil. 

Reproduced from ref. [17]. 

 

The cleaning performance of TC-PN gels loaded with a NSF (see paragraph 

8.2) was also evaluated. Namely, wax-lining residues and polyvinyl acetate 

(PVAc) varnish (to mimic the dirt found on The Studio) were removed from 

mockups. 

Superficial cleaning was obtained after a 10 - 40 s application (the PVAc layer 

was neatly softened). After 40-60 s of contact with the NSF-loaded gel, the 

PVAc film became streaky, but still separated easily from the paint layer. Final 

rinsing steps were performed with water loaded gels (applications of 1-2 s). 

FTIR 2D imaging showed that the removal of the PVAc-based varnish and 

wax was completely achieved: characteristic bands (e.g. C = O stretching in 

the 1880–1705 cm−1 region for PVAc, and CH2 bending around 1475 cm−1 

for wax)  disappeared or were significantly reduced after the loaded gel 



Results and Discussion 

105 
 

application (see fig. 49). Any residues was detected on the surface after the 

treatment, as any band was observable in the 3590–3380 cm−1 region (OH 

stretching of PVA), around 1120 cm-1 (C-O stretching of alcohol ethoxylates) 

or at 1220 cm-1 (asymmetric stretching of OSO3 of SDS).  

The absence of residues is a breakthrough in the cleaning of artworks: in fact, 

thickeners traditionally used as cleaning fluids-carriers (e.g. polyacrylic acid or 

cellulose ethers) require detrimental cleaning steps and cannot be removed 

completely from the surface after the cleaning treatment.3,153,154 

 

 
Figure 49. FTIR 2D imaging of mockups. Top panel: visible light and 2D FTIR maps of 

mockups that were unvarnished (“paint”, top row), varnished (center row), or varnished and 

then cleaned with TC-PN hydrogels loaded with the NSF (“cleaned”, bottom row). The tests 

were carried out in the wax-lined regions. For each sample, the images beside the visible map 

show the corresponding 2D FTIR maps, where the intensities of the following peaks were 

imaged: 1185–1110 cm−1 (C-O stretching band of the C9−11 E5,5 surfactant), 1560–1465 cm−1 

(CH2 bending of wax), 1880–1705 cm−1 (C = O stretching of polyvinyl acetate) and 3590–

3380 cm−1 (OH stretching band of PVA). All maps have dimensions of 2100 × 1400 μm2, 

each axis tick being 50 μm. The FTIR Reflectance spectra are shown in the bottom panel, 

each spectrum relating to a single pixel (5.5 × 5.5 μm2) of the corresponding 2D imaging map. 

The maps show the removal of the varnish and surface removal of wax spots, while no 

absorptions ascribable to PVA or surfactants from the NSF could be detected. Reproduced 

from ref. [13].  
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Chapter 10. Cleaning Jackson 

Pollock’s and Pablo Picasso’s 

masterpieces with TC-PNs 

The deposition of grime, due to ageing and exposure to ambient 

contaminants, is very common on the surface of artworks. Cleaning 

treatments are, therefore, required. This chapter 7  describes the cleaning 

procedures used to restore three masterpieces by Pollock and Picasso. 

TC-PN FT1 hydrogels were used to clean the superficial layer of dust and 

airborne dirt particles that accumulated on two Jackson Pollock masterpieces 

(fig. 50): Two (1943 to 1945) and Eyes in the Heat (1946 to 1947). Both paintings 

belong to the Peggy Guggenheim Collection (Venice). Two is characterized by 

thick oil paint brushstrokes, which define two totemic figures, inspired to 

tribal painting and Cubist works by Picasso. 

On the other hand, Eyes in the Heat represents a prelude to the revolutionary 

“drip” paintings: oil and alkyd paints were applied directly from the tube and 

then shaped in a thick and textured crust. 

In both cases, traditional cleaning tools were proven to be too risky for such 

delicate and solvent-sensitive surfaces. 

The cleaning with TC-PNs allowed to bring back the original paints hue in 

complete safety. Detrimental effects due to water release at the gel-paint 

interface or the mechanical action of cotton swabs were avoided, thanks to 

the gel controlled retention/release rate and its ability to detach and retain the 

hydrophilic dirt. The length of the cleaning process was also optimized: in 

fact, traditional methods sometimes require a meticulous work under the 

microscope, with unconfined solvents. 

NSF-loaded FT1 TC-PNs (see paragraph 8.2) were used, instead, to remove 

a PVAc-based varnish and wax spots from the surface of Pablo Picasso’s The 

Studio (1928; Peggy Guggenheim Collection, Venice). This painting is 

characterized by visible, thick brushstrokes and mixes the vivid palette of 

Synthetic Cubism with geometrized, planar figures. The painting was relined, 

 
7 The cleaning treatments here described are reported in Paper II and VI, see Appendix. 
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using wax and resin, in the late 1960s. The intervention was aimed at laying 

down areas where the paint was lifted. Due to the ageing, efflorescence of wax 

were visible on the surface, while the PVAc-based resin yellowed; both the 

wax and the PVAc caused a darkening of the white. Moreover, dust particles 

deposited on the surface, interfering with the readability of the colors intensity 

and composition. 

 
Figure 50. Cleaning of Pollock’s (a) Two (1943-45, oil on canvas, 193 × 110 cm, Peggy 

Guggenheim Collection, Venice) and (b) Eyes in the Heat (1946, oil and enamel on canvas, 

137.2 × 109.2 cm, Peggy Guggenheim Collection, Venice). (a) and (d) collages show the 

paintings before and after the cleaning intervention, where the soil was removed using the 

TC-PN FT1 hydrogels. (b and c) A detail showing the gel adhering to the painting and the 

same area after cleaning. (e and f) A detail of the painting before and after cleaning with the 

TC-PN gels. Reproduced from ref. [17]. 
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The PVAc varnish was swollen after 5 s contact with the gel loaded with the 

NSF, and was easily “peeled-off” with a dry cotton swab. The paint layer 

remained unaltered after the treatment (fig. 51). 

The black crayon lines, which defines a sculptured bust (on the left) and a full-

length portrait (on the right) were hardly accessible during the cleaning: they 

lie at a lower level with respect to the white background, to simulate an 

incision in the canvas. Therefore, gels were cut and shaped to clean the varnish 

around those lines, without affecting them. 

 

 

 
Figure 51. The cleaning of Pablo Picasso’s The Studio (A) TC-PN FT1 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 desired shape and 

size. (D) The gel is applied onto 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 shortly applied on the same spot to remove possible residues of the NSF. 

Bottom: center panel and related black boxed details show the cleaning of white and red areas. 

On the right, the painting during the cleaning: the cleaned lighter areas can be easily 

distinguished from the darker uncleaned areas at the top. Reproduced from ref. [13]. 

 

 

Also in this case, the high retentivity of TC-PN gels ensured a controlled 

cleaning action, thanks to the thin liquid layer formed at the gel-painting 
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interface; the diffusive process at the interface allowed the transfer of small 

amounts of organic solvents and surfactants to the film, until it spontaneously 

detached from the painted surface. 

Fig. 52 shows the painting before and after the cleaning treatment. 

 

 
Figure 52. 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), before (left) and after (right) cleaning with NSFs loaded TC-PN gels. Reproduced 

from ref. [13]. 
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CONCLUSIONS 
In this thesis, the structure of PVA-based cryogels was investigated: the 

changes induced by varying the semi-interpenetrating agent, its molecular 

weight, and by increasing the number of FT cycles, were quantified. 

The main cryogels structure was proven to be composed by a high molecular 

weight and HD PVA (H-PVA). Two different semi-interpenetrating polymers 

were added to the H-PVA network: a PVA with lower HD and Mw, L-PVA, 

and PVP. Gels made of H-PVA and L-PVA were called Twin-Chain Polymer 

Networks (TC-PNs), given the similarity of the chain backbone of the two 

polymers. 

L-PVA and PVP, as semi-interpenetrating agents, changed  the pores shape 

and dimension. In fact, a polymer-polymer phase separation occurred  in the 

pre-gel solutions: L-PVA and PVP  concentrated in spherical blobs, which 

acted as porogens during the cryostructuration. On the other hand, the H-

PVA continuous phase formed the final gel walls.  L-PVA and PVP affected 

the crystallinity, the rheology and the structure at the nanoscale of the 

cryogels. The gel point changed, as well as the mechanism of gelation. As a 

result, L-PVA and PVP were proven to behave as both porogens and 

structuring agents in the networks. 

TC-PNs and pure H-PVA gels obtained after one or three FT cycles were, 

then, investigated. While the gels architecture and porosity are defined from 

the first freezing step, gels crystallinity, rigidity and chains crowding in the 

walls increase with the number of FT cycles. In TC-PNs, L-PVA is more  

tangled in the gel structure  when the number of FT cycles is higher; after 

washing and storage in water, L-PVA chains diffuse in the pores and are stuck 

on the walls. 

Pores dimension depends on L-PVA chains length: the blobs forming in the 

pre-gel solutions at RT  grow larger as L-PVA Mw increases; as a consequence, 

gels pores are  larger when L-PVA Mw is higher. 

The diffusion of cleaning Nano-Structured Fluids (NSFs) through the gels 

matrix was proven to be influenced by the pores diameter and the specific 

polymer-surfactant interactions. Micelles and droplets diffusion was slower in 

FT1, pure H-PVA gels; as a matter of fact, these gels are characterized by 

needle-shaped pores, whose diameters are significantly smaller than 1 µm. 
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NSFs containing anionic surfactants, like SDS, interacted more easily with the 

polymeric network: in this case, the diffusive motion was significantly 

reduced, or  the presence of a slower component, in addition to the free 

diffusion, was detected. Overall, the inclusion of NSFs in the gel networks 

granted a safer treatment of painted artifacts: the free-bound equilibrium of 

the micellar species embedded in the gels, or their slower diffusion, allowed a 

space- and time-controlled cleaning action. 

TC-PNs loaded with aqueous cleaning solutions, or NSFs, were used to 

restore Two and Eyes in the Heat by Jackson Pollock , and The Studio, by Pablo 

Picasso. The surface of Pollock’s masterpieces accumulated airborne dust 

particles, and was cleaned with TC-PNs loaded with buffered solutions. The 

surface of The Studio, instead, was covered with a PVAc layer; wax spots, due 

to a relining treatment, were also evident. In this case, the hydrophobic 

materials were removed with NSF-loaded TC-PNs. 

In all these cases, due to the water-sensitivity of the paints,  and the 

tridimensionality and the fragility of the brushstrokes, traditional cleaning 

treatments were not recommended. 

The three paintings are on display at the Peggy Guggenheim Collection, in 

Venice. The cleaning treatment brought back the original hue and color 

brightness. 

 

PVA-based cryogels properties can be tuned and tailored, adapting to specific 

cleaning tasks: adaptability to rough surfaces, porosity, water content and 

retentiveness vary when the semi-interpenetrating polymer, or its molecular 

weight, change. In the future, hydrogels with different features will be 

formulated, exploiting liquid-liquid phase separation in the pre-gel solutions. 

Moreover, the chains dynamics in the final structure will be further 

investigated (e.g. through Large Amplitude Oscillatory Strain or Quasi-Elastic 

Neutron Scattering measurements), and possibly linked to the gels cleaning 

ability.
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ABSTRACT 

The cleaning of Modern and Contemporary paintings requires particular care: traditional methods 

are too invasive and risky for their clotted, water-sensitive surfaces, where any mechanical action 

and spreading of free solvent should be avoided. For these reasons, highly adaptable and retentive 

gels, based on poly(vinyl alcohol), were formulated. The addition of semi-interpenetrating 

polymers allowed to obtain macroporous and cohesive networks, which showed unprecedented 

cleaning performances on masterpieces from Pollock1 and Picasso2. In this contribution, the effects 

of two semi-interpenetrating polymers on the morphology, the nanostructure and the gelation 

mechanism of cryogels made of a highly hydrolyzed PVA (H-PVA) were investigated. Both the 

semi-interpenetrating polymers, a PVA with lower hydrolysis degree and molecular weight (L-
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PVA), and a high molecular weight poly(vinyl pyrrolidone), PVP, have been already used to obtain 

cryogels for the cleaning of paintings. The very different structure of the semi-interpenetrating 

chains led to different phase behaviors in the pre-gel solutions. In H-PVA – L-PVA and H-PVA – 

PVP mixtures, liquid-liquid demixing occurred, modifying H-PVA chains self-interaction and 

ability to crystallize. Overall, despite the different chemical structure of L-PVA and PVP, both 

polymers were proven to behave as porogens and structuring agents for the main H-PVA network. 

 

INTRODUCTION 

The aesthetic appearance of a painting changes over time: dirt accumulates on the surface, due to 

environmental exposure, wrong handling, or simply neglect3; concurrently, degradation of the 

original materials and yellowing of varnishes occur. Such factors determine both visual and 

physical alterations, affecting the artwork readability and disguising the artist’s original message. 

When possible, the layers of unwanted or aged materials can be removed. The cleaning of a 

painting is a delicate process, especially when it comes to the rough, clotted and often solvent-

sensitive surfaces of Modern and Contemporary Art. The confinement of solvents or 

nanostructured fluids in gels4–8 grants high controllability and selectivity during the cleaning 

process, limiting the capillary penetration and the swelling of the paint layers, and avoiding 

leaching and deterioration of the artwork materials9–11. However, when dealing with 3D, textured 

surfaces, particular care must also be taken in reaching all the nooks and crannies created by the 

thick brushstrokes and, at the same time, limiting any direct mechanical action.12 

Poly(vinyl alcohol) (PVA)-based cryogels designed by our group1,2,13,14 were proven to be non-

risky, effective tools for the cleaning of rough, water-sensitive substrates. High adaptability, 
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interconnected porosity, high free water content and water retentiveness are some of the key-

features which granted cryogels unprecedented cleaning performances.  

PVA cryogels are formed when a PVA aqueous solution undergoes a freeze-thawing (FT) 

process.15,16 They are known to be strong physical gels, obtained by the combination of the 

spinodal decomposition and the polymer crystallization occurring during the freezing of PVA 

solutions.17–19 The resulting networks are highly elastic and resilient, to the point of being 

considered good candidates to design artificial human tissues20. 

Rheological properties, crystallinity and porosity of cryogels are known to depend on the polymer 

molecular weight, concentration in solution,  as well as number and conditions of freeze-thaw (FT) 

cycles applied.19,21,22 

The present work is aimed at deepening and analyzing PVA-based cryogels physico-chemical 

properties, deemed to be crucial for the cleaning action. Namely, the effects of the inclusion of 

linear semi-interpenetrating polymers, i.e. a partially hydrolyzed PVA (L-PVA) and poly(vinyl 

pyrrolidone), PVP, in the main PVA networks were explored. L-PVA and PVP chains alter 

crystallinity, gel fraction and rheological properties of the network, influencing the gelation 

mechanism; pores shape and dimension were proven to depend on the H-PVA/semi-

interpenetrating polymer ratio and polymers behavior in aqueous solution. Concurrently, L-PVA 

and PVP influenced the gels structure at the nanoscale and the gelation mechanism. 

MATERIALS AND METHODS 

Chemicals. High-molecular weight polyvinyl alcohol, H-PVA (hydrolysis degree, HD, 98% and 

Mw 160 kDa), low-molecular weight polyvinyl alcohol, L-PVA (HD 88% and Mw 100 kDa) and 
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polyvinyl pyrrolidone, PVP (Mw 1300 kDa) for the hydrogel preparation were purchased from 

Sigma-Aldrich. 

Water for the hydrogels preparation was purified through a Millipore system (resistivity > 18 MΩ 

cm). 

The following fluorescent dyes were used in Confocal Imaging or Fluorescence Correlation 

Spectroscopy calibration/measurements: Fluorescein isothiocyanate isomer I (purity ≥ 90%, FITC, 

Sigma-Aldrich); Rhodamine B isothiocyanate (mixed isomers, RBITC, Sigma-Aldrich); 

Rhodamine 110 chloride (purity ≥ 99%, Sigma-Aldrich); Alexa Fluor 568 (Thermo Fisher 

Scientific). 

Triethylamine (purity > 99%); DMSO (anhydrous, purity > 99.9%) were purchased from Sigma-

Aldrich and used in the polymer-labeling reactions. All the chemicals were used as received, 

without further purification. 

Cryogel preparation. Polymer mixtures were dissolved in purified water, in a rounded-bottom 

flask equipped with a condenser to prevent water evaporation. Temperature was set at 98°C and 

the mixture maintained under continuous stirring for 2 hours. After complete dissolution, pre-gel 

solutions were cooled down to room temperature, poured into polystyrene molds (14 x 7 x 0.2 

cm3) and then frozen for 16 hours at -18 °C. Thawing step, at room temperature, lasted for 3-5 

hours. 

Different cryogels were obtained by varying H-PVA concentration (X, in % w/v). 

Gels made of H-PVA only are coded as Pure Networks (PN_X), while gels containing L-PVA or 

PVP are identified as semi-Interpenetrating networks and  coded as i-PVA_X and i-PVP_X, 
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respectively. i-PVA_X and i-PVP_X contain a constant quantity of semi-interpenetrating polymer 

(3% w/v). 

To sum up, cryogels series are coded as follows: 

- PN_X, with X = 3, 5, 7, 9, 12, 15 % w/v, are cryogels containing increasing concentrations 

of H-PVA (X); 

- i-PVA_X, with X = 3, 5, 7, 9, 12, 15 % w/v, are cryogels containing 3% w/v of L-PVA 

and increasing concentrations of H-PVA (X); 

- i-PVP_X, with X = 3, 5, 7, 9, 12, 15 % w/v, are cryogels containing 3% w/v of PVP and 

increasing concentrations of H-PVA (X); 

To investigate the effect of increasing amounts of semi-interpenetrating polymers on a 9% w/v 

H-PVA network, the following samples were prepared (see Rheology and NMR experiments): 

- i(Y)-PVA, with Y = 0.5, 1, 2, 3, 4, 5 % w/v, are semi-IPNs containing 9% w/v of H-PVA 

and increasing concentrations of L-PVA (Y); 

- i(Y)-PVP, with Y = 0.5, 1, 2, 3, 4, 5 % w/v, are semi-IPNs containing 9% w/v of H-PVA 

and increasing concentrations of PVP (Y); 

The same name, when specified, was used also to describe the pre-gel solution. 

Most of the measurements were performed on gels right after thawing. 

Then, selected samples of PN_X, i_PVA_X and i_PVP_X series were washed for seven days in 

demineralized water: each sheet was stored in ca. 1.5 L of water to extract the soluble components, 

and water was changed daily.  
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Polymers’ labeling. H-PVA and L-PVA were labeled with FITC and RBITC, respectively. Details 

on the labeling reaction are reported elsewhere.1 PVP was labeled with RBITC, following the same 

procedure used for L-PVA. In this case, the unavoidable presence of -NH2 or -OH bearing defects 

on the backbone was exploited. Rhodamine labeled PVP was purified by means of several 

dissolution/precipitation cycles (respectively in water and ethanol) and subsequent dialysis against 

water. The effectiveness of covalent labeling was proved by fluorescence correlation spectroscopy 

experiments on labeled PVP water solutions, which showed a diffusion coefficient completely 

consistent with a chemically bound probe.  

Confocal Laser Scanning Microscopy (CLSM) Imaging. CLSM experiments were performed 

on a Leica TCS SP8 confocal microscope (Leica Microsystems GmbH, Wetzlar, Germany), 

equipped with a 63X water immersion objective. The dyes Rhodamine 110 (used to acquire images 

of the washed gels) and FITC (for H-PVA labeling) were excited with a 488 nm laser line (Ar 

laser) and the fluorescence emitted was collected by a PMT in the 498-540 nm range. RBITC (for 

L-PVA and PVP labeling) was excited with a 561 nm laser (DPSS 561) and the fluorescence was 

collected by a PMT in the 571-630 nm range. 

Crystallinity degree (Xc). The degree of crystallinity of the cryogels was evaluated through 

Differential Scanning Calorimetry (DSC) measurements, and specifically by integrating the 

melting peaks observed for the freeze-dried samples. Xc was calculated as the ratio between the 

specific enthalpies of fusion of the gel sample and a fully crystalline PVA (161 J/g)23, respectively. 

The DSC temperature ramp was set from 25°C to 250 °C, at a heating rate of 5 °C/min. The 

reported Xc values, for both thawed and washed gels, are averages of 3 measurements. 
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Gel Fraction (G%). The fraction of polymer chains taking part to the gel structure can be 

evaluated gravimetrically. Namely, the percentage gel fraction was obtained as follows: 

 𝐺% = 𝑊𝑤𝑎 𝑊0⁄ × 100  (1) 

W0 is the initial gel sample’s polymer content, while Wwa is the polymer content of the same 

sample after washing. Wwa was obtained by oven drying washed gel samples at 100 °C, to a 

constant weight. Values reported are averages of at least three measurements. 

Equilibrium Volume Swelling Ratio (qv). The swelling degree was evaluated on washed gels 

sheets. The swelling capacity was calculated by measuring the variation of the width by means of 

a caliper rule (resolution 0.02 mm) according to24: 

  𝑞𝑉 = (𝐿 𝐿0⁄ )3
 (2) 

where L0 is the side length after preparation (i.e. the mold’s side), and L is the side length after 

washing (at swelling equilibrium). 

Small-angle X-ray scattering (SAXS). A HECUS S3-MICRO SWAXS-camera (Hecus XRS, 

Graz, Austria), equipped with a Kratky collimation system and a position-sensitive detector (PSD 

50M,), with 1024 channels (width = 54 μm). A Cu anode provided Cu Kα radiation (λ = 0.1542 

nm), by using a 50W microfocus source with customized FOX-3D single-bounce multilayer point 

focusing optics (Xenocs, Grenoble, France). The voltage is generated by the GeniX system 

(Xenocs). The sample-to-detector distance was 281 mm as calibrated by silver behenate (d = 58.38 

Å)25. The volume between the sample and the detector was kept under vacuum during the 

measurements to minimize scattering from the air. Scattering curves were obtained in the Q-range 

between 0.009-0.54 Å-1. Temperature was kept at 25 ± 0.1°C by a Peltier element. Gel samples 
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were cut in thin slices and put in the appropriate sample holder, i.e. a demountable sealed cell for 

solids, with Kapton as a window material (optical path =1 mm). Standard measurement conditions 

were 50 kV, 1 mA. The acquisition time was from 1 to 2 hours depending on the sample. Scattering 

curves were corrected for the empty cell/water contribution. 

The fitting of the SAXS curves was implemented through the software SASView26. The scattered 

intensity, I(q), was modelized as follows27,28: 

 
𝐼(𝑞) = 𝐼𝐿(0) 1[1 + 𝐷 + 13 (𝑞2𝜉2)]𝐷 2⁄ + 𝐼𝐺(0)𝑒𝑥𝑝(−𝑞2𝑅2/3) + 𝐵 

(3) 

The two terms describe the scattering due to polymer chains in a liquid-like environment, and the 

scattering of solid-like objects (physical polymer junctions), respectively. 

IL(0) and IG(0) are called Lorentzian and Guinier parameters, and define the relative weight of the 

two terms in the equation; D is the fractal exponent, 𝝃 is the correlation length of non-crystalline 

polymer chains and R is the radius of gyration of solid-like objects (polymer crystallites). 

Fluorescence Correlation Spectroscopy (FCS). A Leica TCS SP8 confocal microscope (Leica 

Microsystems GmbH, Wetzlar, Germany) equipped with a 63X water immersion objective, was 

used to perform FCS measurements. The diffusion of FITC-labeled H-PVA in dilute solution 

([FITC] = 50 nM) was measured by exciting FITC with the Ar laser line (488 nm) and collecting 

the fluorescence signal with a Hybrid SMD detector (498-540 nm). The diffusion of RBITC-

labeled L-PVA and PVP in dilute solution ([RBITC] = 50 nM), instead, was measured by exciting 

RBITC with the DPSS 561 laser line (561 nm) and collecting the fluorescence signal with a Hybrid 

SMD detector (571–630 nm). Aqueous solutions of Alexa Fluor 568 (25 nM) and Rhodamine 110 

(10 nM) were used for FCS calibration29. The fitting model assumes that the three-dimensional 
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Brownian diffusion of labeled molecules across a 3D-ellipsoidal Gaussian volume is the only 

contribution to the observed decay time. FCS curves were analyzed considering either a one-

component decay: 

 𝐺(𝜏) = 1𝑁 [(1 + 𝜏𝜏𝐷)−1 (1 + 𝜏𝑆2𝜏𝐷)−1/2] (4) 

or a two-components decay: 

 𝐺(𝜏) = 1𝑁 [𝑓1 (1 + 𝜏𝜏𝐷1)−1 (1 + 𝜏𝑆2𝜏𝐷1)−12 + (1 − 𝑓1) (1 + 𝜏𝜏𝐷2)−1 (1 + 𝜏𝑆2𝜏𝐷2)−12] (5) 

where N is the average number of fluorescent molecules detected inside the confocal volume (𝑁 =𝐶𝑉, with 𝑉 = 𝜋3/2𝑤03𝑆 and 𝐶 the concentration), 𝑓1 is the percentage of the contribution of 𝜏𝐷,1 

to the total decay time, 𝜏𝐷,𝑖 are the decay times, and 𝑆 = 𝑧0/𝑤0 is the ratio between the axial and 

the lateral dimensions of the confocal volume, determined through the calibration procedure with 

Alexa 568. The diffusion coefficients Di of the labeled species can be determined by:  

 𝜏𝐷,𝑖 = 𝑤024𝐷𝑖  (6) 

The hydrodynamic radii of labeled H-PVA, L-PVA and PVP were calculated trough the Stokes-

Einstein equation. 

Rheology. Rheology measurements were performed by using a Discovery HR-3 rheometer from 

TA Instruments (40 mm diameter parallel plate geometry), equipped with a Peltier temperature 

control system. Amplitude and frequency sweeps were performed on 40 mm diameter gel disks 

(thickness of 2 mm ca.), while flow curves were acquired on pre-gel solutions, at constant 

temperature (25°C). The Linear Viscoelastic Range was identified through amplitude sweep tests, 
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performed at 1 Hz of frequency, with oscillation strain ranging between 0.01 and 50%.  The linear 

viscoelastic range, identified in the amplitude sweeps, lies between strains of 0.01-10 % for the 

cryogels. Frequency sweeps curves were thus recorded within this range, at constant oscillation 

strain (1 %), by increasing the oscillation frequency (0.1-100 Hz). Data of the storage moduli, G’, 

at 1 Hz, are plotted against the effective polymer concentration in the network (obtained either by 

the fraction of “reacted bonds” of percolation theory, or by G% data) in the Gelation Mechanism 

Section. G’ values are averages of three-five measurements. 

Nuclear Magnetic Resonance (NMR). NMR experiments were performed on a Bruker Avance 

Spectrometer operating at the frequency of 400 MHz for 1H in DMSO-d6. The signal due to 

residual proton of the solvent was used as internal reference. The amount of semi-interpenetrated 

polymer after washing and storage in water (2 months) was calculated for i(2)-PVA, i(3)-PVA, 

i(4)-PVA and i(5)-PVA samples by comparing the signals due to residual esters moieties of L-

PVA with alcohols’ –CH- of L-PVA and H-PVA, according to the following equation: 

 
𝐿 − 𝑃𝑉𝐴 (𝑤𝑡)𝐻 − 𝑃𝑉𝐴 (𝑤𝑡) = ( 𝐼1.9−2.13 × (1 − 𝐻𝐷𝐿−𝑃𝑉𝐴) × 𝑀𝑊𝐿−𝑃𝑉𝐴)[(𝐼1−1.72 − 𝐼1.9−2.13 × (1 − 𝐻𝐷𝐿−𝑃𝑉𝐴)) × 𝑀𝑊𝐻−𝑃𝑉𝐴] (7) 

where I1.9-2.1 and I1-1.7 indicate the peaks areas due to the 3 acetate’s hydrogens (present in L-PVA 

only) and the 2 vinyl hydrogens (present in both H-PVA and L-PVA), respectively; HD is the 

hydrolysis degree of L-PVA; MWL-PVA MWH-PVA are the average molecular weights of H-PVA 

and L-PVA monomers, respectively. Assessment of residual PVP in i(2)-PVP, i(3)-PVP, i(4)-PVP 

and i(5)-PVP gels was attempted following a similar procedure and, though a trend can be 

identified, exact quantification was not possible because of its very low amount (less than 6 wt% 

with respect to H-PVA). 
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RESULTS AND DISCUSSION 

L-PVA and PVP as porogens: the morphology of cryogels. Freezing a PVA solution leads to a 

water-polymer phase separation, allowing the formation of polymer crystals in the polymer-dense 

areas and ice in the water-rich areas; ice crystals will serve as porogens, while polymer crystals 

are the network physical crosslinks.30 Therefore, the porosity of PVA cryogels is linked to the 

shape of ice crystals, and it can be influenced by the presence of semi-interpenetrating polymers1. 

Confocal images of PN_X, i-PVA_X and i-PVP_X gels (H-PVA concentration, X = 5-12 % w/v), 

swollen in an aqueous Rhodamine 110 solution, are shown in fig. 1. PN samples are strongly 

anisotropic: the elongated, needle-shaped porosity of the PN series can be ascribed to the 

crystallization of ice in aligned needles, on surfaces perpendicular to the direction of freezing.1,31–

33 This results in a linear ordering of the gel structure, where straight gels strands are interspersed 

with elongated pores. Directionality involves larger areas of the gels as X increases. In i-PVA 

series, gel walls still show a preferential orientation for X = 5 and X = 7, while for higher X values 

the network changes into a sponge-like structure: pores become almost spherical. i-PVP_X gels, 

for X = 5 and X = 7, do not show a high degree of local order: pores have random shapes and a 

wide size distribution, while the gel walls are thicker. 
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Figure 1. Confocal images of PN, i-PVA and i-PVP gels for different H-PVA concentrations: (A) 

X = 5; (B) X = 7; (C) X = 9; (D) X = 12. Gels were soaked in a Rhodamine 110 solution. Scalebar: 

50 µm. 

 

Overall, these gels are strongly inhomogeneous and completely different from all the others. For 

higher values of X, also in this case, pores become more spherical. In both i-PVA and i-PVP series, 

porosity drastically changes in passing from X = 7 to X = 9. However, pores in i-PVP_9 appear as 

not interconnected, in contrast with the sponge-like morphology of i-PVA_9. 

More generally, fig. 1 suggests that, in i-PVA_X and i-PVP_X series, ice pockets formed during 

freezing have different shapes with respect to PN gels. As a matter of fact, pore shape and 

dimension are also a result of the morphology of the pre-gel solutions. In a recent work1  we found 

that the structural changes in H-PVA cryogels, induced by the addition of L-PVA, can be traced 
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back to a polymer-polymer segregation occurring in aqueous solution, before freezing. In that case, 

L-PVA concentrated in spherical blobs, which acted as porogens during cryostructuration. 

Confocal images of i-PVP gels suggest that a similar phase behavior might occur also in i-PVP 

pre-gel solutions. To confirm these hypotheses, morphologies of i-PVA and i-PVP pre-gel 

solutions were investigated through confocal imaging. Pre-gel solutions of i-PVA and i-PVP 

series, for X = 5 - 12, were prepared using RBITC-labeled L-PVA and PVP: confocal images 

acquired at room temperature are shown in fig. 2. 

 

Figure 2. Confocal images of RBITC-labeled i-PVA_5-12 (A-D) and i-PVP_5-12 (E-H) pre-gel 

solutions. Scalebar: 50 µm. 

 

Phase-separation is visible in both i-PVA and i-PVP series. In i-PVA series, it is incipient for X = 

7 (fig. 2 B), while blobs form in i-PVA_9 and i-PVA_12 samples (fig. 2 C and D, respectively). 

In i-PVP series, phase separation is evident for all values of X: in i-PVP_5 and i-PVP_7 (fig. 2 E 

and F, respectively) there are H-PVA-rich areas and PVP-rich areas, while, also in this case, blobs 

form for i-PVP_9 and i-PVP_12 (fig. 2 G and H, respectively). 
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Polymer blobs are expected to affect the shape and dimension of pores, once the solution is freeze-

thawed and the gel is obtained. Confocal images of gels after thawing, containing red-labeled L-

PVA and PVP, are shown in fig. S1. As expected, during freezing, the blobs of L-PVA and PVP 

deformed and enlarged, due to the stress impressed by the freezing of water. After thawing, they 

have the same shapes and dimensions of the pores observed in fig. 1. Therefore, it can be inferred 

that both L-PVA and PVP acted as porogens during cryostructuration. 

Fig. 2 and fig. S1 prove that, in both H-PVA – L-PVA and H-PVA – PVP aqueous solutions, phase 

segregation occurs; therefore, some degree of incompatibility should exist among the two polymer 

pairs. 

PVAs with hydrolysis degree (HD) > 80 % are known to be water-soluble polymers34,35. When we 

investigated the phase behavior of solutions containing both H-PVA and L-PVA, we found 

incompatibility for concentrations of polymers (H-PVA/L-PVA ratio of 3:1) equal or higher than 

12% w/w, in the range from 5 to 100 °C: spherical blobs of L-PVA formed in the continuous H-

PVA phase. Blobs were detectable also for concentrations of 9 and 7 % w/w, but only above 60°C 

and 70°C1.  

Polymer-polymer incompatibility can be influenced by the conformation of polymer chains in 

solution. Lewandowska et al.36 reported about the thermodynamic and hydrodynamic interactions 

among polymer chains of PVA with higher (98-99%) and lower (85-87%) HD in aqueous solution. 

They demonstrated that, even though water is a good solvent for both polymers (Flory parameters 

for the polymer-water interaction are reported to be 0.465 for highly-hydrolyzed PVA and 0.485 

for partially-hydrolyzed PVA), PVA with high HD tends to self-associate in aqueous solution. 

Thus, concentrated solutions of highly hydrolyzed PVAs are not stable: they form physical 
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networks, because of the tendency of this type of PVA to crystallize. On the other hand, aqueous 

solutions of partially hydrolyzed PVAs are more stable, due to the presence of acetates and the 

subsequent lower tendency to self-associate. The hydrodynamic radii of the labeled H-PVA and 

L-PVA, in dilute solutions, were calculated from FCS data (fig. S2 and Table S1): H-PVA radius 

is slightly larger, being 12 nm ca., while L-PVA radius is 9 nm ca. In light of the previous 

arguments, H-PVA – L-PVA segregation could be due to L-PVA collapsed conformation and to 

H-PVA preferential self-interaction. 

The inter- and intra-molecular H-bonds34 forming between H-PVA chains result in a pronounced 

shear thinning behavior, which is enhanced when the solutions are subjected to steady shear37 or 

when the polymer concentration increases38. Both i-PVA and i-PVP concentrated pre-gel solutions 

showed shear-thinning behavior (see fig. S3), that increases with H-PVA (X) concentration. H-

PVA chains preferential orientation can also be deduced from the PN series in fig.1  and from fig. 

2 D, H, where L-PVA and PVP blobs are placed in linear arrays.  

However, it is worth noting that i-PVA_15 pre-gel solution is more viscous and displays a more 

evident shear thinning than i-PVP_15 pre-gel solution (fig. S3): this suggests that PVP is a better 

plasticizer than L-PVA. 

PVP is a water-soluble polymer, as well. H-PVA – PVP interactions should be favored (negative 

values of 𝜒𝑃𝑉𝑃−𝑃𝑉𝐴 are reported in the literature39,40). In fact, PVA – PVP blends are usually 

described as homogeneous mixtures with a single glass transition temperature, and the two 

polymers are considered as compatible.41–46 However, their mutual miscibility decreases as the 

HD of PVA increases.41 
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PVP chains, as opposed to those of L-PVA, are not collapsed in aqueous solution (the reported 

Flory parameter for the water-polymer interaction is 0.5 – 0.6 at room temperature, for low- and 

medium-molecular weight PVPs47,48). The hydrodynamic radius of a single PVP chain at room 

temperature, obtained by FCS data (fig. S2 and Table S1), is 25 nm ca. 

The phase-behavior of H-PVA – PVP mixtures was also investigated (fig. S4): polymer-polymer 

demixing is slower with respect to the H-PVA – L-PVA case. Only low temperatures (5 °C) induce 

a faster demixing. However, 1 day-aged solutions showed PVP spherical blobs, for sufficiently 

high X (H-PVA conc.) values. The blob-phase in i-PVP mixtures is unstable: within few weeks at 

room temperature, a poorly viscous, PVP-rich phase floats on a H-PVA, gelled phase, suggesting 

that water is preferentially located in the PVP phase. Conversely, i-PVA mixtures remain stable 

for months, even if blobs enlarge either for Oswald ripening or because L-PVA is further expelled 

from the continuous phase. This is probably due to L-PVA blobs exposing -OH groups to the H-

PVA continuous phase. 

To sum up, both H-PVA – L-PVA and H-PVA – PVP phase separations are driven by the tendency 

of H-PVA chains to interact with themselves. However, in i-PVA solutions, the collapsed 

conformation of L-PVA chains also plays an important role in determining the polymer-polymer 

segregation. On the other hand, when the highly hydrophilic PVP is expelled from the H-PVA 

continuous phase, it brings with it a significant amount of water: this further concentrates the H-

PVA phase, until a mild physical gelation is achieved when the mixture completely separates in 

two phases. 

Physico-chemical properties and structure at the nanoscale. In PVA cryogels, the gelation 

process is driven by the water-polymer phase separation: the concentration of crystallizable 



 17 

polymer chains (i.e., preferentially H-PVA chains1) in restricted areas of the samples facilitates 

the formation of polymer crystals. Therefore, a higher H-PVA concentration (X) in the pre-gel 

solution usually leads to a higher crystallinity.49 

The presence of semi-interpenetrating polymer chains is expected to influence the 

cryostructuration process at the nanoscale, as it could alter PVA chains ordering and ability to 

crystallize. As a result, gel would be more loosely structured and a higher quantity of non-structural 

polymer chains would be extracted during washing in water. 

Crystallinity degrees of the investigated cryogels are listed in Table 1. Crystallinity of gels after 

thawing, Xc AT, increases with X for all the series. In presence of L-PVA or PVP, Xc AT decreases. 

Specifically, Xc AT is lower for i-PVA_3-7 and for i-PVP_3-9, while it approximates PN series 

values for higher X. 

Xc AT values indicate that the presence of a semi-interpenetrating polymer hinders H-PVA 

crystallization during the freezing step, and this effect is maximized for low concentrations of H-

PVA. PVP has a stronger impact than L-PVA on H-PVA ability to crystallize. 

When thawed gels are swollen and stored in water, non-trapped polymer chains are extracted and 

a “second crystallization” may occur50. The effects of the second crystallization are stronger in 

both i-PVA and i-PVP series: the chains of the semi-interpenetrated polymers are expected to be 

preferentially extracted during washing. Consequently, the chains actively involved in the network 

(mainly H-PVA chains) stretch and interact more with each other, to form new crystallites. In 

general, the crystallinity of the washed gels, Xc AW, shows the same trend of Xc AT: it is higher 

for PN and i-PVA with respect to i-PVP series. 
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Table 1. Crystallinity degree right after thawing (Xc AT) and after washing (Xc AW), Swelling 

Ratio (qv) and Gel Fraction (G%) of PN, i-PVA and i-PVP cryogels. Values and relative standard 

deviations are listed. 

 PN_X i-PVA_X i-PVP_X 

X Xc AT 
Xc 

AW 
qv G% Xc AT 

Xc 

AW 
qv G% 

Xc 

AT 

** 

Xc 

AW 
qv G% 

3 21 ± 3 -- -- -- 14 ± 1 -- -- 
18 ± 

1 
N.A. -- -- -- 

5 26 ± 1 
34 ± 

1 
-- 

27 ± 

1 
17 ± 2 35 ± 1 -- 

21 ± 

1 
9 ± 3 19 ± 2 2.51 59 ± 1 

7 32 ± 2 
35 ± 

2 
1.40 

29 ± 

1 
22 ± 1 36 ± 1 2.40 

18 ± 

7 

11 ± 

3 
26 ± 6 1.40 38 ± 1 

9 30 ± 1 
35 ± 

1 
1.77 

29 ± 

8 
27 ± 1 38 ± 1 2.15 

27 ± 

1 

15 ± 

2 
26 ± 6 1.37 41 ± 2 

12 33 ± 1 
41 ± 

5 
1.90 

30 ± 

4 
26 ± 1 39 ± 3 2.04 

28 ± 

1 

30 ± 

1 
33 ± 1 1.48 41 ± 1 

15 36 ± 1 -- -- 
38 ± 

3 
30 ± 1 -- -- 

35 ± 

1 

31 ± 

1 
-- -- -- 

**Data for i-PVP series before washing are indicative. 

Active chains in a network can be quantified by calculating the gel fraction (G%), i.e. the fraction 

of polymer that is not extracted after washing. They play a major role in determining gel elasticity 

and the swelling ability (quantified through the equilibrium volume swelling ratio, qv). G% and qv 

for the washed samples are reported in Table 1. G% increases with X in all the series. The gel 

fraction of i-PVP samples is the highest. On the other hand, L-PVA destabilizes i-PVA_5 and i-

PVA_7 samples, while it does not affect the G% of higher X gels. 
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The values of qv show that L-PVA facilitates gels swelling for all X values. PVP, conversely, 

increases gels elasticity (see i-PVP_9 and i-PVP_12 in Table 1). 

To sum up, L-PVA impacts the crystallinity of thawed gels, and facilitates swelling; after washing, 

crystallinity values are not significantly different from those of PN series. PVP, on the other hand, 

strongly influence the crystallinity of both thawed and washed gels. i-PVP gels contain more active 

polymer chains: this results in a higher elasticity of the final network and in a lower qv for X > 5. 

Overall, gels physico-chemical properties suggest that i-PVP gels are more rigid (higher G% and 

lower swelling ability qv), even though their degree of crystallinity, Xc, is lower than those of i-

PVA and PN networks with the same H-PVA concentration. Therefore, crystallization is not the 

only significant contribution to the i-PVP gels structuration. 

Further information on gels crystallinity and polymer chains organization were obtained through 

Small Angle X-ray Scattering (SAXS). SAXS curves of the thawed gels PN_5-12, i-PVA_5-12, i-

PVP_5-12 (fig. 3) were fitted according to Eq. 3; fitting parameters are listed in Table 2. 

The correlation length, 𝝃,  is a characteristic length describing polymer chains in the liquid-like 

portions of the networks; 𝝃 values decrease linearly along PN and i-PVA series, suggesting that 

the gel walls become more crowded by increasing H-PVA concentration. However, 𝝃 values of i-

PVA gels are generally lower with respect to PN gels, as L-PVA chains are probably causing local 

crowding. An abrupt change in 𝝃 (from 4.7 to 3.4 nm) occurs in passing from i-PVA_7 to 

i_PVA_9, as if chains crowding increased suddenly: this probably results from the increase of H-

PVA concentration in the continuous phase, when L-PVA blobs form. 

𝝃 values of i-PVP series are close to those of i-PVA_9,12 gels and do not show significant 

variations with X. This suggest that, as for i-PVA gels, H-PVA chains are crowded in the gel walls; 
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however, chains conformations are not influenced by higher concentrations of H-PVA, probably 

because a limiting value for the system was reached. Such low values of 𝝃 have been previously 

obtained for cryogels that underwent 3 FT cycles, i.e., for very high local polymer concentrations.1 

The values of crystallites radius, R, increase with X for PN and i-PVA series. In fact, higher H-

PVA concentration implies that polymer crystallites are more likely to form. In i-PVA series, the 

abrupt change between i-PVA_7 and i-PVA_9 is again clearly visible: crystallites radius becomes 

almost 1 nm larger, confirming that polymer crowding abruptly increases from X = 7 to X = 9. 

Concerning i-PVP series, R follows the opposite trend: it decreases when X increases; these data 

look in contrast with the values of the G% and the increased rigidity of the i-PVP gels observed 

by increasing X. As stated above, H-PVA crystallization is not the only contribution to the 

structuration of i-PVP gels. SAXS results further suggest that H-PVA crystallites are smaller when 

H-PVA concentration in solution increases. In this light, we suggest that the structuration of i-PVP 

gels is only partially due to freezing. In fact, when the pre-gel solutions are stored at -18°C, the H-

PVA – PVP phase separation in enhanced: the PVP phase contains a significant amount of water, 

due to the polymer hydrophilicity, while the H-PVA phase further expels water, as H-PVA self-

interactions increase. As a result, H-PVA concentration in the continuous phase increases to the 

point that the physical gelation (i.e. formation of polymer crystals and glassy areas) starts before 

the effects of freezing become significant. When ice crystals finally form, they consolidate the 

preformed structure, causing the formation of some additional H-PVA crystallites whose 

dimensions decreases as H-PVA concentration increases. 

In conclusion, i-PVP gels are less crystalline than their i-PVA counterparts, but more rigid, as they 

result from two different mechanisms, occurring at low temperatures, that subtract water to the H-
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PVA phase: the polymer-polymer phase separation, that forms water-rich PVP blobs; and the 

water-polymer phase separation, which causes the H-PVA phase to expel water, in order to allow 

the H-PVA crystallization. 

 

Figure 3. SAXS curves of PN (A), i-PVA (B) and i-PVP (C) thawed gels. 

Further proofs are provided by IG(0)/IL(0) ratio, i.e. an indication of the extension of crystalline 

portions in a sample. The ratio confirms that the number of crystallites increases with H-PVA 

concentration in PN and i-PVA gels, while, in i-PVP series, it increases from i-PVP_5 to i-PVP_7, 

but then stabilizes to a limiting value for i-PVP_7-12. 

Table 2. SAXS fitting parameters obtained for PN_5-12, i-PVA_5-12 and i-PVP_5-12 cryogels. 

Sample 

Guinier 

Scale 

IG(0) 

Lorentz 

Scale 

IL(0) 

IG(0)/ 

IL(0) 

Correlation 

Length  

(nm) 

Fractal 

Dimension 

(D) 

Crystallites 

Radius R 

(nm) 

Backgr

ound 

(B) 

PN_5 0.3 5.5 0.05 5.7 ± 0.8 2.1 ± 0.1 3.9 ± 0.2 0.06 
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PN_7 0.9 6.9 0.13 5.4 ± 0.8 2.2 ± 0.1 5.0 ± 0.1 0.06 

PN_9 2.6 11 0.24 5.2 ± 0.8 2.1 ± 0.1 5.1 ± 0.1 0.09 

PN_12 4.1 14 0.29 4.9 ± 0.4 2.2 ± 0.1 5.2 ± 0.1 0.14 

i-PVA_5 0.4 8.1 0.05 4.7 ± 0.1 2.1 ± 0.1 5.3 ± 0.4 0.09 

i-PVA_7 2.2 14 0.16 4.6 ± 0.1 2.2 ± 0.1 5.1 ± 0.2 0.11 

i-PVA_9 2.0 12 0.17 3.4 ± 0.1 2.6 ± 0.1 6.2 ± 0.2 0.13 

i-PVA_12 4.8 15 0.32 3.3 ± 0.1 2.7 ± 0.1 5.9 ± 0.2 0.12 

i-PVP_5 1.4 11 0.13 3.6 ± 0.1 2.5 ± 0.1 5.8 ± 0.2 0.10 

i-PVP_7 3.1 13 0.24 3.7 ± 0.1 2.4 ± 0.1 5.4 ± 0.1 0.07 

i-PVP_9 3.3 14 0.24 3.7 ± 0.1 2.5 ± 0.1 5.2 ± 0.1 0.13 

i-PVP_12 3.2 18 0.18 4.3 ± 0.1 2.5 ± 0.1 4.8 ± 0.1 0.16 

 

The fractal dimension, D, of PN_5-12 and i-PVA_5,7 is similar to the fractal dimension of a 

polymer solution in semi-dilute regime. In fact, when D is about 2, the first term of the fitting 

equation takes the form of the Ornstein-Zernicke equation. Higher D values (2.7 – 2.9), instead, 

characterize systems containing a significant number of H-bonds.52 This is the case of i-PVA_9 

and i-PVA_12 samples. 

L-PVA and PVP as structuring agents. The enhanced H-PVA self-interaction induced by 

polymer-polymer demixing in i-PVA series, and the higher G% and network rigidity in i-PVP 

series, suggest that the two semi-interpenetrating polymers have a structuring role. Therefore, the 
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influence of increasing concentrations of L-PVA or PVP in gels prepared at a constant H-PVA 

concentration (X = 9 % w/v) were investigated. 

The G’ (1 Hz) data for i(Y)-PVA and i(Y)-PVP thawed gels are reported in fig. 4, in log-log scale, 

as a function of the concentration of the semi-interpenetrating polymer added. The first point in 

each series represents the G’ value in absence of L-PVA or PVP (i.e., PN_9 sample). 

Both L-PVA (fig. 4 A) and PVP (fig.4 B) cause an increase in the storage modulus of H-PVA gels, 

until a 3% w/v concentration is reached. However, the structuring effect of L-PVA is lower: G’ 

reaches a plateau value when L-PVA concentration is 1% w/v. In presence of PVP, instead, G’ 

increases continuously, up to a PVP concentration of 3% w/v. For higher concentrations, both 

polymers act as plasticizers, and G’ drops. 

 

Figure 4. Log-log plots of the storage modulus, G’ (1 Hz), versus the semi-interpenetrating 

polymer concentrations in i(Y)-PVA and i(Y)-PVP gels. A) Effect of increasing concentrations of 

L-PVA (Y = 0.5, 1, 2, 3, 4, 5 % w/v) on a 9% w/v H-PVA solution. B) Effect of increasing 

concentrations of PVP (Y = 0.5, 1, 2, 3, 4, 5 % w/v) on a 9% w/v H-PVA solution. The first point 

in both series represents a pure H-PVA gel (i.e., it is the G’ of PN_9 sample). 

The point of gelation of H-PVA in i-PVA and i-PVP mixtures, evaluated for L-PVA and PVP 

concentrations of 3% w/v (see fig S5), further confirms that PVP hinders H-PVA crystallization: 

while H-PVA alone forms a gel at 1.4 % w/v, i-PVP solutions become gels for a H-PVA 
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concentration of 2% w/v. i-PVA solutions form a gel when H-PVA concentration is at least 1%, 

confirming that L-PVA favors H-PVA self-interaction; nonetheless, some L-PVA chains could 

take part to the cryostructuration process, when present in such excess (H-PVA = 1% w/v, L-PVA 

= 3% w/v). 

The persistence of L-PVA chains in i(3)-PVA gel, after storage in water, was already proven1 

through Confocal Microscopy. However, NMR data (see fig. S6 A) suggest that the amount of L-

PVA permanently embedded in i(Y)-PVA networks is almost independent on the concentration of 

L-PVA in the pre-gel solution: for a given and sufficiently high concentration of H-PVA, residual 

L-PVA tends to a constant quantity. Such quantity could be related to the H-PVA - L-PVA 

interactions in the pre-gel solutions. Conversely, NMR analysis of i(Y)-PVP samples (fig. S6 B) 

revealed that a negligible amount of PVP is retained during washing, and only a minor trend in its 

concentration can be identified in good correlation with rheological data. These data support the 

hypothesis of PVP having only an “indirect” structuring effect, mainly due to its ability to subtract 

water from the H-PVA phase, before cryostructuration takes place. 

Gelation mechanism. The impact of a semi-interpenetrating agent on the cryogel structuration 

can be quantified through rheology measurements, and specifically by observing the dependence 

of the storage modulus, G’, on the concentration of polymer constituting the network. G’ represents 

the material elastic response to a certain stress applied and, according to the theory of rubber 

elasticity, it is proportional to the number of “active chains” in the network, i.e. the polymer chains 

whose ends are blocked in tie-points 53. 
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The gelation process can often be described through the percolation model.54 According to 

percolation, G’ is related to the fraction of reacted bonds, p, through: 𝐺′ ∝ (𝑝 − 𝑝𝑐 𝑝𝑐)⁄ 𝑛
, where  

pc is the critical value of p to obtain an infinite cluster (i.e., the gelation threshold). 

For gels well beyond the gelation threshold and swollen in good solvents, the system can be 

considered a semi-dilute solution of polymer chains, and both G’ and the osmotic pressure scale 

as: : 𝐺′ ∝ 𝐶𝑛, where C is the polymer concentration and n = 2.2554. However, the 2.25 exponent 

is generally more accurate to describe osmotic pressure, rather than rheology results, owing to the 

difficulties in preparing series of gels with negligible defects55. 

Experimental values of n usually range from 1.9 to 3.556,57. For PVA cryogels, n = 2.4-3.8 have 

been reported.58–60 

PN, i-PVA and i-PVP gels were rheologically tested right after thawing and after washing (fig. 5), 

to verify the changes caused by the second crystallization process. G’ data are reported as a 

function of 
𝐶𝐻−𝑃𝑉𝐴𝐶𝑔 − 1. Values of the exponent n are reported in Table 3.  Effective polymer 

concentrations in the washed gels were also calculated, considering the gel fraction, G%, of each 

sample after washing (see Table 1). 

In the PN series (fig. 5 A), only G’ of PN_5 changed significantly after washing (structural defects 

caused massive loss of polymer chains). The fitting of the points describing the thawed gels is in 

agreement with a percolation mechanism (see Table 3).  
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Figure 5. Log-log plots of the storage modulus (G’, 1 Hz) versus the effective concentration of 

polymer for the three series. A), C) and E) show the trend of G’ for PN, i-PVA and i-PVP gels 

right after thawing (full markers) and after washing (empty markers), versus the effective H-PVA 

concentration, obtained from the gelation threshold. B), D) and F) show the trend of G’ of some 

gel samples of each series after washing versus the effective polymer fraction constituting the 

networks, calculated using G% values. 

 

When the gels are washed, and the effective polymer concentration is considered (fig. 5 B), the 

curve slope drastically increases; this is probably due to the fact that networks containing lower 

amounts of H-PVA have more structural defects (like dangling chains or instable polymer 

crystallites), thus washing causes their G’ to decrease more. 

The slope of i-PVP thawed gels (fig. 5 D) is also in accordance with a percolation mechanism, 

suggesting that the presence of PVP does not significantly alter H-PVA gelation mechanism (the 
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point with the lowest X was not considered in the fitting because of its very weak gel state). The 

slope describing the washed i-PVP series (fig. 5 E), instead, is in agreement with that of gels 

swollen in good solvent, n = 2.25.54 This suggests that i-PVP gels are more stable (i.e. the structural 

defects are not significantly affecting the rheological response). 

Table 3. Values of the exponent n obtained for the gels after thawing, AT (see fig. 5 A, C, E), 

considering the gelation point, and the gels after washing, AW (see fig. 5 B, D, F), considering the 

effective concentration of polymer constituting the network.  

Series n (AT) n (AW) n (JM model)  

PN 1.69 ± 0.06 3.3 ± 0.5 - - 

i-PVA 

1.7 ± 0.1 5.6 ± 0.4 2.2 ± 0.2 1.1 

1.3 ± 0.1 0.7  ± 0.4 1.4 ± 0.1 0.9 

i-PVP 1.96 ± 0.02 2.3 ± 0.5 - - 

 

The G’ VS 
𝐶𝐻−𝑃𝑉𝐴𝐶𝑔 − 1 trend drastically changes when networks containing a constant 

concentration of L-PVA are considered (fig. 5 C, D). The curves describing both thawed and 

washed gels of i-PVA series are characterized by two regimes. 

Gelation occurring in two different regimes was already observed61, and can be justified on the 

basis of the Jones-Marques (JM) theory. Guenet62 adapted this model to the physical gelation 

processes characterizing fibrillar gels. He described fibrillar gels as thermoreversible networks, 

obtained by the connection of straight fibrils (cross-section of 2-20 nm), with micron-sized pores. 

PVA chains do not form fibrils in solution, that associate to build a network. However, a PVA 

cryogel can be described as an array of rigid objects connecting at junctions, due to the high 
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directionality given by both the self-association of H-PVA chains in solution and the freezing step; 

in fact, cryogels have already been defined fibrillar networks.60,63,64  Clearly, the morphology of 

these gels is complex and the fibrillar description is not exhaustive, but it can be used as a starting 

point to shed light on the gels formation mechanism. 

The presence of two regimes in the G’ VS [H-PVA] data for i-PVA series (see fig. S7 and Table 

3) can be explained considering then presence of dangling polymer chains at lower H-PVA 

concentrations, which are gradually incorporated in the network when polymer concentration 

increases. More specifically, a transition from enthalpic elasticity, due to rigid tie-points, to 

entropic elasticity, due to “freely-hinged” junctions (i.e., some rotational freedom is retained after 

crosslinks formation) occurs. According to JM theory, the exponent n can be related to a 

longitudinal fractal dimension (DF), i.e. the fractal dimension of objects at junctions: n = (3 + DF) 

/ (3 - DF) for enthalpic elasticity, while n = 3 / (3 - DF) for entropic networks. The values of 

calculated for i-PVA series are reported in Table 3. Both values are ~1, indicating the presence of 

straight elements. DF decreases when H-PVA concentration increases, suggesting that gel strands 

contain more defects for DF = 1.1 (low X values), which smooth as H-PVA concentration increases 

and dangling chains are included in the network.  

Evidences to support this hypothesis can be obtained by observing the morphology and shape of 

gel strands in the gel series at two different H-PVA concentration, through SEM. 

Fig. 6 shows the SEM images obtained for two illustrative samples of each series (X = 5 and X = 

12), after curing in water. For i-PVA series, defined linear strands are clearly visible in i-PVA_12 

(fig. 6 D) , while i-PVA_5 is characterized by more irregular objects fig. 6 C): linear strands are 

still visible, but they present high surface roughness. These findings are in agreement with the 
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fractal dimensions obtained through Jones-Marques theory: DF ~ 1 for i-PVA_12 and DF > 1 for 

i-PVA_5 describe straight and smooth strands in the first case, and linear strands with some surface 

irregularity in the latter. 

 

Figure 6. SEM images obtained for: (A) PN_5, (B) PN_12, (C) i-PVA_5, (D) i-PVA_12, (E) i-

PVP_5, (F) i-PVP_12 samples. Scale bar is 1 μm. 

 

In PN (fig. 6 A, B) and i-PVP series (fig. 6 E, F) gel defects are almost absent, even if some 

structure refinement occurs when H-PVA concentration increases. 
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CONCLUSIONS 

In this paper, the role of L-PVA and PVP as semi-interpenetrating agents in PVA-based cryogels 

was investigated. Confocal micrographs revealed that the gels morphology and the pores shapes 

and dimensions are caused by a polymer-polymer demixing, occurring in H-PVA – L-PVA and 

H-PVA – PVP pre-gel solutions; L-PVA and PVP concentrate in specific areas of the solutions, 

acting as porogens during cryostructuration. The phase separation also concentrates H-PVA in the 

continuous phase: this results in higher crystallinity and structuration for gels containing L-PVA. 

Conversely, PVP alters the cryostructuration of H-PVA: being highly hydrophilic, it favors water 

expulsion from the H-PVA continuous phase at low temperature; this results in the formation of a 

highly concentrated H-PVA phase, which forms a physical gel that is only consolidated by the FT 

process. The resulting networks have higher G% and stiffness, but lower crystallinity. As regards 

the gelation process, gels containing H-PVA or H-PVA and PVP seem to form according to a 

percolation mechanism. H-PVA – L-PVA gels, instead, showed two different regimes and can 

possibly be described as fibrillar networks, according to the Jones-Marques theory. Overall, semi-

interpenetrating agents impact the gels structure, porosity and physico-chemical properties, acting 

both as porogens and structuring agents. A better understanding of polymer-polymer interaction 

in the pre-gel solutions of different polymer pairs could allow us to predict the final gel properties, 

making possible the tailoring of gels for specific cleaning tasks. 
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Conservation of our cultural heritage is fundamental for conveying to

future generations our culture, traditions, and ways of thinking and

behaving. Cleaning art, in particular modern/contemporary paintings,

with traditional tools could be risky and impractical, particularly

on large collections of important works to be transferred to future

generations. We report on advanced cleaning systems, based on twin-

chain polymer networks made of poly(vinyl alcohol) (PVA) chains,

semiinterpenetrated (semi-IPN) with PVA of lower molecular weight

(L-PVA). Interpenetrating L-PVA causes a change from gels with ori-

ented channels to sponge-like semi-IPNs with disordered intercon-

nected pores, conferring different gel (and solvent) dynamics. These

features grant residue-free, time efficient cleaning capacity and effec-

tive dirt capture, defeating risks for the artifact, making possible a

safer treatment of important collections, unconceivable with conven-

tional methods. We report as an example the conservation of Jackson

Pollock’s masterpieces, cleaned in a controlled way, safety and selec-

tivity with unprecedented performance.

poly(vinyl alcohol) hydrogel | semiinterpenetrated gels networks | cultural
heritage conservation | modern art | contemporary art

The challenge in the conservation of cultural heritage is to preserve
and maintain accessible a vast number of objects (e.g., up to

million artifacts for a single museum) against degradation caused
by environmental factors, pollution, wrong conservation practice,
and microorganisms. Heritage conservation and accessibility are
both an economic amplifier and an invaluable instrument that drives
social inclusion and equality, improving quality of life (1–3). The most
recurrent issue in the preservation of modern and contemporary art
involves the removal of soil from painted surfaces. This is often
problematic owing to the fact that industrial paints contain additives
(4, 5) with a marked sensitiveness to solvents and cleaning fluids (6,
7) that can possibly leach and deteriorate the painting. Since most
contemporary paintings are unvarnished, soil accumulates directly on
the painted layers, and cleaning solvents work in contact with sen-
sitive pigments, dyes, binders, and additives. Moreover, especially
from the 1940s on, paintings display high surface roughness, which
makes homogeneous cleaning with traditional tools even more dif-
ficult and risky for the artifacts. In particular, the use of solvents is
uncontrolled and nonselective, i.e., sensitive original components of
the artifacts can be swollen, solubilized, or leached along with un-
desired layers. Besides, free solvents typically used in the resto-
ration practice pose health risks to conservators. Traditionally
employed solvent thickeners, such as polyacrylic acid and cellulose
derivatives, or physical gels (e.g., agar), can either be scarcely re-
tentive or exhibit poor mechanical properties, leaving polymer res-
idues whose removal requires invasive rinsing steps (8, 9).
In past years, we have developed a different approach based

on the use of colloidal systems (10–17). The latest advancement
is represented by the confinement of cleaning fluids in gels (18–
20) specifically tailored to treat water- and solvent-sensitive works
of art. In a previous contribution to PNAS (21), we reported on the

use of semiinterpenetrated networks (SIPNs) of poly(2-hydroxyethyl
methacrylate) and poly(vinylpyrrolidone) (pHEMA/PVP) to confine
oil-in-water microemulsions and gradually release them on sensi-
tive surfaces. This allows the safe removal of detrimental pressure-
sensitive tapes and adhesives from paper artworks. However, while
the pHEMA/PVP SIPNs are highly retentive and effective on flat
surfaces, they are not able to adapt to rough, clotted, and three-
dimensional (3D) textured surfaces, such as those of modern and
contemporary paints by Van Gogh, Picasso, Pollock, and others.
For this reason, we designed a class of gels, based on poly(vinyl
alcohol) (PVA). Freeze–thaw (FT) PVA gels can be feasibly for-
mulated to exhibit excellent strength and elasticity, with no need
of toxic cross-linkers, as largely reported in the literature (22, 23). A
significant advantage with respect to the aforementioned pHEMA
chemical networks is that physical networks of PVA are highly
viscoelastic, meaning that gel sheets can be made flexible while
retaining optimal elongability and resistance to mechanical stress.
Besides, PVA is biocompatible and nontoxic. The challenge is to
design PVA networks with cohesive structure, adaptability to rough
surfaces, high and interconnected porosity, and high water content
and retentiveness. These are key features to boost the removal of
dirt from artistic surfaces and can be more easily achieved when two
different types of PVA are combined in a network. Interpenetrating
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the network of a higher molecular weight PVA (H-PVA) with PVA
of lower molecular weight (L-PVA) is expected to impact the pores
size and structure and the mechanical properties of the gels.
Namely, we hypothesized that L-PVA could remain at least
partially entangled in the H-PVA network, interposing between
H-PVA chains, possibly altering the formation of walls and pores
and changing the rheological properties of the network. Control-
ling the pore size distribution and the rheological behavior of the
gels would allow to optimize the adhesion of the gel to the surface
or the capture and transport of matter through the gel matrix.
We report a detailed picture of the formation mechanism of

these twin-chain polymer network hydrogels (TC-PNs) and of
the PVA dynamics in the final network. We demonstrated that
the addition of L-PVA changes the gel porosity from a packed
structure of elongated channels into a nonordered pattern of
interconnected and larger pores similar to a sponge. The mor-
phological changes and the presence of L-PVA likely make the
TC-PNs more mechanically compliant. These combined features
grant higher cleaning efficacy than pure PVA networks and over-
come the limitations of rigid gel sheets (e.g., gellan) and previously
developed SIPNs (chemically cross-linked networks).
The advanced TC-PNs were used for the cleaning and con-

servation of two Pollock masterpieces from the Peggy Guggen-
heim Collection of Venice (Solomon R. Guggenheim Foundation,
New York). The gels allowed safe removal of soil without un-
controlled spreading and excessive wetting of the painted layers.
The gels do not leave residues and can be applied to vertical
surfaces and then completely removed even from cracked and
morphologically complex areas, reducing the risk of mechanical
stresses. This is a dramatic improvement over the traditional
cleaning approach with nonconfined solvents, which can require a
long process under the microscope.

Results and Discussion

The Structure of PVA-Based Cryogels. In this contribution, PVA-
based FT hydrogels were cryoformed: pure PVA hydrogels were

prepared using H-PVA, and TC-PNs were obtained by mixing
H-PVA and L-PVA. The terms TC-PNs and PVA/PVA gels will
be used hereafter interchangeably. Hydrogels were either pre-
pared with one (FT1) or three (FT3) FT cycles. The physical
gelation of PVA solutions is driven by the freezing steps, which
cause a water–polymer phase separation (22). PVA chains ac-
cumulate in the polymer-rich phase, while ice crystals form in the
water-rich phase; owing to the pressure exerted by freezing wa-
ter, polymer crystallites form and act as tie points in the gel
structure, while ice crystals act as porogens. More details about
the preparation are reported in SI Appendix. Confocal micros-
copy and scanning electron microscopy (SEM) were used to
characterize the hydrogels. The freezing of H-PVA solutions
leads to a more homogeneous structure with smaller pores than
the TC-PNs (Fig. 1A). The pores are arranged into a pseudo-
hexagonal packed structure (see detail of the β-plane section in
Fig. 1A). The formation of the PVA gel walls follows the den-
dritic growth of ice during crystallization: there is a central
branch from which new ice strands originate and arrange per-
pendicular to each other (Fig. 1A, α-plane section). As a con-
sequence, pores have an elongated shape and exhibit an elliptical
section, as if ice grew in aligned needles along axes that are
slightly tilted with respect to the plane of the gel sheet’s main
surface (Fig. 1A). Instead, in the TC-PNs, pores are not aligned
along axes and show a nonordered pattern similar to what is
expected for a sponge-like network (Fig. 1B). The dimensions
and distribution of the pores in the TC-PNs (3 to 30 μm) suggest
the presence of obstacles that prevent the growth of ice, resulting
in an interconnected porosity across the gel network. We hy-
pothesized that this feature might favor the capture and retain-
ing of dirt by the TC-PN gels: when the gel is applied on a soiled
surface, the soil migrates inside the porosity, all through the gel
volume; evaporation at the gel upper surface is expected to recall
water from the bulk through the interconnected porosity, fa-
voring dirt pick-up. Dirt capture should also be favored by the
larger pore dimensions in the TC-PNs.

Fig. 1. The structure of PVA cryogels at the micron scale. Confocal-microscopy images of the FT PVA gels, loaded with an aqueous solution of the green dye

rhodamine 110, which preferentially interacts with the gel’s walls. A–D also include images of horizontal (α) and vertical (β and γ) sections of the imaged

volumes. (A) PVA FT1 gel. The pores are cylindrical and arranged into a hexagonally packed structure (see detail of the β-plane section), with central branches

from which new strands originate and arrange perpendicular to each other (see detail of the α-plane section). (B) TC-PN FT1 gel. The presence of L-PVA as

semiinterpenetrated polymer leads to the formation of larger and nonoriented pores; the pore distribution resembles that of a sponge-like network (see

sections along the α and β planes) (C) PVA FT3 gel. (D) TC-PN FT3 gel. In both FT3 hydrogels, the pores walls are thicker, as repeated FT cycles cause further

phase separation, increasing local polymer concentration. The bottom row in A–D shows SEM images of xerogels obtained from the PVA-based gels,

highlighting the presence of a wide range of pores’ diameters in TC-PNs (B and D), including pores <1 μm. Bar dimension is 20 μm.
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The strong directional growth of the pores in the pure PVA
network is also evident when the number of FT cycles is higher,
and the pores’ section is larger, owing to the ice expansion during
the second and third freezing steps (24) (Fig. 1C). Some of the
pores merge together, resulting in a less orderly packed structure
(24) than FT1 (Fig. 1C, α and β sections). For what concerns the
TC-PNs, the FT3 network exhibits a similar disordered sponge-
like pattern, suggesting that the TC-PN conserves its structure
after the first cycle (Fig. 1D).
In both FT3 hydrogels the pores walls are thicker, because

repeated cycles cause further phase separation, squeezing water
out of the liquid-like portions of the gels’ walls and increasing
local polymer concentration (22). This is in agreement with the
higher gel fraction (G%) reported in SI Appendix, Table S1.
Small-angle X-ray scattering (SAXS) analysis shows that with in-
creasing FT cycles, gel walls become denser also at the nanoscale,
as evidenced by the decrease of the correlation lengths, and by the
higher number of PVA crystallites, as shown by changes in the
ratio between the Guinier scale (IG) and the Lorentz scale (IL) (SI
Appendix, Table S2 and Fig. S1).
The SEM images of xerogels confirm that the pure PVA gels

have an ordered pore structure (Fig. 1 A and C), while PVA/PVA
xerogels show the same disordered, sponge-like porosity observed
for the hydrogels in confocal images (see Fig. 3 B and C); the SEM
images highlighted the presence of a wide range of pores’ diameters
in TC-PNs, including pores smaller than 1 μm.
A quantitative characterization of the confocal images was

obtained performing chord-length distribution analysis (Fig. 2
and SI Appendix, Fig. S2). This method was firstly introduced by
Tchoubar and Levitz (25, 26) and allows to extract stringent
structural descriptors for biphasic media. Chords are defined as
the segments that form when a set of randomly oriented lines cross
phase boundaries. Fig. 2 A and B show the averaged frequency of
chords with given length (f(R)) for both pores and gel-phases of
the four confocal stacks (PVA and PVA/PVA, FT1, FT3). The
distributions always show a peak and an exponential tail (27), from
which a characteristic persistence length (λ) of the structure was
obtained for each type of gel (SI Appendix, Table S3).

The chord distributions of pores (Fig. 2A) show that λ increases
with the number of FT cycles. In PVA/PVA samples, both the
persistence length and the maximum pores’ size are higher than
the PVA gels, suggesting that L-PVA acts as a porogen in the final
structure. The gels’ walls thickness increases passing from PVA
FT1 to PVA FT3 (Fig. 2B and SI Appendix, Table S3), and some
further increase occurs passing from pure to PVA/PVA gels. It
must be noticed that the higher thickness of walls in PVA/PVA
FT3 as compared to PVA/PVA FT1, observed with SEM, could
not be appreciated with chord analysis as the difference probably
falls beyond the resolution of confocal images.
Fig. 2 C and D shows how the pore chord distribution varies

along the depth of the stacks: all samples show a faster decay for
confocal planes closer to the gel surface (see also SI Appendix,
Fig. S3). This is probably due to the stronger effect of freezing on
the exposed surfaces of the samples, which causes the formation
of more elongated pores, while the inner planes are character-
ized by pores with larger cross-sections and polydispersity (SI
Appendix, Fig. S2).

Gelation Mechanism of TC-PNs. The gelation mechanism of TC-PN
FT1 was further studied with confocal microscopy, using labeled
polymers to explain the difference in the hydrogel porosity with
respect to the pure network. L-PVA was red-labeled with rho-
damine B isothiocyanate (RBITC), while H-PVA was green-
labeled with fluorescein isothiocyanate (FITC) (SI Appendix,
section S1.3). Confocal images of the H-PVA/L-PVA pregel
solution show the presence of 2- to 20-μm blobs, mainly composed
of L-PVA (Fig. 3A). In the H-PVA solution, no such aggregates
are detectable.
The phase separation in the H-PVA/L-PVA solution is an

intriguing behavior that needs further comments.
In principle, the solubility of PVAs strongly depends on their

hydrolysis degree, molecular weight, and crystallinity (28). Accord-
ing to the literature, both PVAs with a high (>95%) and low (87
to 89%) degree of hydrolysis are soluble in water at the condi-
tions that we used for the preparation of the pregel solution (i.e.,
mixing at 98 °C and then cooling down to room temperature; SI
Appendix, section S1.1) (29–31). Therefore, we do not ascribe the
phase separation to poor solubility of either H-PVA or L-PVA in
water. Phase separation was observed even using higher disso-
lution temperature (125 °C, close to the boiling temperature of
the mixture). More information was gained from the phase di-
agrams reported in SI Appendix, Fig. S4. H-PVA does not show
phase separation in the considered temperature and concentra-
tion ranges (5 to 100 °C and 3 to 15% wt/wt), while L-PVA, being
less hydrolyzed, shows, according to the literature (32, 33), a
lower critical solution temperature. The H-PVA/L-PVA mix-
tures, which are used to realize the gels presented in this paper,
show a different behavior than the single-polymer solutions (SI
Appendix, Fig. S4C). The confocal analysis of the mixtures is in
agreement with a liquid–liquid polymer demixing that could be
explained considering that, in the concentrated regime, H-PVA
chains preferentially interact with each other, as a result of the
polymer conformation in solution and of the high number of
hydroxyl groups. According to Crowther et al. (34), the solvation
of PVA after decoiling (T > 20 °C) appears to be hydrophilic in
character with further increasing temperature. Budhlall et al.
(35) confirmed via NMR that the interaction of R-OHs with
water is temperature-dependent, while methyl protons associ-
ated with the acetate groups are more hydrophobic. Thus, in the
pregel PVA solution, the highly hydrolyzed H-PVA is expected
to be in the form of decoiled and solvated chains. Instead, par-
tially hydrolyzed PVAs (such as L-PVA) adopt in solution dif-
ferent conformations, depending on the polymer blockiness, i.e.,
whether acetate blocks are long (“blocky”) or randomly distrib-
uted (“less blocky”). Namely, blocky PVAs adopt a pseudomicelle
conformation (with the acetate groups in a tight core and the

Fig. 2. Chord-length analysis of PVA cryogels. (A and B) Averaged chord-

length distributions for the pore phase (A) and the gel phase (B) of PVA

cryogels. The lines are the fitting of the data to exponential decays (SI Ap-

pendix). (C and D) The variance of chord distributions of pores with the

depth of confocal stacks for PVA FT1 (C) and PVA/PVA FT1 (D).
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highly solvated vinyl alcohol chains dangling in water), while
less blocky polymers collapse on themselves in a denser con-
formation (35). Comparing the data obtained by Budhlall et al.
with the hydrodynamic radius of L-PVA chains in extremely dilute
solutions (RH = 10.2 nm, obtained through the Stokes–Einstein
equation using the diffusion coefficient [D] obtained by fluores-
cence correlation spectroscopy [FCS] measurements; D = 24 μm2/s;
SI Appendix, Table S4), we deduced that in our case L-PVA
chains fall in the second type of behavior (collapsed structures).
H-PVA–L-PVA interaction is probably not favored in the PVA/
PVA pregel solution: decoiled H-PVA chains preferentially in-
teract with each other through intermolecular H bonding, while L-
PVA chains are collapsed and intramolecular hydrophobic inter-
actions prevail. Therefore, L-PVA is expelled by the continuous
phase of H-PVA and forms spherical droplets. As a matter of fact,
the diffusion coefficient obtained by fluorescence recovery after
photobleaching (FRAP) measurements in the blobs is significantly
higher than that measured in the continuous phase (SI Appendix,
Table S4), suggesting that the blob phase is less viscous, i.e.,
chains or aggregates in this phase are not strongly interacting with
each other.
As previously mentioned, the physical crosslinking of PVA

chains is driven by the freezing steps, applied to a PVA solution,
which cause water–polymer phase separation and the formation of
PVA crystallites that act as tie points in the structure. Ice crystals
act as porogens in the process; therefore, ice formation plays a key
role along with the H-PVA/L-PVA phase separation in the for-
mation of the final network. In fact, the confocal images in Fig. 3
show that the L-PVA spherical blobs act as templates during the
cryoformation of the TC-PN structure. Because L-PVA is more
water soluble than H-PVA, it does not undergo further phase
separation in the freezing step, thus remaining confined in the
water pockets during freezing and after thawing. The formation of
ice crystals along preferential axes leads to the deformation of the
blobs from spherical to elongated shapes (36) (red features in
Fig. 3B).

Typically, IPNs undergo both nucleation and growth and spinodal
decomposition kinetics of phase separation (37). As a general rule,
the most probable mechanism of phase separation is nucleation and
growth for sequential IPNs, and spinodal decomposition for net-
works created by simultaneous formation from “monomers” or, in
our case, preformed polymers (38). This, along with the role of ice
as a porogen, would point in the direction of having nucleation and
growth as the main mechanism for pore formation in the case of the
FT TC-PNs. Indeed, nucleation and growth tend to produce
spheres of the second phase in the matrix of the first phase, similarly
to the structures observed with confocal microscopy, while spinodal
decomposition produces interconnected cylinders of the second
phase in the first phase matrix, even if coarsening and coalescence
can cause significant structural changes at later stages (the final
structure will be determined by the time at which the system
loses its mobility). It must be also considered that, when phase
separation occurs before gelation (as clearly shown in our case by
confocal images), the phase domains will tend to be large, as
gelation will tend to keep the domains apart (37); this is in good
agreement with the large pore size observed for the FT TC-PNs.
However, we cannot fully rule out that the gels can be described
through an arrested spinodal decomposition driven by demixing
of the two different polymers (39).
Washing the gels in water causes partial removal of L-PVA,

leading the disordered and interconnected porous structure of the
TC-PNs. However, confocal microscopy showed that the RBITC-
labeled L-PVA is still observable in the swollen gel, either con-
fined in the pores or included in the walls (Fig. 3C). The TC-PN
FT3 shows a more intense red fluorescence than FT1 (SI Ap-
pendix, Fig. S5), suggesting that the amount of L-PVA that re-
mains in the TC-PN after washing increases with the number of
FT cycles. This suggests that the ice crystals that form during
freezing push the L-PVA droplets onto the continuous H-PVA
gel, producing a “force-coating” of the initially microphase sepa-
rated gel with L-PVA and originating a quasibigel (27).

Fig. 3. Confocal-microscopy images of the PVA/PVA system. H-PVA is labeled in green with FITC and L-PVA in red with RBITC. Thus, the first column shows the

FITC-PVA, the second column shows the RBITC-PVA, and the third and fourth columns show the sum of both components. (A) The PVA/PVA solution before

the FT process. (B) The PVA/PVA gel network obtained after the FT process (1 cycle). The formation of ice crystals along preferential axes leads to the de-

formation of the blobs, which are distorted from spherical to elongated shapes; some of the smaller blobs coalesced together. (C) The PVA/PVA network after

the first cycle of the FT process and 1 wk of curing in water. The 2D view of the top horizontal planes (α) highlights that L-PVA is preferentially localized on the

gel’s walls, interacting with the green-labeled H-PVA. L-PVA is also present inside the pores, throughout the gel volume.
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Overall, passing from pregel solutions to swollen FT gels causes
the formation of inhomogeneities also at the nanoscale; this, along
with the swelling of PVA chains in water, leads to an increase of
the correlation lengths, as evidenced by SAXS (SI Appendix,
Table S2).
The lower value of the correlation length of TC-PN FT1 as

opposed to the PVA FT1 suggested that the spontaneous H-
PVA/L-PVA phase separation produces a higher concentration
of H-PVA in the continuous phase, which eventually led to the
formation of denser gel walls than in the single-polymer net-
work. In fact, the crystallinity of TC-PN gels is higher than the
pure PVA network (SI Appendix, Table S1 and Fig. S6). In the
pure PVA networks, crystallinity increases with increasing FT
cycles, as expected (24, 40, 41), while, in the PVA/PVA systems, it
stabilizes, confirming that the TC-PN conserves its structure after
the first cycle, as discussed under The Structure of PVA-Based
Cryogels.

The Diffusion of PVA Chains in the Pregel Solutions and Gels.

FCS and FRAP were employed to study the mobility of the
polymer chains in the PVA and PVA/PVA pregel solutions
and gel networks. The two techniques allow measuring dif-
ferent ranges of the diffusion coefficient, ideally D > 1 μm2/s
for FCS and 0.01 μm2/s < D < 50 μm2/s for FRAP (SI Ap-
pendix, section S2.4).
As expected, the diffusion of the H-PVA chains in the walls of

the cryogels is too slow to be detected by FRAP (SI Appendix,
Fig. S7). While other techniques could be employed to study
such slow diffusion rates, e.g., single-particle tracking (42), image
correlation spectroscopy (43), or NMR diffusometry (44), for the
scopes of this work, it was important to observe that the polymer
chains are essentially blocked in the gels’ walls, providing an
upper limit (0.01 μm2/s) for their diffusion coefficients. A qual-
itative comparison of the FRAP curves (SI Appendix, Fig. S7D)
shows that in the PVA FT1 network, H-PVA is less strongly
blocked than in the TC-PN FT1, indicating that the latter has a
more crowded gel structure. When the number of FT cycles in-
creases, the differences between PVA and PVA/PVA level off.

In the PVA/PVA pregel solutions, the chains of H-PVA are
less mobile (lower values of D; SI Appendix, Fig. S7 and Table
S4) than in the single-polymer pregels, in agreement with the
gelation process illustrated with confocal microscopy, where the
phase separation in the PVA/PVA system causes a concentration
increase of H-PVA outside the blobs of L-PVA (Fig. 3).
The most striking observation concerns the mobility of L-PVA

in the formed TC-PNs, after curing in water. Inside the gels’
pores, the polymer shows two diffusional behaviors, with a
predominant component of free polymer (as in diluted solu-
tion) and a minor component of slower diffusing chains (Fig. 4
A–C and SI Appendix, Table S4). We reasonably hypothesized
that the slow-diffusing components are constituted by L-PVA
chains that are not included in the TC-PNs, but interact with
them through hydrogen bonds, or are chains partially pro-
truding out of the walls. Instead, the L-PVA chains on the walls
of the TC-PNs are strongly blocked and do not show a diffu-
sional behavior as evidenced by FRAP (Fig. 4D and SI Ap-
pendix, Table S4). Both the inclusion of L-PVA and its
protrusion from the gel walls could also be explained consid-
ering the possibility that some “force-coating” of the walls with
L-PVA occurs through the FT process, as mentioned above.
Overall, we concluded that L-PVA contributes to the structure
of the TC-PNs, and this is expected to produce significant
changes in the mechanical properties of the PVA/PVA gels as
opposed to the single-polymer networks.

Rheological Properties of PVA Gels. Rheological measurements
clearly demonstrate the influence of composition and FT cycles
on the mechanical properties of the gels. The rheological data
were related to the structural characterization reported in the
previous sections.
Amplitude sweep curves show that the cross-over between the

storage modulus (G′) and loss modulus (G″) can be found at lower
oscillation strains for the FT3 hydrogels (arrows in Fig. 5A). The
peak that appears in the G″ curves, the “weak strain overshoot”
(45), is shifted to lower strains with increasing FT cycles; this be-
havior can be explained considering that a higher number of cycles

Fig. 4. The diffusion of L-PVA in the TC-PN gels. (Top) FCS autocorrelation curves (marks) and fitting functions (solid lines) for a diluted solution of L-PVA in

water (SI Appendix) (A), L-PVA in the pores of TC-PN FT1 gel (B), and L-PVA in the pores of TC-PN FT3 gel (C). The results of the fittings (values of the diffusion

coefficient, D) are reported in SI Appendix, Table S4. (D) FRAP recovery profiles of L-PVA on the walls of TC-PN FT1 (blue markers) and FT3 (green markers)

gels; the curves are flat, without recovery in the fluorescence intensity, which indicates that no diffusion of the polymer chains is detectable (SI Appendix,

section S2.3).
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leads to stiffer and less mobile networks that are less capable of
relaxing mechanical stresses. For the same number of FT cycles,
TC-PNs show G″ peaks at higher strain. It can be thus hypothe-
sized that the presence of L-PVA chains included in the gel walls
make the final structure more compliant. However, it must be
considered that the observed changes in rheological properties
could also be due to the morphological differences (e.g., larger
and less-oriented pores) induced by templating from L-PVA
droplets during gelation.
After one cycle, the TC-PN has a higher G′ than the single-

polymer network, as shown in the frequency sweep curves repor-
ted in Fig. 5B. This seems in contrast to the lower gel fraction, G
%, reported in SI Appendix, Table S1, as G′ is known to depend on
the polymer concentration (46). However, as previously discussed,
denser gel walls are formed during gelation of the TC-PN due to
the spontaneous H-PVA/L-PVA phase separation in the pregel
solution (Fig. 3). This can explain the increase in the storage
modulus.
FT3 gels have all similar G′, significantly higher than the FT1

systems, highlighting that polymer accumulate on gel walls during
the freezing steps; in the case of TC-PNs, this could be possibly
due also to the “force-coating” of the gel walls with L-PVA
through repeated FT cycles. Fig. 5C shows visually the increase in
the rigidity of the systems with increasing number of cycles. It must
be noticed that systems with excessively high storage moduli are
not able to adapt to surface irregularities typical of painted arti-
facts (i.e., ≥1 mm) (20). This is further visualized in SI Appendix,
Fig. S8, where FT1 PVA gels are compared to a pHEMA/PVP
SIPN we previously formulated for the cleaning of artifacts (19,
21) and to a gellan sheet similar to those traditionally employed in

the restoration practice (47). The pHEMA/PVP gels have G′

values of 4 to 5 × 103 Pa (17), roughly half the modulus of a
typical gellan sheet (48). In turn, the newly formulated PVA
gels have G′ moduli 4 to 5 times lower than those of pHEMA/
PVP and still exhibit very good resistance to handling and
elongation. Both the pure and TC-PN FT1 PVA gels are able to
adapt to the rough painted surface, covering irregularities and
insinuating into cavities (SI Appendix, Fig. S8 D and E),
whereas the pHEMA/PVP SIPN and gellan sheet are too rigid
to cover the surface homogeneously (SI Appendix, Fig. S8 B and
C). This is expected to boost the cleaning efficacy of the PVA
gels. Being more compliant than the pure PVA network, the
H-PVA/L-PVA gel might adhere better to the painted surface,
producing a more homogeneous cleaning. Moreover, given that
L-PVA is hydrolyzed to a lesser degree than H-PVA, a coating of
L-PVA on the surfaces of the pores could result in a material
that more efficiently adsorbs hydrophobic particles, enhancing
particle uptake.

Removing Dirt from Pollock’s Masterpieces. As reported in SI Ap-
pendix, Table S1, all of the PVA-based gels contain high per-
centages of water (>90%), which behaves almost completely
as free water and is responsible for effective cleaning action. In
fact, water is a good solvent for the surface dirt commonly found
on artifacts, and its cleaning power is easily enhanced when solu-
tions of chelants or surfactants are used. Besides, as reported in SI
Appendix, Table S1, the water release of the PVA-based formula-
tions reported here is in the range of 21 to 24 mg/cm2 (over 30 min,
onWhatman paper) for FT1 gels and 17 to 19 mg/cm2 for FT3 gels.
These values are comparable with those of pHEMA/PVP gels used

Fig. 5. Rheological measurements and visual aspect of cryogels. (A) Amplitude sweep curves of cryogels; the arrows indicate the cross-over of G′ and G″ in

different systems. Solid and empty markers indicate G′ and G″, respectively. The oscillation strains at the cross-over follow the trend: PVA FT3 < PVA/PVA FT3 ∼

PVA FT1 < PVA/PVA FT1. Error bars are not included to facilitate the readability of the image (SI Appendix); errors do not affect cross-over trend. (B) Fre-

quency sweeps of cryogels. Solid and empty markers indicate G′ and G″, respectively. Error bars show the SDs; when not visible, they are smaller than the

markers’ size. (C) Cryogels on wooden sticks and colored logos. The increase in the number of cycles leads to opaquer and more rigid systems. CSGI, Consorzio

Interuniversitario per lo Sviluppo dei Sistemi a Grande Interfase (Center for Colloid and Surface Science).
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for restoration, i.e., 15 to 16 mg/cm2 (49), and both formulations are
more retentive than traditional agar or gellan (30–33 mg/cm2; ref.
49), which proved too risky to water-sensitive dyes (19). These fea-
tures, combined with the ability to adapt to rough surfaces, indicate
PVA gels as good candidates for the cleaning of sensitive painted
layers, based on the background we acquired on the application of
gels to the cleaning of artifacts (19, 20, 50). The gels were practically
assessed on soiled glass slides (SI Appendix, Fig. S9) and on repre-
sentative mockups that mimic modern/contemporary paintings (SI
Appendix, Fig. S10) and were compared with conventional cleaning
tools such as gellan sheets and swabs (Figs. 6 and 7). The soil was
efficiently removed from glass slides and from the rough painted
surface using the TC-PN (Fig. 6E and SI Appendix, Fig. S9), while
only partial cleaning was achieved using the pure PVA gel (Fig. 6D
and SI Appendix, Fig. S9). Scarce soil removal was obtained using the
gellan sheet (Fig. 6F), as expected considering the poor adhesion of
the rigid sheet to the clotted painted surface.
Fig. 7 shows that, when the swabs (soaked with the same cleaning

solution as gels) are used, repeated mechanical action and scarce
water retentiveness inevitably causes pigment loss. Instead, the ap-
plication of TC-PNs leads to the safe removal of the soil; softened
soil residues are easily removed via gentle mechanical action with an
“eraser gum”-shaped TC-PN without detaching the pigment from
the surface (Fig. 7A).
Two-dimensional (2D) Fourier-transform infrared spectroscopy

(FTIR) imaging allowed assessment of the gel-cleaning effective-
ness down to the micron scale. The spectra of the cleaned sample
are comparable to those of the pristine mockup (Fig. 7B), mainly
showing the peaks of oil paintings (51). The bands of kaolin in
the 3,725 to 3,592 cm−1 region (3,665 cm−1, Al–OH stretching;
3,625 cm−1, OH stretching, crystalline hydroxyl) (52) are intense in
the spectra of the soiled mockup and absent in those of the pristine
and cleaned samples, indicating effective soil removal. Previously,

we had shown that conventional rigid gels have poor adhesion to
such rough surfaces, resulting in scarce removal of soil (20).
Besides, mapping the absorbance intensity in the PVA OH

stretching region (3,440 to 3,180 cm−1) showed no significant dif-
ferences between the pristine and cleaned samples; no absorption
bands ascribable to PVA could be detected (Fig. 7C), i.e., no residues
of PVA were left on the surface (up to the detection limit of ca.
0.02 pg/μm2; SI Appendix, Fig. S11 and section S2.5). This was deemed
as a fundamental feature, as opposed to traditional thickeners (e.g.,
polyacrylic acid, cellulose ethers); the latter are known to leave resi-
dues after cleaning and require detrimental rinsing steps (9, 53, 54).
The TC-PN FT1 hydrogels were then used to clean two Jackson

Pollock masterpieces at the Peggy Guggenheim Collection (Ven-
ice), namely “Eyes in the Heat” (1946 to 1947) and “Two” (1943
to 1945), jeopardized by surface dirt accumulated over the last
decades (Fig. 8). These artifacts are particularly important in the
Pollock oeuvre, showing the transition from a relatively traditional
language, to the revolutionary dripping technique that produces tex-
tured 3D surfaces. Moreover, “Two” is made using only oil paints,
while “Eyes in the Heat” represents the artist’s transition from oil
paints to the application of both oils and alkyd colors. In both cases,
the painted surface is highly solvent sensitive. These combined fea-
tures make the removal of dirt particularly challenging and risky with
conventional cleaning tools.
The removal of soil using the gels is appreciated as the paints’

hue is brought back (Fig. 8 A and D). The gels’ mechanical prop-
erties and retention/release rate allowed feasible dirt removal
without unwanted effects, whereas swabs were shown to remove
pigments along with dirt and were thus avoided. Because dirt re-
moval takes place through controlled wetting and dirt detachment
at the gel–paint interface, rather than via traditional solution
chemistry, the systems reported here allow safe cleaning. Therefore,
the length of the cleaning intervention was optimized as opposed to

Fig. 6. Cleaning tests on mockups: assessment of PVA and traditional gels. (A) Clotted painting mockup that mimics Pollock’s alkyd paintings, artificially

soiled. (B) Application of a pure PVA FT1 gel (Left), a PVA/PVA FT1 TC-PN (Center), and a gellan gel sheet similar to those used in the traditional restoration

practice (Right). (C) Soil removal after the application of the gels (8 min each); no additional mechanical action was carried out after the removal of the gels.

D–F detail the removal efficacy of each type of gel: the soil was efficiently removed using the TC-PN (E), while partial cleaning was achieved using the pure

PVA gel (D). Scarce soil removal was obtained using the gellan sheet (F), as expected considering the poor adhesion of the rigid sheet to the clotted painted

surface. A and B represent areas of 9.5× 4.1 cm2. C has a magnification of 1.25×. D–F have magnification of 3.4× with respect to A and B, and are magni-

fications of Insets (D–F) in C.
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the traditional approach that sometimes involves working with
nonconfined solvents under the microscope. Thanks to their me-
chanical properties and effective solvent confinement, these gels
are promising tools in order to obtain a safe and noninvasive
action, reducing the actual risks for the painted surface, i.e.,
swelling, solubilization, leaching, and unwanted removal of fatty
acids, plasticizers, and metal soaps.

Conclusions

FT gels entirely based on PVA were specifically designed to
address the challenge of dirt removal from solvent-sensitive ar-
tistic surfaces. At the micron scale, pure PVA networks show an
ordered pore structure, with elongated and oriented pores. In-
stead, TC-PNs exhibit a sponge-like disordered and interconnected
macroporosity, with larger pores and increased surface roughness,

Fig. 7. Cleaning tests on mockups: assessment of the cleaning using FTIR 2D Imaging. (A) Removal of artificial soil from an oil painting mockup (water

sensitive cadmium red color) that mimics Pollock paintings (1, 2). Removal using a swab soaked with a cleaning aqueous solution. The detail in 2 shows the

removal of some red pigment along with the soil (3, 4). Application of the TC-PN FT1 hydrogel sheet on the soiled surface (i.e., approach proposed in this

contribution); 4 shows that only soil, and no red pigment, adheres to the gel sheet following the application (5, 6). The cleaning is completed using the TC-PN

FT1 hydrogel shaped as an eraser gum; gentle mechanical action with the gel leads to the complete removal of the soil. The detail in 6 shows that no red

pigment adheres to the eraser gum. (B) Assessment of the cleaning effectiveness of the TC-PNs hydrogel using FTIR 2D Imaging. The IR maps show the

imaging of the bands of kaolin (present in the artificial soil mixture) in the 3,725 to 3,592 cm−1 region. (Top) Pristine painted surface. (Center) Painted surface

that was soiled and then cleaned using the TC-PN gel. (Bottom) Soiled painted surface. Representative spectra of the pristine, cleaned, and soiled surfaces are

shown below the maps. (C) Assessment of the absence of gel residues. The IR maps (acquired on the same areas as panel b) show the imaging of the 3,440 to

3,180 cm−1 region, where characteristic bands of PVA would be found in case of gel residues after cleaning. (Top) Pristine painted surface. (Bottom) Painted

surface that was soiled and then cleaned using the TC-PN gel. Representative spectra of the pristine and cleaned surface are shown below the maps, along

with the difference between the two spectra, showing no absorptions ascribable to PVA. abs, absorbance; max, maximum; min, minimum.
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which were shown to enhance the capture of dirt at the gel–paint
interface and its inclusion in the gels.
The TC-PNs exhibit higher storage modulus but better relief

of mechanical stress than the pure PVA networks, possibly as a
result of the plasticizing action of L-PVA or of the morpholog-
ical changes induced by templating from L-PVA droplets during
gelation. Remarkably, these gels behave mechanically as chem-
ical networks, despite being held by noncovalent bonds.
TC-PNs were used to safely remove dirt from the surface of

Jackson Pollock’s masterpieces, “Two” and “Eyes in the Heat.”
Thanks to their adhesion to the textured surface, to the con-
trolled release of cleaning fluids at the gel–paint interface, and to
the enhanced removal of dirt, the TC-PNs allowed the cleaning
of the artifacts without undesired effects on sensitive painted
layers, overall optimizing the cleaning process. TC-PNs offer
innovative solutions to several needs in cleaning of modern and
contemporary paintings in terms of dirt removal, cleaning se-
lectivity, decreased impact on the painted surface, and accuracy
of the intervention.
The results presented here are an important step forward in

the field of conservation of cultural heritage, opening to feasible
treatment of important sets of artifacts, granting their transfer to
future generations, with a vast potential socioeconomic impact.

Materials and Methods
Hydrogel Preparation. PVA-based cryogels were prepared through one or

three FT cycles starting from PVA solutions. After the last thawing step, gel

samples were stored in demineralized water for 1 wk.

Hydrogel Characterization. Hydrogel structure was characterized with con-

focal laser scanning microscopy, SEM, and SAXS. The mechanical properties

were studied with rheological measurements (amplitude and frequency

sweeps). Crystallinity degree, equilibrium water content, and free water

index were measured using derivative thermogravimetry and differential

scanning calorimetry. FCS and FRAP were used to study the dynamics of the

PVA chains in the hydrogels’ network.

Painting Mockups. Painting mockups were prepared using a commercial

primed canvas, oil (Windsor & Newton), and alkyd colors (Ferrario). After

about 1 y from the preparation, an artificial dirt mixture in ligroin was ap-

plied by means of a brush over the paint layer.

Cleaning Trials. The hydrogels were applied on the surface of soiled mockups for

1 min. The cleaning was completed by gentle mechanical action using an

“eraser gum”-shaped hydrogel. The cleaning effectiveness and the absence of

PVA residues on the treated surfaces were checked using 2D FTIR imaging with

an focal-plane array detector. The same cleaning protocol was adopted for the

removal of soil from “Two” and “Eyes in the Heat” by Jackson Pollock. Full

methods and materials are available in SI Appendix.

Data and Materials Availability. All data are available in the main text or

SI Appendix.

ACKNOWLEDGMENTS. The Italian Consorzio Interuniversitario per lo Sviluppo
dei Sistemi a Grande Interfase (Center for Colloid and Surface Science) and the
European Union Horizon 2020 projects NANORESTART (Nanomaterials for the
Restoration of Works of Art) and APACHE (Active & Intelligent Packaging
Materials and Display Cases as a Tool for Preventive Conservation of Cultural
Heritage), under Horizon 2020 Research and Innovation Programme Grant
Agreements 646063 and 814496, respectively, are gratefully acknowledged
for financial support.

Fig. 8. Cleaning of Pollock’s masterpieces. (Left) Two by Jackson Pollock, © Pollock-Krasner Foundation/Artists Rights Society (ARS), New York. (Right) Eyes in

the Heat by Jackson Pollock, © Pollock-Krasner Foundation/Artists Rights Society (ARS), New York. (A and D) Collages showing the paintings before and after

the cleaning intervention, where the soil was removed using the TC-PN FT1 hydrogels. The collages allow to better appreciate the removal of soil as the

paints’ hue and brightness were brought back. The whole paintings were cleaned during the cleaning intervention. (B and C) A detail showing the gel

adhering to the painting and the same area after cleaning. (E and F) A detail of the painting before and after cleaning with the TC-PN gels. B and C have a

magnification of 13× with respect to A. E and F have a magnification of 20× with respect to D.
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ABSTRACT: The use of nanostructured fluids (NSFs), that is,
micellar solutions and microemulsions, in art conservation is often
associated with cleaning purposes as the removal of polymeric
coatings and/or soil from artistic surfaces. In both cases, the use of
NSFs grants significant improvements over the use of traditional
cleaning techniques that employ neat unconfined organic solvents,
water, or aqueous solutions. The study of the nature and properties
of surfactants present in NSF formulations is important to boost
the effectiveness of these systems in applicative contexts and in the
search of innovative and highly performing amphiphiles. This work
reports on the methoxy-pentadeca(oxyethylene) dodecanoate
(MPD) surfactant in two different NSFs, whose utilization in
conservation of cultural heritage is new. Its effectiveness is
compared to the conventional nonionic amphiphiles used in conservation practice, as pentadeca(oxyethylene) dodecyl ether, for
the cleaning of poly(ethyl methacrylate/methyl acrylate) 70:30, p(EMA/MA), and artificially soiled surfaces. The mechanism,
through which NSFs interact with polymeric coatings or soiled surfaces, was investigated by confocal laser scanning microscopy,
fluorescence correlation spectroscopy, photographic observation, contact angle, surface tension measurements, and small-angle X-ray
scattering. The results highlighted the superior MPD’s performance, both in inducing polymer removal and in detaching the soil
from coated surfaces. At the microscale, the cleaning involves dewetting-like processes, where the polymer or the soil oily phase is
detached from the surface and coalesce into separated droplets. This can be accounted by considering the different surface tensions
and the different adsorption mechanisms of MPD with respect to ordinary nonionic surfactants (likely due to the methyl capping of
the polar head chain and to the presence of the ester group between the hydrophilic and hydrophobic parts of the MPD surfactant
molecule), showing how a tiny change in the surfactant architecture can lead to important differences in the cleaning capacity.
Overall, this paper provides a detailed description of the mechanism and the kinetics involved in the NSFs cleaning process, opening
new perspectives on simple formulations that are able to target at a specific substance to be removed. This is of utmost importance in
the conservation of irreplaceable works of art.

KEYWORDS: methoxy-pentadeca(oxyethylene) dodecanoate, pentadeca(oxyethylene) dodecyl ether, microemulsions, cleaning,
conservation of cultural heritage, confocal laser scanning microscopy, fluorescence correlation spectroscopy, small-angle X-ray scattering

1. INTRODUCTION

Nanostructured fluids (NSFs), such as micellar solutions and
microemulsions, have been proposed as innovative cleaning
systems in the field of conservation of cultural heritage, see
Chelazzi et al.,1 Baglioni et al.,2 and references there in.
Nowadays, they are an important part of the palette of the
methodologies commonly used by conservators for the
cleaning of works of art.1−8 NSFs used in art conservation
are mostly related to two main cleaning issues: the removal of
polymeric coatings9−11 (protective and consolidating agents,
fixatives, adhesives, aged or fresh varnishes, graffiti, over-
paintings, etc.) and the removal of soil1,2,12−14 (dust,
particulate matter, grime, oily substances, sebum, wax stains,
etc.). This last represents the most common of the

interventions on artworks. In both cases, the use of NSFs
grants significant improvements over the use of traditional
cleaning methods, that is, the use of neat unconfined organic
solvents, water, or aqueous solutions. The synergistic action of
organic solvents and surfactants allows excellent cleaning
performances, combined with a safe and controlled application.
In fact, in a generic NSF, the organic solvent is confined in the
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water continuous phase and its amount is reduced to a few
percentages, drastically lowering both the environmental
impact of the methodology and the health risk for operators.
Moreover, compared to unconfined organic solvents, NSFs are
particularly effective for the removal of (hydrophobic)
polymeric coatings. Different from organic solvents, which
are chosen to dissolve a given polymer, NSFs are usually
selected to be non-solvents for the polymer, in order to swell
the film and detach it from the substrate surface through,
depending on the polymer nature, a dewetting process.15−18

Dewetting is a well-known physical phenomenon defined as
the spontaneous withdrawal of a film of fluid (i.e., from low
viscosity liquids to highly viscous swollen polymers) from a
surface and subsequent rearrangement in the form of separated
droplets.19−24 The dewetting process of polymeric coatings
from artistic surfaces induced by NSFs grants that polymer
macromolecules are not spread into the work of art, as it would
happen with neat unconfined organic solvents, resulting in an
effective and controlled cleaning action. The nature of the
organic solvents included in the NSF has a major role in the
dewetting of polymers from solid surfaces, as they are selected
to increase the mobility of polymer chains by swelling the film.
Moreover, the surfactant nature is crucial to kinetically favor
this process. In fact, the surfactant, lowering the polymer/solid
interfacial tension, energetically favors the detachment of the
film from the solid surface, and it was shown that a partial
detachment of the polymer from the surface represents the first
step of dewetting processes.16−18 Thus, amphiphile-based
systems having low interfacial tension may be particularly
effective as dewetting agents. Most recently, it was also
observed that surfactants too have a role in increasing polymer
chains mobility, making them the key components in NSFs for
polymer removal.17,18

In many cases, works of art do not present polymeric
coatings, but their visual aspect is compromised by the
presence of soil/grime at the surface. Soil is composed of a
variety of usually low molecular weight substances that
accumulate on the surface of works of art as a result of ageing,
unsuitable storage, or detrimental practices, from previous
conservations, and so forth. A wide choice of cleaning
methodologies is employed for soil removal, according to the
specific needs of the given conservation case, spanning from
the use of mechanical methods, to pure water, to the use of
aqueous solutions of pH buffers, chelating agents, or
surfactants, which may be applied by means of brushes, cotton
swabs, poultices, thickeners, physical gels,25−28 or technolog-
ically more advanced solutions, such as highly retentive semi-
interpenetrated or twin-chain polymer chemical gels, which
grant the safest and most controllable cleaning action.10,29,30

Among the chemicals used for soil removal, surfactants
certainly play a major role, and in particular when they are
formulated as micellar solutions or microemulsions constitute
the most effective tools available to conservators. Thus, nature
and properties of surfactants are important to boost the
effectiveness of NSFs in applicative contexts, and the search for
innovative and highly performing amphiphiles is one of the
main goals in the field of conservation of Cultural Heritage and
in many practical applications in cosmetics, detergency, and so
forth.
This work reports on the use of a relatively innovative

surfactant, a methoxy-pentadeca(oxyethylene) dodecanoate
(MPD),31−35 which is sometimes present in commercial
detergents,36−38 but its cleaning mechanism is poorly under-

stood and its utilization in conservation of cultural heritage is
completely new, to the best of our knowledge. In particular, the
effectiveness of MPD-based NSFs was studied and compared
to the commonly employed PDE (C12EO15, pentadeca-
(oxyethylene) dodecyl ether)-based NSFs. In order to quantify
the mechanism of action and the effectiveness of the cleaning
systems, the MPD- and PDE-based NSFs were formulated to
solve two conservative challenges: (i) polymer coatings
removal and (ii) soil removal. In the first case, the removal
of poly(ethyl methacrylate/methyl acrylate) 70:30, p(EMA/
MA), commercially known as Paraloid B72, was studied on
model systems as polymer-coated glass slides. The interaction
mechanism between the polymer film and the cleaning fluid
was investigated by means of confocal laser scanning
microscopy (CLSM), fluorescence correlation spectroscopy
(FCS), dynamic light scattering (DLS), and small-angle X-ray
scattering (SAXS). Paraloid B72 is one of the most used
polymers in conservation of cultural heritage,39−42 and it was
widely used for a variety of different purposes and on different
substrates. MPD- and PDE-based NSFs have been tested for
soil removal from glass and polystyrene substrates coated with
an artificial soil, prepared following standard procedures
available in the literature,43 and characterized by means of
visual and photographic observation, CLSM investigation,
contact angle, surface tension measurements, and SAXS.
Overall, MPD-NSFs were found to be superior over NSFs
based on conventional nonionic surfactants.

2. MATERIALS AND METHODS

2.1. Chemicals. C11(CO)EO15−CH3, MPD (Nikko Chemicals,
assay 99%), C12EO15, PDE (Nikko Chemicals, assay +99%), dodecyl
dimethyl amine oxide (DDAO, Sigma-Aldrich, 30% aqueous
solution), sodium dodecyl sulfate (SDS, Sigma-Aldrich, assay 99%),
propylene carbonate (PC, Sigma-Aldrich, assay 99%), 2-butanone
(MEK, Sigma-Aldrich, purity 99%), 2-butanol (BuOH, Sigma-Aldrich,
assay >99%), ethyl acetate (EtAc, Sigma-Aldrich, ACS Reagents, assay
≥99.5%), and the fluorescent probes used for CLSM experiments, i.e.,
rhodamine 110 chloride, Nile red, coumarin 6 (Sigma-Aldrich, purity
>98−99%), and Bodipy 558/568 C12 (4,4-difluoro-5-(2- thienyl)-4-
bora-3a,4a-diaza-s-indacene-3-dodecanoic acid) (Thermo Fisher)
were used without further purification. Water was purified with a
Millipore Milli-Q gradient system (resistivity >18 MΩ cm). Carbon
black, iron oxide (ochre), silica, kaolin, gelatin powder, Japanese paper
(9.6 g/m2), poly(ethyl methacrylate/methyl acrylate) [p(EMA/
MA)], Paraloid B72, pellets, and cellulose powder (Arbocel BC200,
J. Rettenmaier & Sohne, Gmbh) were purchased from Zecchi,
Florence. Soluble starch, cement, olive oil, mineral oil, and white spirit
were commercially available and thus purchased in non-specialized
stores.

2.2. Nanostructured fluids. The experiments reported in this
study involved different NSFs. In particular, for the experiments on
polymer (Paraloid B72) removal, four different formulations were
selected, by combining the two surfactants MPD and PDE with two
different organic solvents, PC and MEK, both partly miscible with
water, and used as reference solvents in previous studies16,17 (see
Tables S1 and S2). Besides MPD and PDE, an anionic (SDS) and a
zwitterionic/cationic (DDAO) surfactant were used as reference
amphiphiles.44 For soil removal experiments, micellar solutions of
MPD and PDE were used, at two different surfactant concentrations,
that is, 1 and 5% w/w.

2.3. Artificial Soil. The artificial soil mixture was prepared
according to the standard formulation available in the literature43 and
detailed in Supporting Information Table S3.

2.4. Sample Preparation. 2.4.1. CLSM Investigation on
Polymer/NSF Interaction. For CLSM experiments on Paraloid
B72/NSFs interaction, polymer films of about 2 μm thickness were
prepared by spin-coating about 200 μL of a 10% w/w p(EMA/MA)
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solution in EtAc on coverglasses (2000 rpm, 120 s). The polymer
films were stained with coumarin 6, co-dissolved with the polymer
solution.
2.4.2. Polymer Removal Tests on Glass Slides.Weighed 5 × 5 cm2

frosted glass slides were coated by drop-casting a 10% w/w p(EMA/
MA), Paraloid B72, solution in EtAc, which was let drying until
constant weight was reached. The average final amount of p(EMA/
MA) on each glass slide was about 80 mg.
2.4.3. CLSM Investigation on Soil/NSF Interaction. For CLSM

experiments on soil/NSF interaction, glass slides were coated by
drop-casting 150 μL of the artificial soil dispersion stained with Nile
red 10−6 M, previously dissolved in white spirit. The samples were let
completely drying for at least a week and then used for the
experiments.
2.4.4. Soil Removal Tests on Glass and Polystyrene Slides.

Weighed 5 × 5 cm2 frosted glass and polystyrene slides were coated
by drop-casting 1 mL of the artificial soil dispersion. The samples
were let drying until constant weight was reached, and the final “dry”
weight of the soil coating was about 2−3 mg/cm2, on average.
2.4.5. FCS Investigation on Polymer/NSF Interaction. Paraloid

B72 films were labeled by dissolving the hydrophobic dye coumarin 6
in the 10% w/w p(EMA/MA) solution in EtAc, to a final
concentration of 1 mM ca. 2 μm thick films were prepared on glass
slides through the same spin-coating procedure reported for CLSM
experiments. FCS allows the tracking of fluorescent-labeled species
diffusing in solution. Thus, the microemulsion droplets in solution
were labeled by dissolving Bodipy in the NSFs to a final concentration
of 10 nM. Bodipy is an amphiphilic dye with absorption and emission
spectra well separated from the ones of coumarin 6.
2.5. Paraloid B72 Removal on Glass Slides. The study of the

polymer removal was performed on frosted glass slides, prepared as
reported in Section 2.4.2, using cellulose pulp poultices imbibed with
the NSFs, and placing a sheet of Japanese paper between the poultices
and the polymer film. The poultices were left interacting for 1.5 h,
removed, and then the surface was gently rinsed with water to remove
possible surfactant residues. After complete drying of the samples, the
treated glass slides were weighed to obtain the % of removed polymer.
2.6. Soil Removal Tests on Glass and Polystyrene Slides.

Soiled glass and polystyrene slides were immersed for 24 h in 40 mL
of the following aqueous micellar solutions: MPD 1%, MPD 5%, PDE
1%, PDE 5% (w/w). During the experiments, the samples were not
subjected to any mechanical action. At t = 0, 3, 6, and 24 h, the
immersed samples were photographed and the cleaning fluid in
contact with the soil layer was sampled by taking small amounts of
liquid, which was subsequently investigated by SAXS measurements,
in order to follow the possible NSF structural evolution during the
interaction with soil. After 24 h, samples were taken out from the
NSFs and tilted with care, in order to check for the residual adhesion
of the soil coating to the glass/polystyrene surface.
2.7. Confocal Laser Scanning Microscopy. Confocal Micros-

copy experiments were performed on a Leica TCS SP8 confocal
microscope (Leica Microsystems GmbH, Wetzlar, Germany)
equipped with a 63× water immersion objective. Rhodamine 110
chloride and coumarin 6 were excited with the 488 nm laser line of an
argon laser, while Nile red was excited with a DPSS solid state laser at
561 nm. The emission of the dyes was acquired with two PMTs in the
range 498−530 and 571−630 nm, respectively. CLSM experiments
were performed to monitor the interaction of the polymer films or soil
with different NSFs, as detailed in Section 2.2.
2.7.1. Paraloid B72/NSF Interaction. Unlabeled liquid phase (200

μL) were left in contact with the coumarin 6-stained Paraloid B72-
coated coverglass, and the morphological variations of the polymeric
film were monitored over time, up to 20 min.
2.7.2. Soil/NSFs Interaction. Liquid phase (200 μL) labeled with

rhodamine 110 chloride were left in contact with the Nile red-stained
soiled coverglass, and the morphological variations of the soil coating
were monitored over time, up to 10 min.
2.8. Contact Angle Measurements. Surfactant adsorption was

indirectly evaluated by measuring the contact angle of 5 μL of Milli-Q
water droplets on soiled glass slides with a Rame-Hart model 190 CA

Goniometer. Three samples were analyzed, that is, pristine soil-coated
glass slide and two soil-coated glass slides immersed for 1 min in a 1%
w/w MPD and PDE solution, respectively. The equilibrium contact
angle was measured in at least five different areas, and the average
value and standard deviation were evaluated.

2.9. Surface Tension Measurements. Surface tension values of
MPD and PDE aqueous solutions were determined with a K100
Tensiometer (Krüss, GmbH, Hamburg, Germany). The surface
tension was measured at different concentrations by adding a
concentrated stock solution of surfactant in water to a known volume
of water (40 mL). Surface tension measurements were carried out
with a platinum plate, and for each concentration, the average of ten
readings was taken after attaining the equilibrium.

2.10. Small-Angle X-ray Scattering. SAXS measurements were
performed with a HECUS S3-MICRO SWAXS-camera, equipped
with a Hecus System 3 2D-point collimator (min divergence 0.4 × 0.9
mrad2), and two position sensitive detectors (PSD-50M) consisting of
1024 channels with a width of 54 μm. The Kα radiation (λ = 1.542 Å)
emitted by a Cu anode from the Oxford 50 W microfocus source with
customized FOX-3D single-bounce multilayer point focusing optics
(Xenocs, Grenoble) was used, while the Kβ line was removed using a
multilayer filter. The voltage was generated by the GeniX system
(Xenocs, Grenoble). The sample-to-detector distance was 26.9 cm.
The volume between the sample and the detector was kept under
vacuum during the measurements to minimize the scattering from the
atmosphere. The camera was calibrated in the small-angle region
using silver behenate (d = 58.38 Å). Scattering curves were obtained
in the q-range between 0.008 and 0.5 Å−1. The temperature control
was set to 25 °C. Samples were contained in 2 mm thick quartz
capillary tubes sealed with hot-melting glue. Scattering curves were
corrected for the empty capillary contribution considering the relative
transmission factors. Desmearing of the SAXS curves was not
necessary thanks to the focusing system. The fitting model adopted
is described in detail in the Supporting Information file.

2.11. Fluorescence Correlation Spectroscopy. FCS measure-
ments were performed with a Leica TCS SP8 confocal microscope
(Leica Microsystems GmbH, Wetzlar, Germany) equipped with a
PicoQuant FCS modulus (PicoQuant, Berlin, Germany). A water
immersion objective 63×/1.2 W (Zeiss) was used. The evolution of
the structure of the fluorescent-labeled film during the interaction
with the NSFs was followed by confocal imaging, exciting the green
dye coumarin 6 with the 488 nm laser line, and collecting the emitted
signal with a PMT in the range 498−530 nm, as reported in the
Confocal Laser Scanning Microscopy section. Once the polymer film
structure was stabilized (i.e., no fast rearrangements were occurring)
the diffusion of Bodipy, located at the microemulsion droplet
interfaces, was monitored through FCS. The dye was excited with
the DPSS 561 laser (561 nm), while the fluorescence intensity was
acquired using a hybrid SMD detector in the 571−630 nm range.
Freshly-prepared samples (water/solvents, water/surfactants and the
four NSFs labeled with 10 nM Bodipy) were, at first, analyzed before
the interaction with the polymer film by pouring the solutions in the
appropriate sample-holder (Lab-Tek Chambered #1.0 Borosilicate
Coverglass System, Nalge Nunc International, Rochester, NY, USA).
Then, 200 μL of the labeled solutions were poured on the polymer-
coated glass slides. During the liquid−polymer interaction, different
areas were probed through FCS measurements. Depending on the
sample, the diffusion of Bodipy was measured either in the liquid-
filled cavities formed at the polymer/glass interface (for MEK-based
NSFs), or in the cavities found inside the dewetted polymer (for PC-
based NSFs), and in the bulk liquid on the top of the polymer film,
after 20 min of interaction (for all the systems). Measurements were
performed at 25 °C. More details on the data analysis are reported in
the Supporting Information file (FCS data analysis).

2.12. Dynamic Light Scattering. DLS measurements were
performed on a Brookhaven Instruments apparatus (BI 9000AT
correlator and BI 200 SM goniometer) equipped with a EMI 9863B/
350 photomultiplier. The 633 nm He-Ne laser was used to avoid light
absorption by the Bodipy labeled systems. Measurements on the
simple water-surfactant systems and on the NFSs were carried out at
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90 and 25 °C. The signal was collected performing 8 min
measurements, and the diffusion coefficients were obtained either
from a second-order cumulant analysis or by the weighted average of
the values obtained by the CONTIN algorithm.45 In the second case,
the values of diffusion coefficients were obtained as weighted average
of the most recurrent components (components accounting for less
than 8% of the population were not considered). All data shown are
the average of three repetitions, with relative standard deviations.

3. RESULTS AND DISCUSSION

This study focuses on the mechanism and kinetics of MPD
cleaning and detergent properties in the context of cultural
heritage conservation. As reported above, two main con-
servative issues are the scope of this study, that is, polymer
removal and soil removal. Besides testing the efficacy of
proposed NSFs based on MPD surfactant, our aim was to
understand the interaction between this surfactant and the
materials to be removed because in art conservation the value
of the works of art impose very specific, controlled, and
performing cleaning, without any possible damage to the
original works. To this aim, all the experiments on MPD
behavior and performances were compared to those obtained

replacing MPD surfactant with its alcohol ethoxylate
homologue, PDE.
Recently, a thorough study by Sato et al.46 showed that the

physico-chemical behaviors of MPD and PDE are significantly
different, despite their similar molecular architecture. In
particular, phase behavior in water and the polar head
hydration are different for the two surfactants. This leads to
a different excluded volume for the micelles and different
effective micellar volume fraction for the two systems. These
findings partly explain the experimental evidence that MPD
possesses better cleaning efficiency than PDE, especially in low
mechanical conditions, that is, when micellar solutions are kept
in contact with soiling materials without stirring. In particular,
the removal of oleic acid from fabrics by PDE and MPD
micellar solutions was studied by means of several techniques,
and it was found that at the equilibrium state both surfactants
have almost the same emulsification and solubilization power
toward oleic acid, while, before the system is equilibrated, PDE
is preferentially adsorbed onto oleic acid coatings in the form
of lamellar structures. On the contrary, MPD is less efficiently

Figure 1. CLSM results on p(EMA/MA) interacting with (A) H2O/PC/PDE, (B) H2O/PC/MPD, (C) H2O/MEK/PDE, and (D) H2O/MEK/
MPD. (E) 3D reconstruction of the polymer film before the interaction with NSFs, (A1−D1) 3D reconstructions of the polymer after 20 min of
interaction with (A1) H2O/PC/PDE, (B

1) H2O/PC/MPD, (C1) H2O/MEK/PDE, and (D1) H2O/MEK/MPD, which clarify the morphology of
the film at the end of the experiments. The bottom side of each CLSM frame is 150 μm long.
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adsorbed onto the soil surface and tends to solubilize the oil in
the hydrophobic core of micelles.47

3.1. Polymer Film Removal. As already stated, polymer
film removal with NSFs usually involves dewetting. From a
thermodynamic point of view, the tendency of a film to dewet
from a surface is described by the spreading coefficient, S,
which accounts for the energetic balance of the system. In the
case of a polymer film laid on a glass surface and immersed in a
liquid, S is expressed as follows48

γ γ γ= − −S
LG PG PL

where γLG is the interfacial tension between the glass and the
liquid, γPG is the interfacial tension between the glass and the
polymer, and γPL is the interfacial tension between the polymer
and the liquid. In total wetting regime (S > 0), films are always
stable and dewetting does not occur. On the other hand, when
a fluid (or a polymer, considered as a fluid in this context) is
only partly wetting (S < 0), films are unstable or metastable
and dewetting is thermodynamically favored below a critical
thickness hc, which for most substances is in the range of
millimeters. Even in these last conditions, dewetting does not
necessarily take place. In fact, it can be inhibited by a kinetic
factor, that is, an energy barrier has to be overcome in order to
induce the process. For thin films (thickness, h < 100 nm), this
energy barrier is usually low and the film is unstable. This
instability generates capillary waves through the film, and when
their fluctuation exceeds the film thickness h, the film itself
spontaneously breaks down into separated droplets according

to a mechanism termed spinodal dewetting.19 Thick films (h >
100 nm), on the other hand, are metastable. A 2 μm-thick
hydrophobic polymer film laid on a hydrophilic surface, such as
glass, as in the case of the experiments here reported, is a good
example of metastable system, where dewetting would be
thermodynamically favored but kinetically inhibited because of
the low mobility of entangled macromolecular chains in the
film. Whenever this mobility is enhanced, the film becomes
unstable and dewetting occurs. Enhanced chain mobility can
be induced essentially in two distinct ways: (i) the film is
heated at a temperature higher than its glass transition
temperature, Tg

49 and (ii) the film is exposed to some organic
solvents, which swell the polymer, lowering its Tg below room
temperature.22,50 The experiments shown in Figure 1 belong to
this latter case. The figure reports the results of CLSM
investigation on the interaction of 2 μm thick p(EMA/MA)
films, deposited on glass slides, with four different NSFs based
on two different organic solvents, PC and MEK, and the two
surfactants object of this study, MPD and PDE. PC and MEK
were selected as the NSF organic solvents because it was
recently found that they show a different behavior in inducing
p(EMA/MA) dewetting, and, in particular, PC is more
efficient than MEK.16,17

The interaction process was monitored at the polymer/glass
interface. Figure 1 shows the morphological evolution of
continuous polymeric films (visible in green). Upon interacting
with the NSFs, some dark areas appear in the confocal plane,
meaning that the polymer is no longer present in those areas.

Figure 2. Cartoon illustrates the behavior of the NSFs droplets. After the local detachment of the polymer from the glass surface, the complex fluid
droplets penetrate through the polymer and reach liquid-filled cavities. The top boxes report the FCS curves taken at t = 0 min (A), at time t = 5−
15 min (B,D) and after 20 min of incubation (C) of the polymer with the four different NSFs; H2O/PC/PDE (blue circles), H2O/PC/MPD (red
circles), H2O/MEK/PDE (white circles), and H2O/MEK/MPD (green circles). The best fittings are shown as solid black lines. (Bottom) SAXS
profiles of the four NSFs before (white circles) and after (green circles) 20 min of incubation of interaction with the polymer. The best fittings are
shown as solid black lines. The curves have been arbitrarily offset for sake of clarity.
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The observation of the film along the z-axis (here not
reported) shows that the dark areas are not holes that go
through the whole film thickness; instead, they are liquid-filled
cavities that form as the polymer is locally detached and lifted
from the solid surface. The rims of polymer remaining onto the
glass surface draw a characteristic shape termed Voronoi
pattern or tessellation.19 As the cavities grow and coalesce, they
become weaker and the film eventually breaks with the
nucleation of holes, according to a well-known and described
mechanism for the dewetting of thick films,19 and as the glass is
exposed to the bulk liquid phase, the polymer withdraws from
the surface in the form of thick rims, which again describe a
Voronoi pattern but on a larger scale. Complete dewetting is
reached when polymer rims are also disrupted and swollen
polymer globular droplets form.
It was found that the two PC-based NSFs are able to

completely dewet the polymer from the glass, while in the case
of MEK-based NSFs, no complete dewetting was observed
after 20 min of interaction (see Figure 1). Interestingly,
considering the time for the dewetting onsets for NSFs based
on the same solvent (compare the series of Figure 1A,B), MPD
is more efficient than PDE in inducing polymer dewetting.
After only 5 min, the polymer interacting with the H2O/PC/
MPD system is almost completely dewetted, while at the same
time, the film interacting with the H2O/PC/PDE system
showed just a few 20−30 μm large holes in an otherwise
continuous polymer film. The same trend could be observed in
the MEK-based systems. Figure 1C,D clearly shows that the
interaction process is boosted by the presence of MPD. The
difference in the dewetting process can be explained in view of
the mechanism through which dewetting takes place in its early
stages. When the polymer is locally detached from the solid
surface, a portion of the polymer/glass interface is “destroyed”,
while new interfacial regions are formed between the polymer/
liquid and the glass/liquid phases, with an overall increase of
the total interfacial area of the system. It was found that the
main role of surfactants in this process is reducing the energy
costs related to the formation of this intermediate state, by
lowering the interfacial tension.17 Therefore, the interfacial
tension of both surfactants was measured over a wide
concentration range, from well above the cmc of the
surfactants to more than 100 times lower (see Figure S5). It
was found that the surface tension of the MPD micellar
solution, γMPD ≈ 34.5 N/m, is lower than that of PDE, γPDE ≈
37.5 N/m, which is in agreement with a kinetically boosted
dewetting process for this surfactant. In addition, it can be
hypothesized that the presence of the methyl capping at the
end of the polyoxyethylene chain of MPD confers to this
surfactant an increased hydrophobicity and thus a higher
capability of penetrating into the p(EMA/MA) film, with a
consequent enhancement of polymer chains mobility. Overall,
these factors account for the better performances of MPD over
PDE.
In order to get a detailed picture of the polymer dewetting

process, induced by MPD- and PDE-based NSFs, the diffusion
and the evolution of the droplets during the film/liquid
interaction were investigated by means of FCS and SAXS
measurements. The main results of these experiments are
reported in Figure 2.
For confocal experiments, micellar solutions (H2O/PDE 5%

and H2O/MPD 5%) were labeled with Bodipy, as described in
the Materials and Methods section. In order to determine if the
Bodipy dye addition affects the micelles, the diffusion of

micellar species in labeled and unlabeled systems was
measured through DLS. The results show that micelles’
diameter does not significantly change after labeling (the D
values obtained by the cumulant analysis are reported in Table
1).

PC or MEK addition to the unlabeled or labeled micellar
systems produces small changes of the micellar diffusion
coefficients, indicating that micelle size is only slightly affected.
The diffusion coefficients reported in Table 1 were obtained as
weighed average of the most recurrent D values obtained from
the CONTIN analysis.
The analysis of the light scattering data by the CONTIN

algorithm on labeled and unlabeled systems returns an average
diffusion coefficient of 80 μm2/s that was used as “guess value”
for the FCS data analysis. SAXS measurements performed on
the four NSFs before and after 20 min of interaction with the
polymer were also used as an input for FCS analyses. Figure 2
(bottom) shows the fitted scattering profiles of all the
investigated samples, while Table 2 reports the main fitting

parameters. SAXS analysis shows that the size, shape, and
polydispersity are poorly affected by the interaction of MPD
and PDE-based NSFs with the Paraloid B72 film, suggesting
that up to 20 min of application, the NSFs do not solubilize the
p(EMA/MA) polymer film.
The confocal analysis of the cleaning process indicated that

dewetting was, as expected, the main process for the polymer

Table 1. Average Diffusion Coefficients, D (μm2/s),
Obtained by DLS Analysis

system
D (μm2/s) for

unlabeled sample
D (μm2/s) for

Bodipy-labeled sample

H2O/PDE 85 ± 3a 81 ± 2a

H2O/MPD 88 ± 6a 86 ± 3a

H2O/MEK/PDE 85 ± 11b 87 ± 10b

H2O/PC/PDE 72 ± 5b 75 ± 15b

H2O/MEK/MPD 73 ± 5a 87 ± 6b

H2O/PC/MPD 77 ± 2a 78 ± 2b

aValues and standard deviations obtained by cumulant analysis.
bWeighed averages of the most recurrent D values obtained by
CONTIN algorithm, with standard deviation.

Table 2. SAXS Fitting Parameters for the NSFs, Measured
before and after the Interaction with the p(EMA/MA)
Filma

system
fitting

parameter
before

interaction
after 20 min
interaction

H2O/MEK/MPD rc (Å) 16.2 ± 0.1 15.2 ± 1.6

t (Å) 15.3 ± 0.4 15.6 ± 3.4

PDI 0.12 ± 0.01 0.15 ± 0.01

H2O/PC/MPD rc (Å) 11.5 ± 0.2 12.0 ± 3.6

t (Å) 19.7 ± 0.7 17.0 ± 6.5

PDI 0.15 ± 0.01 0.15 ± 0.01

H2O/MEK/PDE rc (Å) 17.3 ± 0.1 16.8 ± 0.8

t (Å) 16.0 ± 0.5 16.2 ± 1.6

PDI 0.14 ± 0.01 0.12 ± 0.01

H2O/PC/PDE rc (Å) 13.2 ± 0.1 13.8 ± 2.5

t (Å) 22.1 ± 0.6 18.7 ± 4.7

PDI 0.15 ± 0.01 0.15 ± 0.01
aPDI is the polydispersity index; rc is the average core radius; t is the
shell thickness.
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removal. FCS was used to shed light on the cleaning
mechanism in the “dewetting-like” polymer removal. The
autocorrelation functions, G(t), obtained by FCS measure-
ments have been analyzed considering two-components decays
(see Supporting Information, FCS data analysis) and using as
initial guess the parameters obtained from DLS and SAXS data
analysis. The diffusion of the Bodipy-labeled NSFs was
measured through FCS, before and during the interaction
with the polymer film, in different sample regions, as shown in
Figure 2. Data on the diffusion of the droplets forming the
NSFs disperse phase were collected both inside the liquid-filled
cavities that form in the swollen polymer (i.e., at the polymer/
glass interface for MEK-based systems, inside the dewetted
polymer droplets for PC-based systems), and in the bulk liquid
on top of the film, after 20 min of interaction.
The results are shown in Figure 2A−D, and the calculated

diffusion coefficient, D, are reported in Tables 3 and 4.

The composition and aggregates’ size in the bulk MEK-
based NSFs remains almost the same before and after the
interaction with the polymer film, except for the slow
component D2‑bulk in the H2O/MEK/MPD system, which
decreases after the interaction. However, the most remarkable
features of these systems lie in the description of the diffusive
behavior of labeled species in the NSF confined into the
polymer cavities that form at the polymer/glass interface. The
main result is that according to measured diffusion coefficients,
NSF droplets are able to penetrate inside these cavities (see
D1‑cav values in Table 3). Thus, the swollen film is somehow
permeable to the passage of either micellized or monomeric
surfactant. In fact, data show that the polymer film is more
easily penetrated by the smaller droplets, diffusing at 80 μm2/s.
The values of D2‑cav for both MEK- and PC-based NSFs

suggest the presence of micelles/microemulsion droplets−
polymer interactions inside the cavities formed at the polymer/
glass interface. This can be explained either as diffusion
coefficient of NSF droplets being slowed down by the

interaction with the polymer walls of the cavity or as droplet
growth due to the solubilization of low-molecular weight
polymer chains extracted from the swollen polymer. Apart
from this similarity, the two surfactants show a different
behavior.
In the case of the H2O/MEK/PDE system, the NSF inside

the confined cavities never reaches the diffusion coefficient of
bulk NSF on top of the polymer film (i.e., D2‑cav ≠ D2‑bulk),
suggesting that the interaction with the NFS only slightly alters
the polymer film permeability, and the polymer film acts as a
sort of “molecular sieve”, where only smaller aggregates,
probably swollen surfactant micelles, are able to reach the
liquid-filled cavities at the polymer/glass interface.
On the other hand, the H2O/MEK/MPD NSF shows an

evolution with time, that is, the NSF confined into the cavities
at the polymer/glass interface eventually reaches the diffusion
coefficient of bulk NSF located above the polymer film. The
decrease of D2 values at t = 20 min seems to be mainly
ascribable to the extraction and solubilization of low-molecular
weight polymer chains into micelles/microemulsion droplets.
The analysis of PC-based NSFs was more complicated in

view of the fact that the polymer is completely and relatively
quickly dewetted from the glass surface. It was not possible to
perform any FCS measurements into the cavities that form at
the polymer/glass interface, as they evolved too fast.
Conversely, it was possible to measure the diffusion of labeled
species inside the liquid-filled cavities that were found trapped
into the large droplets of swollen polymer (see the right image
of the cartoon in Figure 2), which remain onto the glass
surface at the end of the dewetting process.
The H2O/PC/PDE NSF composition before and after the

interaction is almost the same. The diffusive species detected
inside the cavities are, in part, strongly interacting with the
polymer walls (D2‑cav = 0.01), while the D1‑cav value is probably
an average of faster and slower diffusing species. In fact, before
the rearrangement of the polymer in the form of large droplets,
the NSF penetrates the film and is confined in the cavities at
the glass/polymer interface, see panel D in Figure 2.
On the other side, the H2O/PC/MPD NSF significantly

changes during the interaction with the polymer. Slow-
diffusing species can be found both in the cavities confined
into dewetted polymer droplets and in the liquid on top of the
film. These data confirm that, as in the case of H2O/MEK/
MPD, micelles/microemulsion droplets are probably able to
extract and dissolve some low-molecular polymer chains
present inside the polymer film, and this effect is boosted by
the co-presence of both the most effective solvent, PC, and
surfactant, MPD.
In conclusion, the different NSFs show different mechanisms

that depend both on the organic solvent and surfactant
forming the NSF. Considering the obtained results, we
challenged the NSFs to the removal of Paraloid B72 polymer

Table 3. Diffusion Coefficient Values (μm2/s) and Percentage of D1 Component in the Total Decay, Obtained Through the
Fitting of FCS Curves of MEK-Based NSFsa

NSF Dbulk (t = 0 min) Dcav (t = 5 min) Dcav (t = 12 min) Dbulk (t = 20 min)

H2O/MEK/PDE D1 = 80 (40%) D1 = 80 (80%) D1 = 80 (80%) D1 = 80 (40%)

D2 = 17 ± 2 D2 = 0.4 ± 0.2 D2 = 6 ± 2 D2 = 16 ± 5

H2O/MEK/MPD D1 = 80 (50%) D1 = 80 (70%) D1 = 80 (60%) D1 = 80 (50%)

D2 = 17 ± 3 D2 = 7 ± 3 D2 = 6 ± 3 D2 = 6 ± 2
aFCS was performed into liquid-filled cavities trapped inside the dewetted polymer (Cav) and in the solution on the top of the film Dbulk. Error for
D1 component is about 10%.

Table 4. Diffusion Coefficient Values (μm2/s) and
Percentage of D1 Component in the Total Decay, Obtained
through Fitting of FCS Curves of PC-Based NSFsa

NSFs with PC
Dbulk

(t = 0 min) Dcav (t = 10 min) Dbulk (t = 20 min)

H2O/PC/PDE D1 = 80 (50%) D1 = 33 ± 2
(99%)

D1 = 80 (50%)

D2 = 19 ± 4 D2 = 0.01 D2 = 13 ± 4

H2O/PC/MPD D1 = 80 (60%) D1 = 5 ± 2 (90%) D1 = 64 ± 40
(40%)

D2 = 18 ± 4 D2 = 0.1 D2 = 4
aFCS was performed into liquid-filled cavities trapped inside the
dewetted polymer (Cav) and in the solution on the top of the film
Dbulk. Error for D1 component is about 10%.
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films to real cases, that is, thickness of several μm. We
compared and quantify the performances of four different
NSFs having the same composition (see Table S2, in
Supporting Information) but different surfactant. Besides
MPD and PDE, two additional surfactants (SDS, DDAO)
were selected and used as reference.
Figure S6 in Supporting Information reports the outcome of

the cleaning tests with the % of polymer removal obtained via
gravimetric measurements. All the selected NSFs resulted
highly effective for Paraloid B72 removal from glass slides,
yielding an average removal of about 75% of the polymer after
a single application of 1.5 h. Some slight differences could be
spotted among different NSFs, for example, DDAO is the less
effective of the tested surfactants, with a removal of 69 ± 3%,
and MPD, with a removal of 78 ± 1%, was the most effective.
3.2. Soil Removal. Soil removal is a very complex subject

because of the number of variables mainly linked to the
heterogeneous composition of soil. The chemical nature of
soiling materials and artworks constituents, the micro-
morphology of the surface, and possible surface/soil
interactions are only some of the factors that might change
from one case to another.
In the present study, glass and polystyrene slides were used

as specimen for the experiments. They were coated with very
thick layers (∼10−20 μm) of artificial soil; this amount of soil
is not easily encountered on real artworks surfaces, where the

soil layer is usually less than 1−2 μm thick. Therefore, these
experimental conditions have been chosen to amplify possible
differences in the behavior of different NSFs involved with the
cleaning process. Furthermore, the composition of the artificial
soil used in the present work (see Table S3) is very complex,
including different materials, ranging from oils (i.e., mixtures of
more or less hydrophobic molecules, such as alkanes, fatty
acids, fatty acid esters and triglycerides) to more hydrophilic
polymeric materials (i.e., gelatin and starch) and to an inert
mineral fraction composed of carbon black, iron oxide, kaolin,
and silica. This makes the understanding of the interaction
process between the NSFs and the soil coating more complex.
Most likely, a synergistic combination of concomitant physical
phenomena occurs; however, this system is closer to real cases.
Several studies dealing with artificial or real soil removal in

the context of conservation of cultural heritage are reported in
the literature.14,51−56 However, to the best of our knowledge,
this paper reports for the first time an insight on the interaction
mechanism occurring when a surfactant-based NSF is in
contact with a soiled surface.
In order to follow the evolution of sample morphology at the

glass/soil interface, as reported for CLSM experiments on soil/
NSFs interactions (see Section 2.7.2), both the liquid aqueous
phase and the soil layer were stained with fluorescent dyes.
Figure 3 summarizes the result of an extensive CLSM
investigation on several soiled glasses. In the false-colors

Figure 3. CLSM experiments on soil/NSF interaction. The round picture below the confocal images sequences represents the appearance of the
glass incubated for 10 min with the MPD 5% micellar solution. Nile red fluorescence is seen as red; rhodamine 110 chloride fluorescence is seen as
green; yellow areas indicate the co-presence of both fluorescent dyes. The bottom side of each CLSM frame is 150 μm long. In the bottom picture,
cracks and holes are clearly visible as the result of the MPD 5% NSF action on the soil coating.
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images, soil is labeled with Nile red, whose fluorescence is seen
as red, while rhodamine 110 chloride fluorescence is seen as
green. The yellow areas indicate the co-presence of both
fluorescent dyes and label the interaction of surfactant solution
with soil. Because of the heterogeneous composition of the
soil, the images reported in Figure 3 show patches with
different colors, which evolve with time during the cleaning
process. Four different 1 and 5% MPD and PDE solutions have
been studied. As shown in Figure 3, the interaction of the
surfactants with the soil is very fast in the first 30 s to 1 min.
After this initial interaction, the soil morphology continues to
evolve at slower rate. The appearance of the soil layer at the
glass interface at t = 0 s shows the presence of several non-
contact areas (dark zones), meaning that the adhesion (or
wetting) of the soil to glass is not particularly favored, that is,
the soil has a poor affinity for the glass slides surface, and in a
few seconds, the oily phase present in the soil coalesces and
rearranges itself in large droplets, recalling a dewetting-like
process. This appears dark in the confocal images at z
coordinates close to the glass slides surface. For both 5% MPD
and PDE solutions, because of the presence of the dissolved
rhodamine 110, the aqueous phase is initially seen as green,
and turns to bright yellow when the Nile red, present in the
soil layer, interacts (within 10 min of incubation) with
rhodamine. At longer time of incubation, the oily phase of the
soil is dark brownish because of the depletion in the
fluorescent dye, which was initially dispersed in the coating.
At the end of the cleaning process, the bright yellow spots
unevenly distributed are related to starch and gelatin particles
that remain adherent on the glass.
Even if the interpretation of the collected images is not

straightforward, it is evident that surfactant concentration plays
a major role in determining a displacement of the soil coating,
by detaching it from the glass surface. As observed for
polymer/NSF interactions, soil detachment from the surface
may be regarded as the first key step of the removal process.
The process observed for MPD 5% and PDE 5% is similar;
however, on average, larger and more continuous soil
detachment areas were evidenced in samples incubated with
5% MPD.
The effectiveness of MPD-based NSFs was also compared to

PDE-based NSFs on macroscopic soil removal experiments
performed on both frosted glass and polystyrene slides. Four
NSFs (40 mL) used in CLSM experiments were left for 24 h in
contact with the samples. The samples were monitored at 0, 3,
6, and 24 h. Figure 4-top shows that the majority of samples
are unaffected by the action of the NSFs having PDE and MPD
concentration below 5%. For 5% concentration, the dewetting-
like process evidenced in CLSM experiments was clearly
observable with the formation of cracks and holes in the
originally coherent soil layer. The soil coating on polystyrene
slides was adherent to the surface, and only in the case of the
sample treated with PDE 5%, a significant (about 40%see
Figure 4-bottom) soil removal was observed. Figure 4-bottom
shows that soil removal is proportional to surfactant
concentration and that the MPD surfactant is the most
efficient removing almost 100% for 5% MPD surfactant
concentration in the absence of any mechanical action, see
Figure 4-middle. This feature is very important in the
conservation field in view of soil removal from the delicate
and fragile surface of works of art.
To better clarify the MPD and PDE performances, the

contact angle for pure water on soil was measured. The contact

angle at the water/soil interface was 52 ± 8°. After the artificial
soil immersion for 1 min in the two 1% surfactant solutions,
the contact angle was 29 ± 1 and <10° for soil incubated with
MPD and PDE, respectively. This, contrarily to what can be
expected, results in a lower effectiveness of MPD surfactant,
when a solubilization process is involved in the cleaning
mechanism. SAXS measurements performed on the cleaning
fluids samples at 0, 3, 6, and 24 h on glass and polystyrene
slides, shed light on the different cleaning mechanism for the
two surfactants.
Figure 5 reports the scattering curves of 5% MPD and PDE

solutions in contact with soiled glass slides for 24 h. The main
fitting results are listed in Table 5, where the volume fraction
and the micelles core radius and shell thickness are reported
(the description of the fitting model is reported in Supporting
Information). According to published data on the effective
volume fraction of these two surfactants in water,46 it was
assumed that the volume fraction of both MPD and PDE 5%
w/w (at t = 0 h) is 0.2 with a 10% uncertainty on this value.
The geometrical parameters obtained from the fitting are in

good agreement with previously published SAXS data on these
surfactants, where a model-free Fourier-transform approach
was used.46 It is worth noting that the shell thickness is

Figure 4. Soil removal experiments on glass slides. (Top) Sequence of
zoomed picture taken during the 24 h of immersion of a soiled glass
slide in the MPD 5% micellar solution. The dewetting-like process,
with the formation of cracks and holes, is clearly visible. (Middle)
Glass slides incubated respectively with PDE 5% and MPD 5%
micellar solutions were tilted, in order to check for residual soil
adhesion to the glass surface. The soil was partially (PDE) or
completely (MPD) detached from the glass; the final appearance of
treated glass slides is reported. (Bottom) The histogram shows the %
of soil removal achieved with the different NSFs on the two different
substrates, that is, glass and polystyrene. It is evident that soil removal
from polystyrene is incomplete.
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significantly high for both surfactants, having MPD micelles a
smaller shell, in agreement with literature data,46 that report a
lower hydration number for the polar head of MPD because of
the methyl capping at the end of the polyoxyethylene chain.
The results obtained for MPD and PDE micellar solutions in
contact with the soil layer show a different behavior for the two
surfactants. For both surfactants, micelles’ size is almost
constant, while the volume fraction significantly changes. For
the 5% MPD solution, the volume fraction of scattering
particles starts to increase after 6 h of interaction with the soil
layer, and after 24 h, it is about 80% larger than its original
value. SAXS data show that micelles do not grow indicating
that the solubilization into the micelles of hydrophobic
components from the soil layer occurs with a subsequent
reorganization of the micellar structure. In other words, the
solubilization of soil leads to a higher number of micelles with
oil molecules replacing the surfactant, with the resulting effect
of the presence of aggregates with similar size of the original
micelles but with a different number (see the top cartoon in
Figure 5).

Considering the composition of the artificial soil, see Table
S3, it can be assumed that main soil components solubilized in
the micelles come from mineral oil and olive oil. The mineral
oil present in the artificial soil is mainly composed of saturated
linear C15−C50 hydrocarbons, while the main component of
olive oil is glyceryl trioleate57 or triolein, a bulky and high
molecular weight triglyceride. Several studies in the literature,
about the solubilization of hydrophobic substances by
nonionic surfactants’ micelles,57−61 are consistent with the
interaction mechanism between MPD micelles and the soil. In
particular, Kralchevsky et al. proposed a mechanism for the
solubilization of triolein into nonionic micelles, where a direct
interaction of the surfactant micelles with the interface,
accompanied by an uptake of oil, occurs.61 Interestingly, they
found that after triolein solubilization, the rod-like micelles did
not swell but rather they split into several smaller micelles,
undergoing a structural reorganization,61 similarly to the SAXS
results of the present study. Interestingly, 5% PDE solution
shows the opposite trend for the volume fraction of scattering
objects. In fact, after an initial slight size increase, the volume
fraction decreases and after 24 h is about 25% less than its
original value. Therefore, at the end of the process, a number
of micelles had disappeared because of surfactant depletion
from the aqueous phase as a consequence of significant PDE
adsorption on the soil surface (see the bottom cartoon in
Figure 5). These results clearly account for the higher
effectiveness of MPD in removing the soil from glass surfaces,
even in the absence of any mechanical action.
SAXS from 5% MPD and PDE aqueous solutions interacting

with soil layers on polystyrene slides shows a different behavior
with respect to glass slides, which is mainly due to the different
hydrophilic character of the two materials. Figure 6 reports the
SAXS curves, together with their best fitting. The main results
are listed in the second half of Table 5. Micelles’ size is almost
unaltered after the surfactant interaction with soil, and the
volume fraction decreases for both surfactants, similarly to
PDE interacting with the soiled glass slide. This is related to
the higher affinity between polystyrene and the soil layer that
inhibits the solubilization of its oily fraction into the micellar
core. Thus, because of the adsorption of surfactant at the soil
surface, a fraction of micelles is disrupted, with a subsequent
decrease in the volume fraction of scattering objects. Figure 7
shows the trend of the volume fraction in the different cases,

Figure 5. SAXS curves of the MPD 5% and PDE 5% systems,
interacting with soiled glass slides. The measurements were performed
on samples taken at different times, that is, 0, 3, 6, and 24 h. Solid
black lines represent the best fitting curves for experimental data. The
curves have been offset for sake of clarity.

Table 5. SAXS Fitting Resultsa

sampling time

system fitting parameter 0 h 3 h 6 h 24 h

soiled glass MPD 5% ϕ 0.20 ± 0.02 0.20 ± 0.02 0.33 ± 0.03 0.36 ± 0.02

rc (Å) 14.6 ± 1.2 14.5 ± 0.1 13.9 ± 0.9 13.9 ± 0.9

t (Å) 19.0 ± 1.7 19.0 ± 0.3 19.0 ± 1.6 19.2 ± 1.6

PDE 5% ϕ 0.20 ± 0.02 0.25 ± 0.03 0.17 ± 0.02 0.15 ± 0.01

rc (Å) 15.6 ± 0.1 15.1 ± 0.1 15.2 ± 0.1 15.3 ± 0.2

t (Å) 23.5 ± 0.2 22.4 ± 0.2 21.7 ± 0.2 23.4 ± 0.3

soiled polystyrene MPD 5% Φ 0.20 ± 0.02 0.13 ± 0.02 0.15 ± 0.02 0.14 ± 0.01

rc (Å) 14.6 ± 1.2 15.7 ± 0.1 15.7 ± 0.1 14.7 ± 0.5

t (Å) 19.0 ± 1.7 22.0 ± 1.4 22.0 ± 0.3 20.0 ± 1.2

PDE 5% ϕ 0.20 ± 0.02 0.17 ± 0.01 0.14 ± 0.01 0.13 ± 0.01

rc (Å) 15.6 ± 0.1 15.3 ± 0.2 15.5 ± 0.4 15.7 ± 0.7

t (Å) 23.5 ± 0.2 22.0 ± 0.3 23.0 ± 0.2 23.0 ± 1.1

a
ϕ is the volume fraction of the scattering objects, with respect to the whole volume system; rc is the average core radius; t is the shell thickness.
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highlighting that the oil solubilization occurs only in the case of
MPD 5% interacting with soiled glass.

The above results report a detailed picture on the surfactant
interactions with two different “coatings” commonly found in
classic and contemporary/modern art. Overall, it is shown that
a tiny change in the molecular structure of the PDE leads to
consistent changes in the mechanisms of action, the kinetics,
and the cleaning efficacy of the surfactant.

4. CONCLUSIONS

Complex systems composed by MPD have been investigated,
and its effectiveness was compared to PDE, a conventional
nonionic amphiphile, for the cleaning of two common
materials disfiguring the aesthetical aspects of works of art.
In particular, MPD- and PDE-NSFs were challenged for the
removal of poly(ethyl methacrylate/methyl acrylate) 70:30,

p(EMA/MA), commercially known as Paraloid B72 from glass
and polystyrene surfaces, while aqueous micellar solutions of
the two surfactants were used for the cleaning of artificially
soiled surfaces. The overall results highlighted the better
performance of MPD both for the polymer and the soil
removal from coated surfaces. The interaction mechanism of
NSFs for the removal of p(EMA/MA) polymer, observed at
the micro-scale through CLSM imaging, involves a dewetting-
like process. The polymer is detached from the surface and
coalesces into separated droplets as the liquid phase/solid
surface interfacial area increases. The PDE- and MPD-NSFs
exhibit different mechanisms that depend both on the organic
solvent and surfactant because of the different surface tensions
and to the different adsorption/penetration of MPD onto/into
the polymer film, with respect to PDE. This is likely due to the
methyl capping of the surfactant polar head and to the
presence of the ester group between the hydrophilic and
hydrophobic moiety of the surfactant molecule (PDE). FCS
provided a more detailed picture of the cleaning process
showing that the surfactants present in the NSFs are able to
penetrate through the Paraloid B72 film, that acts as a sort of
“sieve”, and reach the polymer/solid surface interface, where
liquid-filled cavities are formed. Moreover, CLSM experiments
highlighted better performances of MPD, if compared to PDE,
also in soil removal. The mechanism involves a dewetting-like
process, where the oily phase is detached from the glass or
polystyrene substrates and coalesces into large droplets.
Surfactant concentration was found to be crucial to boost
the interaction with the heterogeneous soil. 1% surfactant
solutions are less effective than 5%, even if micelles are present
in both cases. Differently to PDE that adsorb on the soil layer
surface it was found, for both glass and polystyrene substrates,
that MPD micellar solutions solubilize soil. Both surfactants
allow the removal of soil and grime with different efficacy, no
mechanical action, and with different times. The time
necessary to perform the cleaning and the mechanical action
in conservation are of uppermost importance because long
application times and mechanical action should be avoided
particularly in the case of fragile and delicate surfaces as those
of works of art, which hardly tolerate mechanical stresses
during the cleaning operations. Overall, the results reported in
the present work open up to new formulations for better-
performing and safer cleaning systems to be used by restorers
for the conservation of cultural heritage or in other applications
as detergency, cosmetics, and so forth.
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Abstract 

This paper reports on the evaluation of a polyvinyl alcohol (PVA) “twin-chain” polymer network (TC-PN) combined 
with an oil-in-water nanostructured fluid (NSF) for the removal of a polyvinyl acetate (PVAc) varnish. Small Angle 
X-ray Scattering, Confocal Laser Scanning Microscopy, and Fluorescence Correlation Spectroscopy showed that the 
structure of the gel and the NSF are only minimally altered by loading the fluid into the gel. The NSF is partially free to 
diffuse through the network, but also interacts with the gel walls. During the cleaning, the dynamics of the fluid at the 
gel-substrate interface are controlled by the osmotic balance taking place among the interconnected pores. These 
features grant effective and controlled cleaning performances. The case study identified for this research is Pablo 
Picasso’s The Studio (L’Atelier, 1928), one of the masterpieces in the Peggy Guggenheim Collection, Venice (PGC). In 
1969 the oil painting, originally unprotected, was wax-lined and then varnished using a PVAc varnish. Over the years, 
the white shades of the painting have been compromised by the yellowing of the varnish and soiling of deposits. 
On painting mock-ups, the NSF-loaded hydrogels allowed the swelling and softening of PVAc varnish and wax layers, 
which were then removed with gentle mechanical action. Effective varnish and wax removal at the micron scale, and 
the absence of residues from the cleaning system (gel and NSF), were confirmed by Fourier Transform Infrared Spec-
troscopy (FTIR) 2D imaging. The effective and safe removal of the aged PVAc varnish and wax layer from the surface of 
the painting was then carried out using the same cleaning protocol successfully tested on the mock-ups, setting the 
NSF-loaded PVA TC-PNs as robust and reliable tools for the cleaning of sensitive works of art.

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco 
mmons .org/licen ses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creat iveco mmons .org/publi cdoma in/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
Over the last three decades, research increased our 
knowledge of the chemical, physical and mechanical 
properties of modern paints, and of their behavior and 

ageing over time. However, their conservation is still an 
open issue. The Peggy Guggenheim Collection, Venice, 
(PGC) took part in the Nanorestart project funded by 
the European Union to evaluate novel nanostructured 
complex fluids and gel systems for cleaning the sensi-
tive surfaces of modern and contemporary paintings. 
The research focused on the removal of grime and dirt 
from unvarnished and complex surfaces, and the removal 
of non-original coatings from modern oil paints. Some 
issues have been identified as the occasion for ethical, 
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theoretical, scientific and practical in-depth study. The 
3-year project involved selected case studies from the 
collection of the PGC: Jackson Pollock, Two (1943–45), 
and Eyes in the Heat (1946–47); Pablo Picasso, The Studio 
(1928); Giorgio de Chirico, The Gentle Afternoon (1916). 
These served as exemplary studies of the many conser-
vation issues addressed by research, given the specific 
needs of each work of art. Two and The Gentle Afternoon 
are made using only oil paints, while Eyes in the Heat 
represents the transition of Pollock from oil paints to the 
application of both oils and alkyd colors [1]. The Studio is 
made of oil paints and black crayon on canvas.

The teamwork by conservators and scientists and their 
careful assessment allowed the validation of PVA-based 
hydrogels, made of polymer chains combined with PVA 
of lower molecular weight, which were developed at the 
Consorzio Interuniversitario per lo Sviluppo dei Sistemi 
a Grande Interfase (CSGI). Because the two polymers 
that make up the gel network are in fact the same poly-
mer (PVA), differing by the hydrolysis degree and molec-
ular weight, these gels were named “twin-chain” polymer 
networks (TC-PNs). This represents a new approach as 
opposed to the semi-interpenetrated networks (semi-
IPNs) previously developed at CSGI, which used two dif-
ferent types of polymers. It was shown that the addition 
of the lower molecular weight PVA changes the porosity 
and mechanical properties of these gels as compared to 
single-PVA gels, and the cleaning efficacy is improved 
[1]. These TC-PNs proved to be advantageous systems 
for the cleaning of paintings, owing to their mechanical 
properties, retentiveness, ability to remove soil, and the 
controlled cleaning process. The TC-PNs were used for 
the first time to confine aqueous solutions and remove 
dust and dirt from the two aforementioned works by Pol-
lock [1], as part of a conservation program on the eleven 
works by Pollock at the PGC (for overview of the pro-
gram https ://www.gugge nheim -venic e.it/en/art/conse 
rvati on/case-studi es/pollo ck/). The TC-PN used on the 
Pollock paintings had a tailored formulation in order to 
adapt to the specific requirements of those works, but 
served as a prototype for a series of multipurpose gels, 
which were formulated to target typical cleaning cases 
and named Nanorestore Peggy  Gels® and Nanorestore 
Peggy  Gums®, after the PGC.

This paper reports on the evaluation of a PVA TC-PN 
formulated to be combined with an oil-in-water (o/w) 
nanostructured fluid (NSF), and specifically targeted 
to the removal of a polyvinyl acetate (PVAc) non-origi-
nal varnish from the oil painting The Studio by Picasso. 
Despite the diffusion of a large amount of pigment bind-
ers, oil remains one of the most favored media by artists, 
thanks to its desirable properties and optical qualities. 
Indeed, oil-based paintings are the most common in the 

holdings of the PGC. The composition of modern oil 
paints has changed significantly over time. They contain 
additives such as dryers, fillers, stabilizers, and dispersion 
agents to stabilize the paint in the tubes whilst control-
ling the rheology as well as the drying time of the paint 
[2]. The incorporation of dryers, fillers, dispersion agents, 
and stabilizers increased during the twentieth century, 
and over time it has impaired the stability and resistance 
of the oil paints. The quality of the paint and binder can 
significantly affect the characteristics of the final paint-
film and its subsequent reaction to ageing and treatments 
[2, 3]. In addition, previous conservation treatments may 
have caused major changes in the chemical or physi-
cal characteristics of the paintings, determining their 
response to ageing and successive treatments. This is the 
case, for instance, with wax-resin lining, which can cause 
the alteration of the paintings surface texture and appear-
ance, as occurred with The Studio.

The removal of non-original materials from painted 
surfaces still remains one of the most frequently executed 
tasks in the conservation of modern and contemporary 
art, and it requires conservators to make complex deci-
sions. Cleaning is an irreversible and delicate operation, 
where conservators are required to minimize the risk 
of interaction between paints and cleaning agents, and 
the diffusion of solubilized dirt or coatings through the 
paint layer. This is often problematic, as the additives in 
modern paints may increase the sensitivity to cleaning 
fluids, which could leach and deteriorate the paints. In 
many cases, the painted layers have a low binder content, 
which causes pigments to be poorly protected and more 
solvent-sensitive; moreover, specific colors can show a 
higher sensibility to water and to solvents employed in 
conservation treatments. In addition, the roughness of 
the painted surface, which is typical of modern works of 
art, makes homogeneous cleaning with traditional tools 
even more difficult and risky. Indeed, water in clean-
ing solutions may act both as a reaction medium and as 
a high polarity solvent, with deep penetration into the 
micro-porosities of paint layers, and organic solvents 
can interact with paint components driving leaching and 
swelling phenomena [2, 3].

In the last decades efforts have focused on the devel-
opment of gelled-systems that are capable of retaining 
liquids and reducing their uncontrolled spreading and 
vertical diffusion. Cellulose ethers, carboxymethyl cellu-
lose, and polyacrylic acid neutralized with strong bases 
have been extensively used as thickening agents in order 
to avoid the use of free cleaning fluids. The intrinsic limit 
of these thickeners is that they may leave polymer resi-
dues on the surface after cleaning, due to the weak inter-
actions between the polymer molecules, and to the poor 
control of the solvent diffusion. Invasive rinsing steps 

https://www.guggenheim-venice.it/en/art/conservation/case-studies/pollock/
https://www.guggenheim-venice.it/en/art/conservation/case-studies/pollock/
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are thus needed to remove such residues [4–7]. Besides 
thickening agents, conservators employ a variety of ‘tra-
ditional rigid’ physical gels (e.g. agar, gellan), as well as 
rigid chemical gels such as semi-IPNs of poly(2-hydroxy-
ethyl methacrylate) and poly(vinylpyrrolidone) (pHEMA/
PVP) [4]. However, rigid gels are not able to adapt to tex-
tured surfaces, such as those of modern and contempo-
rary paintings by Picasso, Pollock, Van Gogh, and others, 
characterized by both the presence of high brush strokes 
and the usage of sensitive paints, sometimes squeezed 
directly from the tubes to the canvas [1].

In view of the above issues, one of the main goals in 
the cleaning of modern and contemporary paintings is 
the development of novel classes of gels, that are able to 
adhere to textured surfaces and to minimize the interac-
tion between cleaning fluids and the paint surface thanks 
to: (1) effective confinement of solvents, i.e. controlled 
amount of the solvent that is in direct contact with the 
surface and its limited penetration in the paint layers; 
(2) absence of residues on the paint surface; (3) selective 
interaction of the complex fluid with the material to be 
removed.

Based on such requirements, the study group inves-
tigated and tested for the first time a combined system 
where an o/w NSF, specifically targeted at the removal 
of the non-original varnish used on The Studio, was con-
fined into a TC-PN hydrogel. In the last decades, NSFs 
have proved to be highly efficient in the swelling and 
removal of hydrophobic coatings [8–16], as they work 
through a removal mechanism that, for high molecular 
weight substances such as polymers, is based on dewet-
ting and detachment, thus allowing a more controlled 
surface cleaning with respect to traditional solvent chem-
istry [17–21]. As mentioned, the use of aqueous fluids on 
modern oil paints requires special attention, and an opti-
mal strategy is thus to confine cleaning fluids in reten-
tive gel matrices, minimizing the risks to the artifacts 
[22–30].

The physicochemical characterization of the combined 
gel-NSF cleaning system included the interaction of the 
NSF with the gel and its diffusion inside the gel network, 
which were investigated using Confocal Laser Scan-
ning Microscopy (CLSM) and Fluorescence Correlation 
Spectroscopy (FCS). The structure of the combined NSF 
and gel was analyzed with Small Angle X-ray Scattering 
(SAXS) in order to check the effects of the confinement 
on both components.

Preliminary cleaning tests were performed on mock-
up samples (made using the original recipes and proto-
cols employed during the 1969 restoration of the work), 
and monitored through 2D Fourier Transform Infrared 
Spectroscopy (FTIR) imaging to verify the efficacy of the 
cleaning as well as the absence of residues; this allowed 

to define the ideal procedure to be used on the original 
artwork. The TC-PN gels, loaded with the NSF, were then 
tested on the painting itself, The Studio.

The case study

Picasso completed The Studio in 1928 in his studio in 
Paris. The following year he gave it to his dealer, Daniel-
Henry Kahnweiler, and 5 years later he asked the paint-
ing to be returned in an unusual exchange for five other 
paintings, thus demonstrating the importance he attrib-
uted to the work. The painting was lent to the Museum 
of Modern Art in New York for two exhibitions in 1939–
40 and in 1941, and then remained in the United States 
most likely by decision of the artist. Peggy Guggenheim 
acquired it for her collection in 1942. In the words of 
Robert Motherwell: “That painting was perhaps the most 
important influence on my life in those first ten years 
in New York. That incredible white […], surely one of 
the most austere and powerful works since the height 
of Cubism […] unquestionably one of the masterpieces 
of the 20th century”. In 1948, Guggenheim brought the 
painting to Venice, exhibited it at the Biennale, and then 
installed it in her home. Since her death in 1979, it has 
been part of the PGC, the Italian branch of the Solomon 
R. Guggenheim Foundation, New York.

The painting is an oil and black crayon on canvas; it 
presents the vivid colors of Synthetic Cubism, but is dom-
inated by a vast expanse of white, with figures defined by 
geometric, wire-like contours in the manner of Picasso’s 
wire sculptures of the same period. Shortly after comple-
tion Picasso returned to the painting and substantially 
reworked it by overpainting large areas with white and 
reducing the variety of the palette and the complexity of 
the composition. The colors underneath the expanse of 
white paint can be detected with a microscope or even 
with the naked eye. The black crayon lines were traced on 
the upper level of white preparation. After the sketching 
of principal figures Picasso painted around the crayon 
lines with abundant oil paints brush strokes, which cre-
ates the illusion of a mural incision.

Previous documentation was studied in depth to 
understand materials and methods used by conservators. 
In 1969, Margaret Watherston examined the oil painting 
at the Metropolitan Museum of Art, but she did not iden-
tify the earlier version painted by the artist. Her mate-
rials, notes, recipes, and photos from her professional 
career are collected in a series of files [31]. The files that 
pertain to The Studio include the recipes for the wax-
resin and the varnish employed in the lining of the work. 
These materials were confirmed by subsequent stud-
ies carried out on the painting. In the condition report 
Watherston wrote: “Surface of painting is extremely 
dirty, with numerous pressure and age cracks. Thickness 
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of paint varies considerably, and texture of canvas is 
exposed in many places. Painting should be given water-
chemical treatment on the vacuum table to minimize 
cracks, then be lined and mounted, if this seems neces-
sary, on a honeycomb panel with linen counter-mount on 
the reverse side.” At the time, it was thought that to pre-
vent dangerous cracking and flaking one should protect 
paintings by working on the verso. Therefore, The Studio 
was lined with wax-resin adhesive and mounted on a 
honeycomb panel, and its recto sprayed with a synthetic 
final varnish (a PVAc, commercially named AYAC). This 
ignored the original, unvarnished state of the painting 
and eliminated visual effects that were previously vis-
ible. The lining treatment caused cracks and flattening 
of the complex surface morphology: the rough brush 
strokes were originally more evident on the entire paint-
ing except for the area delimited by the yellow lines. The 
difference between the yellow-limited area and the rest 
of the painting suggests the idea of a mirror. Over the 
years the varnish yellowed and affected the areas painted 
in white. Probably some of the wax migrated up through 
the outer layer of the paint, partly mixing with the var-
nish and favoring the embedding of environmental par-
ticulates that led to darkening of the surface. In fact, both 
wax and AYAC (which has a glass transition temperature 
of 18–33 °C depending on its purity) are quite sensitive to 
temperature fluctuations, and this explains their capac-
ity to embed solid particulates. Over time the delicate 
tonal contrast of white on white was compromised by 
the deposits of dust and grime, by the appearance of wax 
through the cracks, and by the flattening effect of the yel-
lowed varnish that was applied in the late sixties. There-
fore, we decided to remove the non-original varnish in 
order to minimize the amount of deposits on the surface 
and to recover the readability of the paints, especially 
of the white shades that had been altered by yellowing 
varnish.

Materials and methods
Chemicals

Polyvinyl alcohol polymers, PVA, (hydrolysis 
degree = 88%,  Mw 100  kDa, and hydrolysis degree 98%, 
 Mw 160  kDa) were purchased from Sigma-Aldrich for 
the hydrogel preparation.  C9–11E5,5 alcohol ethoxylate 
(Berol  266®, AkzoNobel), sodium dodecylsulfate (SDS, 
Sigma-Aldrich, purity ≥ 99%), 2-butanol (BuOH, Sigma- 
Aldrich, purity 99%), butanone (methyl ethyl ketone, 
MEK, Sigma-Aldrich, purity 99%), and  Bodipy® 558/568 
C12 ((4,4-difluoro-5-(2-thienyl)-4-bora-3a,4a-diaza-s-
indacene-3-dodecanoic acid), ThermoFisher) were used 
as received without further purification, for the NSF 
preparation and for CLSM experiments, respectively. 

Water was purified with a Millipore Milli-Q gradient sys-
tem (resistance > 18 MΩ cm).

NSF preparation

The selected NSF is composed as follows (w/w):  H2O, 
65.9%;  C9–11E5,5, 3.3%; SDS, 0.2%; BuOH, 9.7%; MEK, 
20.9%. The system was prepared by mixing water and the 
two surfactants at room temperature until a clear solu-
tion was obtained. Then the two solvents were added in 
the formulation and the system was stirred until all the 
solvent was dissolved either in the continuous aque-
ous phase or in the micelles. BuOH and MEK are partly 
water-miscible [32].

A labeled NSF was prepared for Fluorescence Correla-
tion Spectroscopy experiments by adding the amphiphi-
lic dye Bodipy to the formulation (10 nM).

Hydrogel preparation

PVA “twin-chain” polymer networks (TC-PNs) hydrogels 
were prepared through a synthetic process, which has 
been described elsewhere [1]. For the TC-PN used in this 
study, we selected a 3:1 ratio between the high molecu-
lar weight PVA and the low molecular weight PVA, and a 
single freezing/thawing cycle. Prior to use, gel sheets (e.g. 
10 × 20 cm2) were immersed in the NSF (at least for 24 h) 
to upload the cleaning fluid.

Painting mock‑up preparation and cleaning procedure

Painting mock-up samples were made by using 
Windsor&Newton oil paints (zinc white, cadmium 
orange, raw Siena, ivory back) brushed on commer-
cially prepared canvas. After 1  year, some of the mock-
up samples were lined, using a wax-resin adhesive based 
on Watherston’s original recipe [31]: “5 lb Beeswax; 5 lb 
Multiwax (white synthetic wax); 6  lb Dammar resin 
crystals; 2 Pounds of Venice Turpentine.” In addition to 
mock-up samples, several oil paintings and fragments 
from warehouses and flea markets were used as naturally 
aged mock-ups in order to provide a further comparison.

All the mock-up samples, either lined or not, were var-
nished by spraying with commercial PVAc (AYAC, Union 
Carbide, Dow Chemical, USA) dissolved (20% w/w) in 
toluene or methyl alcohol (Sigma-Aldrich), as reported in 
Watherston’s documents. Then, the mock-ups were aged 
in a light box at 11,000 lux for 1 month.

Prior to the application, gel sheets uploaded with the 
NSF were gently squeezed with blotting paper to remove 
the excess fluid from their surface. Correct drying of the 
gel is important for the cleaning process in order to avoid 
the presence of non-confined solvent on the painting 
surface.

During application, the contact time of the gel with 
the paint layer varied from few seconds to 2  min. The 
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application caused the varnish and wax layer to swell and 
soften. Gentle mechanical action with a dry cotton swab 
allowed the removal of the swollen/softened varnish and 
wax. Finally, a water-loaded gel was shortly applied on 
the same spot to remove possible residues of the NSF.

Small‑angle X‑ray scattering (SAXS)

Small-angle X-ray Scattering (SAXS) measurements were 
performed with a HECUS S3-MICRO SWAXS-camera, 
equipped with a Hecus System 3 2D-point collimator 
(min divergence 0.4 × 0.9  mrad2) and two position sen-
sitive detectors (PSD-50  M), consisting of 1024 chan-
nels with a width of 54 μm. During the experiments, the 
 Kα radiation (λ = 1.542  Å) emitted by a Cu anode from 
the Oxford 50  W microfocus source with customized 
FOX-3D single-bounce multilayer point focusing optics 
(Xenocs, Grenoble) was used, while the  Kβ line was 
removed by a multilayer filter. The voltage was generated 
by the GeniX system (Xenocs, Grenoble). The sample-to-

detector distance was 26.9 cm. The volume between the 
sample and the detector was kept under vacuum during 
the measurements to minimize the scattering from the 
atmosphere. The camera was calibrated in the small-
angle region using silver behenate (d = 58.38 Å). Scatter-
ing curves were obtained in the q-range between 0.01 
and 0.6 Å−1. The temperature control was set to 25  °C. 
Liquid samples (i.e. the NSF  and neat water, used as a 
reference) were contained in 2  mm thick quartz capil-
lary tubes sealed with hot-melting glue. The gel and NSF-
loaded gel samples were contained in a sample holder for 
solids, with Kapton windows. Desmearing of the SAXS 
curves was not necessary thanks to the focusing system.

Confocal laser scanning microscopy(CLSM)‑fluorescence 

correlation spectroscopy (FCS)

CLSM-FCS experiments were performed on a Leica TCS 
SP8 confocal microscope (Leica Microsystems GmbH, 
Wetzlar, Germany) equipped with a 63X water immer-
sion objective. A fluorescent PVA hydrogel was obtained 
by labeling high molecular weight PVA with Fluores-
ceine Isothyocianate (FITC), as previously reported [1], 
while NSF was labeled with Bodipy, as described above. 
Imaging of the labeled gel was performed by excit-
ing FITC with the 488  nm laser line (Ar laser) and col-
lecting its fluorescence with a PMT (498–530  nm). The 
labeled NSF was also observed by imaging, exciting 

Bodipy with a DPSS solid state laser at 561 nm and col-
lecting its fluorescence at 571–630 nm. FCS experiments 
were performed by probing the NSF diffusion inside the 
hydrogel: the fluorescent signal of Bodipy was collected, 
in this case, by using a hybrid detector (HyD) in the 571–
630 nm range.

FCS curves were normalized and averaged (6–10 rep-
etitions per sample). A 10 nM (nanomolar) aqueous solu-
tion of Alexa Fluor 568 was used for FCS calibration [33].

The autocorrelation curves were analyzed according to 
a model that considers the three-dimensional Brownian 
diffusion of fluorescent species across a 3D-ellipsoidal 
Gaussian volume as the only phenomenon influencing 
the decay. The curves were analyzed considering either a 
one-component decay [34]:

or a two-components decay [35]:

where N is the average number of fluorescent molecules 
detected inside the confocal volume ( N = CV  , with 
V = π

3
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3
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(i.e. each pixel has dimensions of 5.5 × 5.5  µm2). Multi-
ple tiles can be combined in mosaics. In each 2D map, 
the intensity of characteristic bands of the varnish, or 
of the gel, was imaged. The chromatic scale of the maps 
shows increasing absorbance of the bands as follows: 
blue < green < yellow < red.

Results and discussion
The constant dialogue between conservators and scien-
tists allowed to define the main requirements that novel 
materials and systems must fulfill to overcome the limi-
tations of traditional cleaning methods. Besides the abil-
ity to effectively remove the aged PVAc varnish from the 
painting’s surface, such requirements include: (1) Reduc-
tion of the toxicity of cleaning materials to decrease 
risks to operators and the environment; this was tack-
led by adopting non-toxic gel components and an aque-
ous nanostructured fluid (NSF) with reduced amount 
of organic solvents; (2) The use of a thermodynamically 
stable cleaning fluid with low surfactant content, which 
was addressed by selecting the NSF used in this study; (3) 
Complete avoidance of free, non-confined cleaning fluids 
(including rinsing steps), which was addressed by confin-
ing the NSF in the hydrogel; (4) The use of highly reten-
tive gels, to control the amount of fluid in direct contact 
with the varnish and to maintain the fluid at the varnish-
paint interface without excessive penetration; this grants 
control of the cleaning action in response to subtle dif-
ferences in paint sensitivity and varnish/soiling behavior, 
and maximizes the cleaning efficacy, reducing the need 
of mechanical action; (5) Optimal mechanical properties 
of the gels, i.e. high viscoelasticity and flexibility, which 
grant the capacity to adapt to complex and textured paint 
surfaces, the easy handling of the gels, and the absence of 
gel residues left on the surface after cleaning.

The TC-PNs hydrogels were synthesized and optimized 
to meet these requirements, and an extensive charac-
terization of the type of structure, rheological properties, 
and PVA dynamics in the gel network, has been recently 
provided for the formulation used on the paintings by 
Pollock, Two and Eyes in the Heat [1]. The TC-PN used in 
this study has similar characteristics, but a slightly differ-
ent formulation and some structural differences (detailed 
in the following paragraphs) owing to the presence of the 
o/w nanostructured fluid.

The TC-PNs gels are opalescent and offer optimal 
mechanical properties and solvent retention. They 
are flexible and elastic, and their controlled release of 
uploaded fluids grants the possibility of varying the fluids 

contact time with the paint surface, controlling the inter-
action between solvents and paint layers. These features 
have already established the TC-PNs as suitable tools for 
the cleaning of modern and contemporary art in previous 
case studies [1, 36, 37], which proved that their synthetic 
process can be feasibly tuned and changed in order to 
vary the gels’ characteristics and to adapt them to specific 
needs.

The loading of the gel with the NSF was obtained sim-
ply by immersing a piece of gel in an excess of NSF for at 
least 24  h, according to our previous experiments with 
these systems. Previous studies demonstrated that similar 
gels exhibit a structure and porosity that allows aqueous 
NSFs to be loaded in the gel without disrupting the struc-
ture of the gel and the fluid, thus demonstrating that the 
cleaning properties of the combined system are not altered 
[25, 29]. However, in view of the application of the system 
in the cleaning of a Picasso masterpiece, SAXS and FCS 
measurements were carried out also in this case, in order to 
study the interaction of the gel with the NSF. SAXS analy-
ses were performed on the sole hydrogel and NSF, and on 
the combined NSF-loaded hydrogel. Figure  1 shows the 
resulting scattering profiles together with their best fitting 
curves, while Tables 1, 2 report the main fitting parameters 
obtained by the analysis of the curves. A cleaning system 
similar to the NSF here reported was recently investigated 
by means of SANS analyses [20], and was found to be con-
stituted of elongated ellipsoidal micelles dispersed in a 
water/BuOH/MEK continuous phase. The shape and size 
of supramolecular aggregates was attributed to the prox-
imity of the system to the nonionic surfactant’s cloud point 
at room temperature. In this study, a close NSF formula-
tion was used, but with a substantial variation, i.e. a small 
amount of SDS (0.2% w/w) was included in the system in 
order to optimize the cleaning capacity by increasing the 
surfactant cloud point. Moreover, having a cloud point sig-
nificantly higher than room temperature can be crucial in 
practical applications, and the addition of even very low 
concentrations of ionic surfactants to nonionic surfactants-
based systems is well known to drastically increase the 
clouding temperature [37–41]. This is due to the increase 
of surface charge of the disperse phase droplets, which 
confers a slight repulsion between the aggregates [38, 39]. 
The overall effect is the stabilization of the system even at 
temperatures at which the nonionic surfactant alone would 
have phase-separated. For this main reason, the nonionic/
ionic mixed micelles, in this case, could be fitted only using 
a spherical model, differently from the cited paper, where 
the aggregates were elongated.  
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In more detail, after several attempts using a range of 
possible different models, the best fitting was obtained 
by considering the NSF micelles as non-interacting poly-
disperse core–shell spheres, defined by two contrasts, 
i.e. bulk/shell and shell/core. The scattering length den-
sity (SLD) of bulk, shell and core, i.e. ρbulk, ρshell and ρcore 
respectively, were calculated according to the SLD of 
each chemical included in the formulations. For globular 
micelles of homogeneous scattering length density, the 
total scattered intensity I(q)  (cm−1) is given by [42, 43]:

where Np is the number density of the scattering particles 
 (cm−3), Vp is the volume  (cm3), Δρ is the contrast term 
 (cm−2), P(q) is the form factor and S(q) is the structure 
factor. In this case S(q) = 1, as the particles were consid-
ered to be non-interacting due to the very low concen-
tration of the anionic surfactant. In the case of spherical 
core–shell aggregates, the particle scattering intensity is 
expressed as follows [44]:

where j(x) is expressed as:

I(q) = NPV
2

P�ρ2P(q)S(q) + bkginc

I(q) =
φ

VP

[

(ρcore − ρshell)
3Vc j(qrc)

qrc
+ (ρshell − ρbulk )

3VP j(qrs)

qrs

]2

Fig. 1 SAXS scattering curves. Top graph: neat NSF (green circles), 
together with its best fitting curve (solid black line), and residuals’ 
fitting (inset). Middle graph: neat TC-PN (black circles), together 
with its best fitting (solid blue line), and residuals’ fitting (inset); 
NSF-loaded TC-PN (red circles). Bottom graph: NSF-loaded TC-PN 
after the mathematical treatment described in the text (red circles), 
superimposed to the scattering curve of the neat hydrogel (black 
circles), together with its best fitting (solid blue line), and residuals’ 
fitting (inset). The three residuals’ plots show that the fitting is good, 
since no significant peaks, trends, or other features are visible in the 
graphs, and the points are uniformly distributed below and above 
zero, along the q-axis

Table 1 SAXS fitting parameters obtained by  the  analysis 

of the NSF scattering profile

Fitting parameter Best value

Core radius, r (Å) 10.1 ± 0.1

Shell thickness, t (Å) 15.2 ± 0.1

Core polydispersity index (PDI) 0.58 ± 0.01

SLDcore  (10−6 Å−2) 7.8

SLDshell  (10−6 Å−2) 9.5

SLDbulk  (10−6 Å−2) 8.8

Table 2 SAXS fitting parameters obtained by  the  analysis 

of  the  hydrogel and  the  NSF‑loaded TC‑PN scattering 

profiles

Fitting parameter TC‑PN NSF‑loaded TC‑PN

IL(0)  (cm−1) 31 ± 2 25 ± 4

IG(0)  (cm−1) 0.3 ± 0.1 2.7 ± 1.0

D 2.5 ± 0.1 2.5 ± 0.2

ξ (nm) 5.1 ± 0.5 5.1 ± 1.0

R (nm) 3.2 ± 0.8 4.9 ± 0.4
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and where φ is the volume fraction of the micellar phase, 
Vc is the core volume, rc is the core radius, rs = rc + t (t is 
the shell thickness). Since this model takes into account 
a polydisperse core, which follows the Schultz distribu-
tion, the form factor is normalized by the average particle 
volume:

where:

and z is the width parameter of the Schultz distribution 
[45]:

being σ2 the variance of the distribution. The polydisper-
sity index (PDI), reported in Table  1 is defined as σ/(rc) 
and its value is comprised between 0 and 1.

Figure  1 reports the best fitting obtained using the 
core–shell model. An average core radius, r, of 10 Å was 
obtained by the fitting, which is reasonably in agreement 
with the 14 Å theoretical length for an average 10 carbon 
atoms aliphatic chain, as calculated using the Tanford’s 
formula [46]. The core polydispersity is quite high, but 
this value likely reflects the fact that the nonionic sur-
factant itself actually is a mixture of different chemical 
species having a distribution both for the aliphatic chain 
length (9–11 carbon atoms) and for the polyethoxylate 
polar head chain (5.5  CH2CH2O-units, in average).

Moreover, a system composed by mixed micelles of 
nonionic/ionic surfactants in the presence of two water-
miscible solvents, which are partitioned between the 
aqueous and the micellar phase, is structurally more 
complex than classically-defined o/w microemulsions 
composed of water/oil/surfactant and whose PDI usu-
ally does not exceed 0.2–0.4 [47, 48]. The shell thickness 
is quite high, as usually is for systems based on alcohol 
ethoxylates with medium/long polar head chains, but in 
agreement with the data obtained on previous systems 
based on the same or similar surfactants [18, 19, 49, 50]. 
Finally, the SLD of the continuous phase is consistent 
with the almost complete solubilization of both BuOH 
and MEK in the ethoxylates groups/water, with little pen-
etration of the  organic solvents in the micelles’ hydro-
phobic core. For instance, for similar NSF formulations, 
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it was previously found that about 10% of the total MEK 
content is found associated with micelles [17, 49], which 
is why these systems are referred to as NSF rather than 
classic oil-in-water microemulsions. It is important to 
recall that the presence of a good solvent and of the alco-
hol ethoxylate surfactant (in the form of micelles) is key 
for the removal of polymer films. While the solvent mobi-
lizes the polymer chains, the crucial role of the surfactant 
from a kinetic standpoint is in reducing the activation 
energy necessary to induce dewetting of the polymer 
film; the surface activity of a surfactant is related to the 
reduction of surface tension at a defined concentration, 
which explained the higher efficiency of the surfactant 
above its critical micellar concentration (cmc) in promot-
ing dewetting with respect to the same systems below the 
cmc [17–19, 21]. Besides, the presence of MEK induces a 
decrease in the aggregation number and size of the sur-
factant micelles, thus an increase in the total surface area 
of the micelles, which boosts their surface activity [49].

The fitting model for the neat TC-PN was chosen, 
according to published papers on similar systems [1, 51, 
52], as the sum of two superimposed contributions to the 
scattered intensity, due to fixed polymer junctions (i.e. 
the solid-like tie points of the network) and to the poly-
mer chains the gel water-rich environment, respectively. 
The scattered intensity, I(q), is then modeled as follows:

where  IL(0) and  IG(0) are the Lorentzian and the Guinier 
parameters, D is the fractal exponent, ξ is a correlation 
length, R is the radius of gyration of solid-like scattering 
objects, and B is an incoherent background scattering. 
Table  2 reports the fitting parameters obtained by the 
analysis of the experimental scattering curves.

Considering previous studies on PVA-based hydrogels 
[53], R was assumed to be the radius of gyration of PVA 
crystallites in the solid-like portions of the gel, while ξ can 
be seen as a characteristic length of the polymeric net-
work in the water-rich gel regions, where polymer chains 
are less constrained. This dimension depends on the local 
concentration of polymer, and it is strongly dependent on 
synthetic pathway.

The fitting values obtained for the neat hydrogels are in 
perfect agreement with the ones obtained in a previous 
study, which included the same formulation used here, 
among other PVA-based gels [1]. In particular, the fractal 
exponent, D, of 2.5 (PVA gels usually show fractal expo-
nents in the 2–4 range), a correlation length, ξ , of about 
5 nm, and PVA crystallites of about 3 nm (R) are also in 
agreement with previous observations on PVA hydrogels 
[54]. Finally, the quite high value of the  IL(0)/IG(0) ratio 
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indicates that the number of solid-like scattering objects 
(crystallites) is limited [1].

The analysis of the scattering curve of the NSF-loaded 
TC-PN was not straightforward. Figure 1 (middle graph) 
shows that the scattering profiles of the NSF-loaded 
TC-PN (red circles) and of the neat hydrogel (black cir-
cles) look similar, apart from a multiplicative factor. 
Actually, the NSF-loaded TC-PN curve also includes 
scattering signals coming from the NSF, which are not 
easily isolable from the curve, because the NSF scattering 
curve does not present particular features, such as peaks 
or bumps. The adopted fitting strategy based on the 
assumption that the NSF structure inside the gel was not 
significantly altered, as actually found in a previous study 
on the loading of NSFs into different hydrogels [25]. 
Therefore, it should be possible to separate the contribu-
tions of both the NSF and the sole hydrogel to the total 
scattering intensity. The experimental scattering curves 
of these two samples (i.e., the NSF and the TC-PN) were 
linearly combined, and it was found that:

In other words, when the opportunely scaled NSF 
scattering curve was subtracted from the NSF-loaded 
TC-PN curve, the resulting curve, divided by a factor 4 
(red circles), could be superimposed almost perfectly to 
the sole hydrogel curve (black circles), as shown in Fig. 1 
(bottom graph). This curve was fitted using the model 
described above and, as predictable, the fitting param-
eters obtained did not significantly differ from the ones 
of the neat TC-PN (compare second and third column in 
Table 2). The factor 4 between the TC-PN curve and the 
“subtracted curve” is actually easily explainable in view 
of the different SLD of the solvent in the gel, when water 
was replaced by the continuous phase of the NSF where 
significant amounts of BuOH and MEK were dissolved. 
Looking at the other parameters, a slight increase in the 
size of the solid-like domains in the gel (4.9  nm vs. the 
initial 3.2 nm size) and a decrease of the  IL(0)/IG(0) ratio 
are observed, which can be ascribed possibly to the inter-
action of the polymer network with the organic solvents 
and surfactants included in the NSF. The slight increase 
of R might be due to the lower affinity of PVA towards 
water/BuOH/MEK with respect to water alone. In the 
peripheral regions of crystallites, PVA chains are nor-
mally more hydrated and less tightly packed than in the 
crystallites core; in the presence of a worse solvent than 
water, the looser chains start to interact more tightly and 
collapse, leading overall to an increase of the crystallites 
core. Since the structure becomes more crowded, this 
could also explain the decrease of the  IL(0)/IG(0) ratio. 
No stiffening of the gel was noted after loading with the 

0.2 × “NSF
′′

+ 4 × “TC − PN
′′

= “NSF − loaded TC − PN
′′

NSF. Apart from these changes, both the NSF and the 
TC-PN have shown to preserve their nanostructure and, 
subsequently, their cleaning properties are expected to be 
maintained in view of a potential application.

According to the literature [55], PVA, even when highly 
hydrolyzed, interacts with both anionic and nonionic 
surfactants through hydrophobic interactions between 
the polymer carbon-chain skeleton and the hydrophobic 
tails of the surfactants. Therefore, the hydrophilicity of 
the polymer increases, especially in the case of polymer-
anionic surfactant interactions: in this case, the network 
becomes a polyelectrolyte hydrogel [56].

CLSM imaging of the labeled gel and NSF confirms 
that an interaction occurs when the NSF is loaded in 
the gel (see Fig.  2a, b): the pattern of the gel porosity 
(green, Fig. 2a) is closely traced by the fluorescent sig-
nal of labeled micelles (red, Fig. 2b), as also highlighted 
by the overlay image in Fig. 2c, suggesting that micelles 
are able to stick on the gel walls. At the surfactant con-
centration used in the study, there is an equilibrium 
between micellar species and monomeric surfactants; 
the equilibrium is shifted towards the micellar state. 
Therefore, the majority of the Bodipy interacting with 
PVA is included in the micelles, even if we can detect 
a small signal from probe interacting with PVA. Over-
all, the macroporosity of the gel was not significantly 
altered by loading with the NSF.

The diffusion of the NSF in the TC-PN’s pores was 
investigated through FCS and compared to the diffu-
sion of the free NSF. The free NSF decay curve can be 
described by a single diffusion coefficient (see Table  3 
and Fig. 2c). The hydrodynamic diameter of the micelles 
 (dH = 5.0 ± 0.4  nm) evaluated through the Stokes–Ein-
stein equation, using the diffusion coefficient obtained 
by FCS fitting and assuming the viscosity of the NSF to 
be the same as water at 25  °C, is in agreement with the 
micelle dimension obtained through the fitting of SAXS 
(ca. 5  nm, see Table  1). Regarding the diffusion of the 
NSF inside the gel, FCS curves could be described only 
considering a two-component decay. The diffusion coef-
ficient characterizing the free NSF can still be detected 
inside the gel pores after loading, and accounts for the 
60% ca. of the total decay. However, a slower compo-
nent was detected as well, probably due to the micelle-
gel interaction (see Table 3). CLSM and FCS demonstrate 
that micelles are able to diffuse through the gel matrix, 
but also interact with the gel walls. Overall, the combi-
nation of the SAXS and CLSM/FCS results suggests that 
such interaction probably takes place in the more exter-
nal and less crowded regions of the gel walls, rather than 
in the crystallites.

The ability of the microemulsion droplets to move 
freely in the porous gel structure, as shown by FCS 
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measurements either on the PVA TC-PNs studied here 
or on single-PVA gels [29], suggests that the replacement 
of water in the gel with the NSF occurs effectively after 
loading overnight.

When the system is in contact with a substrate, the 
cleaning process is accomplished by the osmotic equi-
librium inside the network: while the NSF freely diffus-
ing in the outer pores interacts with the painted surface, 
fresh NSF is recalled at the gel-paint interface due to the 
interconnected porosity and the free/bound micelles 
equilibrium.

In other words, the diffusion dynamics of the micelles 
are altered after the NSF confinement in TC-PNs. At 
the same time, the uncontrolled spreading of the clean-
ing fluid is avoided. Therefore, a time- and space-con-
trolled cleaning action results, not achievable when 
non-confined fluids are used.

Fig. 2 CLSM images of the TC-PN after the loading with NSF: a the fluorescence of FITC-labeled PVA (green) shows the gel structure; b the 
fluorescence of Bodipy-labeled NSF (red) seems to trace the gel porosity, suggesting that some micelles are interacting with the gel walls. Scale 
bar is 20 µm long. c Overlay of the images in (a, b). d FCS autocorrelation curves describing the diffusion of the NSF before (blue markers) and after 
(purple markers) loading inside the TC-PN

Table 3 NSF diffusion coefficients (D, µm2/s) and  their 

contribution to the total FCS decay (f, %), before (free NSF) 

and after (NSF in the TC‑PN) loading inside the hydrogel

Free NSF NSF in the TC‑PN

D1 (µm2/s) 100 ± 6 100

f1(%) 100 60 ± 16

D2 (µm2/s) – 7 ± 4
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Cleaning tests on mock-up samples showed that it 
was possible to remove the wax lining residues along 
with the PVAc varnish. Reduced application times 
(5–10  s) produced lesser softening of the PVAc layer, 
keeping the cleaning action more superficial. The sof-
tening of the varnish increases with longer contact 
times. After ca. 40–60  s PVAc became streaky, but 
still well separated from the paint layer. The short con-
tact times and controlled fluid release from the gel 
allowed avoiding uncontrolled penetration of varnish 

and damages to the paint layer. Rinsing steps with 
gels simply loaded with water (applied to the paint-
ing surface for 1–2  s) made the usage of free liquids 
on the surface unnecessary. Mock-up samples, lined 
or not, showed similar positive response to the clean-
ing methodology. After the cleaning tests, observation 
under microscope and UV lamp showed the clean-
ing efficacy of the method. A more detailed assess-
ment was obtained through FTIR 2D imaging. Figure 3 
shows the visible light microscope images and FTIR 2D 

Fig. 3 FTIR 2D imaging of paintings’ mock-up samples. Top panel: visible light and 2D FTIR maps of mock-ups that were unvarnished (“paint”, 
top row), varnished (center row), or varnished and then cleaned with the PVA hydrogels loaded with the NSF (“cleaned”, bottom row). The tests 
were carried out in the wax-lined regions. For each sample, the images beside the visible map show the corresponding 2D FTIR maps, where the 
intensities of the following peaks were imaged: 1185–1110 cm−1 (where the C-O stretching band of the  C9−11E5,5 surfactant would be found in case 
of NSF residues after cleaning), 1560–1465 cm−1  (CH2 bending, wax used in the lining), 1880–1705 cm−1 (C = O stretching, polyvinyl acetate-based 
varnish), and 3590–3380 cm−1 (where the characteristic OH stretching band of PVA would be found in case of gel residues after cleaning). All maps 
have dimensions of 2100 × 1400 µm2, each axis tick being 50 µm. The FTIR Reflectance spectra are shown in the bottom panel, each spectrum 
relating to a single pixel (5.5 × 5.5 µm2) of the corresponding 2D imaging map. The maps show the removal of the varnish and surface removal of 
wax spots, while no absorptions ascribable to PVA or surfactants from the NSF could be detected. The spectrum of a PVA hydrogel (loaded with the 
NSF and then let dry before acquiring the spectra) is also showed as a reference
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imaging of mock-ups that mimic the lined painting by 
Picasso. The application of the NSF-loaded hydrogel 
on the surface of the mock-ups led to the removal of 
the PVAc-based varnish, as observed under visible light 
and by the disappearance of the characteristic bands 
of PVAc (e.g. C = O stretching in the 1880–1705 cm−1 
region) from the spectra recorded on the samples’ sur-
face. The application of the gel also allowed the surface 
removal of wax spots (due to the lining intervention), 
as shown by the decrease of the characteristic band of 
wax around 1475 cm−1  (CH2 bending); in the varnished 
mock-up, the band is not observable, as the wax spots 
are likely covered by the poly(vinyl acetate) layer. The 
3590–3380 cm−1 region of the spectra was also imaged, 
where the most intense absorption of PVA (OH stretch-
ing) should be observed in case of detectable gel resi-
dues left on the surface after the cleaning intervention. 
No difference in the absorbance intensity was observed 
in the spectra of the samples treated with the gels 
with respect to pristine samples; therefore, it was con-
cluded that no detectable gel residues were left by the 
treatment. The absence of gel residues was expected, 
considering that the PVA TC-PN hydrogels exhibit a 
mechanical behavior typical of chemical gels, despite 

being physical networks (i.e. held by secondary bonds) 
[1].

No relevant bands ascribable to the surfactants used 
in the NSF were observed. Alcohol ethoxylate sur-
factants, such as  C9–11E5,5, have a characteristic FTIR 
band around 1120  cm−1 (C-O stretching), while SDS 
has a characteristic peak centered at 1220 cm−1 (asym-
metric stretching of  OSO3); no significant bands at 
those wavelengths were observed in the spectra of the 
cleaned painting mock-ups, as compared to pristine 
samples. Besides, the application of a water-loaded gel 
after cleaning leads to the absorption of possible sur-
factant residues.

It must be noticed that the detection limit of an FPA 
detector has been reported to be significantly lower than 
that of conventional mercury cadmium telluride (MCT) 
detectors, when trace amounts of materials are consid-
ered; in fact, in that case the heterogeneous distribution 
of the analyte can result in small areas with high local-
ized concentration, which can be detected thanks to the 
spatial resolution of the FPA detector [57]. In a previous 
work, a detection limit of ca. 1 µg/cm2 for the detection 
of PVA was found, using the same FPA detector and 
instrumental setup [1]. Overall, we concluded that the 
cleaning procedure led to the removal of the varnish and 

Fig. 4 The cleaning of Pablo Picasso, 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 The TC-PN 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 desired shape and size. d The gel is 
applied onto 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 shortly applied on the same spot to remove possible residues of the NSF. At bottom, center panel and related 
black boxed details show the cleaning of white and red areas. On the right, the painting during the cleaning: the cleaned lighter areas can be easily 
distinguished from the darker uncleaned areas at the top. ©Succession Picasso, by SIAE 2020
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wax contaminants, without leaving detectable residues 
of the gel or of the NSF. Because these alcohol ethoxy-
late surfactants are readily biodegradable, non-detectable 
residues (below the FPA detection limit) are expected 
to degrade into fatty alcohols and polyethylene glycols 
(PEG), which are further degraded one glycol unit at a 

time from the terminus of the PEG, and/or via an oxida-
tive hydrolysis [58, 59].

Following the tests on the mock-up samples, the NSF-
loaded hydrogels were used for the cleaning of Picasso’s 
The Studio. The tests (see Fig.  4) confirmed that the 
PVAc-based varnish was swollen after ca. 5 s of contact 
with the gel, and then the swollen varnish was gently and 
easily peeled off with a dry cotton swab just like a second 

Fig. 5 Pablo Picasso, The Studio, 1928, Peggy Guggenheim Collection, Venice (The Solomon R. Guggenheim Foundation, New York), before (left), 
during (center), and after (right) the cleaning carried out with TC-PN hydrogels loaded with the o/w NSF. ©Succession Picasso, by SIAE 2020

Fig. 6 Pablo Picasso, The Studio, 1928, Peggy Guggenheim Collection, Venice (The Solomon R. Guggenheim Foundation, New York), before (left) 
and after (right) the cleaning carried out with TC-PN hydrogels loaded with the o/w NSF. ©Succession Picasso, by SIAE 2020
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skin, with no alteration of the color layers. Figures  5, 6 
show the painting before, during, and after the cleaning 
intervention.

Because the black crayon lines are at a deeper level 
than the white color background (simulating the effect 
of an incision), they are hardly accessible; therefore, 
it was decided to carefully and accurately remove the 
varnish around the lines, without affecting them. Such 
delicate intervention was possible thanks to the capa-
bility of the gels (that can be cut and shaped to desired 
size) to confine the NSF and wet only the surface in 
direct contact with the gels, with superior control of 
the cleaning action.

Conclusions
Polyvinyl alcohol (PVA) “twin-chain” polymer networks 
(TC-PNs) hydrogels were combined with a nanostruc-
tured fluid (NSF), and the resulting complex system 
was used to safely remove the aged varnish and wax 
layer from the surface of Pablo Picasso, The Studio 
(1928). The NSF loading within the TC-PNs was associ-
ated to interactions between the NSF and the TC-PN 
that take place in the more external and less crowded 
regions of the gel walls, rather than in the internal crys-
tallites, without significant alteration of the system’s 
components. The diffusion of the complex fluid in the 
gel matrix and at the gel-painting interface, during 
cleaning, is granted by the osmotic balance in the net-
work. Overall, these factors guarantee the effective and 
controlled cleaning action of the gel + NSF system.

Cleaning tests on painting mock-ups showed that the 
NSF-loaded TC-PNs allow the swelling and softening 
of varnish and wax layers, which can then be removed 
with gentle mechanical action using dry cotton swabs, 
without added mechanical stress to the painted layers. 
FTIR 2D imaging confirmed the removal of varnish and 
wax at the micron scale, with no observable residues of 
the gel or of the NSF (down to the detection limit of the 
FPA detector, ca. 0.02 pg/µm2). Residues of the alcohol 
ethoxylate surfactant (below the FPA detection limit) 
are expected to be readily biodegradable.

The removal of the aged PVAc varnish and wax layer 
from the surface of the painting was then carried out by 
using the same cleaning protocol successfully tested on 
the mock-ups. The use of the combined gel + NSF sys-
tem allowed a highly effective and safe cleaning action 
thanks to the controlled wetting and swelling of the 
painting surface, and the easy mechanical removal of 
the swollen PVAc layer, with no evident color alteration. 
It is worth mentioning that TC-PNs gels with the con-
fined NSFs allow to choose the most appropriate NSFs 
contact time with the painting surface for the cleaning 
operation. In the present case the chosen contact time 

was of about 5 s, which was enough to obtain a perfect 
swelling of the layer to be removed, without interacting 
with the original pictorial layer. These results set NSF-
loaded PVA TC-PNs as a robust and reliable tool for 
the cleaning of sensitive paintings, opening new per-
spectives in the conservation of works of art.
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