Wound dressings are medical devices dedicated to recover a wound located on the skin. They protect the wound, they isolate it from the external environment and they can help to heal the wound by stopping bleedings, by promoting the healing process (active or passive action) or by bringing the edges of the wounds closer. The choice of the wound dressing relies on the type of wound which needs to be healed, its stage or its level of exudation, ie. the volume of liquid secreted by the wound.

The regulation of humidity is of major interest in modern wound care. Humidity facilitates and accelerates the healing process of exuding chronic and acute wounds, but an excessive amount of water within the wound leads to the proliferation of bacteria and the maceration of the tissues. Wound management has thus to both absorb the biological fluids secreted by the wound and to allow for excessive water to be evacuated from the wound. Various wound dressings were developed to fulfill the specific requirements of healing in a wet environment.

Besides the control of wound hygrometry, wound dressings have to manage several basic functions. The first obvious requirement is to efficiently isolate the wound from external aggressions (mechanical impact, bacteria, excessive heat or cold) and to temporary substitute for the skin to protect the wound and prevent pain. But the main required function of the dressings is to maintain a stable adhesion to both healthy skin and wound to provide a sustainable protection of the wound and optimize the healing process. Maintaining the adhesion is also more convenient for the patient since it limits the handlings near a painful area.

Skin adhesion is a challenging issue in wound care since skin is a complex surface. If skin is often considered as a soft hydrophobic surface, its properties depends on a large variety of parameters such age, sex, hormonal cycles, health, environmental conditions, physical activity, exposure to drugs or chemicals, time of the day…Skin is in constant evolution, which complicates the design of medical devices interacting with the skin. Synthetic hypoallergenic pressure sensitive adhesives have been used for decades in the design of medical devices and wound dressings, since they do not cause toxicity and are biologically inert, non-sensitizing and non-irritating to skin.

A stable adhesion to skin and wound and the regulation of the humidity are often seen as two contradictory requirements on the wound dressing, since adhesion is generally provided by hydrophobic materials and water affinity is generally obtained from hydrophilic materials. Controlling the humidity and stabilizing the adhesion requires thus wound dressings with a heterogeneous structure, both hydrophilic and hydrophobic. Hydrocolloid-based wound dressings are generally used for the healing of moderately to highly exuding acute wounds. In these systems, the adhesion is provided by a hydrophobic pressure sensitive adhesive composed of an elastomer modified by some plasticizers and tackifying resins. The regulation of the humidity is ensured by a fine dry powder of hydrophilic particles, dispersed in the hydrophobic matrix. Generally, a superabsorbent polymer such as carboxymethylcellulose (CMC) is used.

Hydrocolloid-based adhesives are commercially available and have been widely used in wound care. However, their adhesion to skin and to the wound is not stable over time and a spontaneous detachment of the wound dressing is often observed after a long contact with biological fluids. If this problem has been rapidly identified, the scientific literature focusing on the origin of this loss of adhesion and the time evolution of the properties of the wound dressings is scarce. Yet, the optimization of the formulation of the bandages is a critical issue for pharmaceutical companies. Empirical studies have been carried out to modify either the hydrophilic or the hydrophobic phases of the system and many patents have been filed. A few comparative studies have compared the performances of different commercially available bandages. Only a few publications have investigated the evolution of the properties of such bandages after an extended contact with water. Yet, to the best of our knowledge, no comprehensive study focusing on the correlation between water affinity (absorption and permeability), and adhesive properties has been published. Thus, a better understanding of the origin of the loss of adhesion of hydrocolloid wound dressings was still needed to identify which key parameters of the formulation and process could potentially stabilize the adhesion in a wet environment.

Beyond the industrial relevance of the problem, these systems raise several fundamental issues. First, the study of hydrocolloid wound dressings generally relies on standardized tests (water vapor permeability, adhesion testings), defined by national or international norms. These tests are designed to characterize a well-defined application property and check the conformity of the material for quality control. They are not designed to differentiate precisely the properties of the dressings and to probe the evolution of the structure and properties of the dressing during its wearing by a patient. Developing an experimental procedure to reproduce representative conditions of use is thus particularly interesting to investigate the properties of the system as closely as possible to the actual conditions of wearing. Second, the multi-scale heterogeneity of the hydrocolloid wound dressing provides very specific properties to the material. The mechanical and physico-chemical properties of each phase are expected to greatly influence the properties of the overall material, as well as the morphology of the two phases and their potential interactions. Thus, identifying the role of the different components and their properties represents a critical issue to improve the understanding of such heterogeneous systems. Third, the evolution of the two phases during an extended contact with an aqueous media can be studied to understand the final properties of the overall system. Finally, water permeability through heterogeneous systems is a complex phenomenon. Recent research on gases and liquids permeability through heterogeneous systems is expanding in various fields of research (packaging, agriculture, electronics or medical science), providing new paths to approach this problem.

In this work, the origin of the loss of adhesion of the hydrocolloid wound dressing after a long contact with water was investigated. An extensive study of the mechanical properties of the hydrophobic phase and its interactions with the hydrophilic phase was carried out on a model system representative of what is currently used commercially. The role of the hydrophilic particles on the adhesive properties in a wet environment was then investigated. Based on previous studies at the SIMM laboratory, the traditionally used CMC was replaced by model hydrophilic particles. Crosslinked hydrogels were chosen as hydrophilic particles because of their versatility and the possibility to control their structure, allowing for systematic studies of the different properties of the hydrocolloid-based adhesives. Thus, the effect of the physicochemical properties of the hydrophilic particles on the mechanical properties, the affinity with water and the adhesive properties in a wet environment of the hydrocolloid-based adhesive was characterized. This manuscript is divided in five chapters:

The first chapter highlights the specificity of skin adhesion of medical devices and the tricky balance between a stable adhesion and the control of the humidity at the wound surface. Previous studies carried out at the SIMM laboratory on a reference hydrocolloid wound dressings provided the founding principles of this work and are also summarized.

The second chapter is dedicated to the description of the new hydrocolloid-based adhesives studied in this work and of the experimental techniques used to prepare and characterize them. The reference system is introduced and systematic modifications of the hydrophilic particles are proposed.

In the third chapter, the hydrophobic and hydrophilic phases of the hydrocolloid-based adhesives are characterized. The mechanical properties of the adhesive matrix at small and large strains and the impact of a wet environment are studied. The swelling kinetics of the hydrophilic particles in pure water and physiological saline are characterized. The mechanical properties of the dry hydrocolloid-based adhesives are finally investigated.

In the fourth chapter, the affinity with water of the different hydrocolloid-based adhesives made in chapter 2 is characterized. The absorption of pure water and physiological saline is studied and the influence of the nature of the hydrophilic particles on the mechanism of absorption is discussed. A mechanism which explains the origin of the loss of adhesion is also proposed. A reliable and reproducible tailor-made experimental device is developed to measure the permeability to water of the different formulations. The mechanism of water transport hydrocolloid-based adhesives can thus be discussed, as well as the influence on the physico-chemical nature of the hydrophilic particles.

In the fifth chapter, the adhesive properties of the different hydrocolloid-based adhesives made in chapter 2 are investigated. A peeling experimental device is developed to allow the substrate to deliver a controlled flux of water. The intensity of the flux is modulated to reproduce the secretions of the skin and estimate the impact of water on the mechanism of detachment. The correlation between the adhesive properties and the affinity with water is finally discussed. 

Introduction

Skin adhesion is a major issue in the development of medical devices. The enhancement of wound healing is directly related to the performances of the medical devices and necessitates the optimization of their design, their composition and their potential active principle.

Skin is a very specific surface, which explains the complexity for medical devices to achieve an immediate and durable adhesion. The diversity of the wounds also largely raises the need of specific and adapted wound care systems. The choice of the medical devices relies therefore on several parameters, such as the nature of the wound and the desired action.

The control of the humidity is particularly important in wound care since it can promote and accelerate the healing process. Hydrocolloid wound dressings are often used for this humidity control purpose. However, maintaining a stable adhesion between these medical devices and the wounded tissue or the neighboring healthy skin is a challenge for the pharmaceutical industry.

Few studies are available in the open scientific literature focusing on the adhesion of such wound dressings on skin in a wet environment. Preliminary studies at the SIMM laboratory provided the first elements to identify the constraints of usage and to understand the evolution of their properties with time. These studies will be presented in this chapter.

Finally, the objectives and the strategy employed in this thesis will be presented.

Skin adhesion of medical devices 1.Skin physiology

The skin is a very specific human organ [1] as it exhibits interfaces with both the living organism and the outside environment. It fulfills both functions of a protective barrier against physical and biological aggressions, and of an exchange surface for various compounds (fluids and gases).

The skin exhibits a multilayer structure that can be divided in four main components (cf. Figure 1.1). The outside layer is the stratum corneum (thickness: 20 µm), behind lies the epidermis (thickness: 60 µm), the superficial dermis (thickness: 100 µm) and the reticular dermis (thickness: 1.1 mm). Below these four layers, lies the hypodermis. Many structural variations are encountered depending on the body area. The stratum corneum is mainly made of non-living cells. It is the first barrier against biological, mechanical and thermal aggressions. It also has a function in the water regulation, as it limits losses of water and extracellular liquids. Its permeability increases at night to adapt to the water flux through the skin.

The epidermis combines numerous physiological functions and hosts many glands. The stratum corneum cells originate from the epidermis. It also ensures protection against mechanical aggressions and contains the cells responsible for the immune barrier.

The dermis hosts a lot of glands and among them the sweat glands and sebaceous glands. The sweat glands play a role in the water and ionic regulation across the skin. The sebaceous glands are responsible for the secretion of oils that can cover the outside layer of the skin and modify its properties.

The surface topography of the skin is not smooth: wrinkles, creases and ridges create some irregularities and can affect the adhesion to the skin. Moreover the presence of hairs and pilosebaceous orifices increases the apparent roughness. The typical dimensions and density of these irregularities depends on the individual but mostly on the anatomical site. Skin can thus appear as a porous surface, with typical pore sizes of 50 µm.

The surface chemistry is not homogeneous and depends on the anatomical site (ie. the location on the body). The surface of the skin is mostly hydrophobic and acid, with a pH ranging from 4.2 to 6.1. Some hydrophilic domains can be included in the stratum corneum, which locally modulate the wettability of the skin. Various chemical functions are present on the surface. Their nature depends on the individual, on the body area, and especially on the secretions of the skin. These secretions can be aqueous (sweat, water vapor) or oily (sebum, intercellular lipids). An abundant bacterial, mycotic and viral flora also lies at skin surface to preserve the health of the skin. The chemistry of skin surface is very heterogeneous and thus difficult to reproduce.

The barrier properties of the skin are essential to limit the imperceptible water loss of the skin and to preserve the hydration of the organism. They are also essential to protect the organism from external aggression and infections. They are mainly assured by lipids in the stratum corneum. More generally, transport through the skin is widely studied to investigate the capacity of the skin to absorb active principles, water, ions and gases but also to characterize the secretions of the skin (water, gases, sebum, proteins, hormones…). In this case, the biological and physicochemical nature of the different stratums of the skin has to be well characterized to identify the origin and the mechanism of transport through the skin.

The skin is an anisotropic, heterogeneous and viscoelastic solid. It exhibits large flexibility and deformability, for example during the removal of adhesive bandages. It is often modeled as a soft substrate. Yet, modeling the mechanical properties of skin is complex since they depend on various biological and environmental parameters, such as the age and the gender of the individual, or the position in the body which can affect the thickness of the skin.

Apart from the wide variability between individuals, one of the most complex features of the skin is its capacity to constantly adapt its properties to internal or external constraints. Skin can secrete various substances (sebum, water, hormones, proteins, lipids) which modify its surface chemistry. These secretions can also affect the relief of the skin by filling the creases and the channels of the skin. Desquamations of the stratum corneum affect the physico-chemical and mechanical properties of the skin. Many properties, and especially transport through the skin, undergo daily or seasonal variations due to changes in the atmospheric conditions. The age and the gender strongly impact the mechanical properties of the skin. Finally, a "memory" effect can be observed on the mechanical properties: the mechanical history impacts the properties of the skin.

From the perspective of wound dressing applications, the complexity of the skin behaviors implies to carefully take into account many parameters to ensure the healing function correctly, compensate the skin local deficiencies (barrier against aggressions) and preserve the regulation functions.

Purpose of medical devices

Medical devices applied on the skin often fulfill different purposes.

Wound protection

In the case of an external lesion, the internal organism is directly exposed to the external environment, leading to a failure of the protective function of the skin. One of the first functions that have to be ensured by wound dressings is to reproduce a barrier against physical and biological aggressions. This is generally simply achieved by covering the wounded area to substitute the local removal of epidermis.

Healing enhancement

Chronic wounds are defined as recurrent breaks in the skin, usually due to chronic diseases, such as vascular insufficiency or diabetes [2]. By opposition, acute wounds are due to external aggressions. Even if both types of wound exhibit a lot of differences in the healing strategies, a common issue is the acceleration of the healing rate. To this purpose, wound dressings have an active participation, including a healing enhancement function [3].

Normal wound healing proceeds in three steps, time indications are provided for acute wounds [4,5]:

• The inflammatory phase starts immediately after wounding. The blood and fluids leakage is stopped by muscle contraction and occlusion of the damaged vessels. The coagulation is achieved through the aggregation of platelets. It is also during this phase that the immune response leads to the elimination of external biological contaminations and foreign debris. This step lasts approximately four days. • The proliferating phase starts at the end of inflammatory phase. The wound is filled with secreted matter and the wound edges are brought closer to each other through a contraction. The migration of epithelial cells to the filled wound recreates the missing skin material. This step lasts more than two weeks.

• The maturation phase consists into the progressive recovery of the living tissue's strength through collagen production. This step can last for two years.

The second phase is greatly influenced by the wound dressing. A covered wound would display a faster reepithalization and moisture facilitates the migration of epithelial cells across the filled wound [5].

Transdermal drug delivery

Aside from wound dressings, drug delivery can be effectively achieved directly across the skin. This process relies on the control of the absorption of active molecules by the skin [6].

A common feature of all these medical devices is a relatively long presence in contact with the skin. To ensure properly their functionalities, a critical parameter to control is the skin adhesion.

Adhesion on living matter

As mentioned previously, the adhesion to the skin is a research topic that raises a lot of interest in the fields of wound dressings and transdermal drug delivery. More generally, adhesion on living matter (bioadhesion, mucoadhesion…) is encountered in various medical fields.

As any adhesion problem, bioadhesion relies on the interactions between an adhesive and a substrate. The notions of adsorption, wetting and diffusion can be applied [7]. The specificity of bioadhesion relies on the complexity of the substrate made of living matter. In the case of skin adhesion, the skin physiology leads to variations and to response to the application of an adhesive. The large number of influencing parameters leads to a very challenging field.

Bioadhesion is needed in surgical adhesives, with a purpose of wound closing that is less traumatic than sutures. The adhesives are tissue sealants, they take part to the internal tissue reconstruction by limiting the blood leaks and have to withstand mechanical strains [8,9].

The mucoadhesion deals with adhesion on internal mucous membranes. As mucous is a lubricant that prevents adhesion, very specific materials are used to counterbalance its function.

In the domain of skin adhesion, wound dressing and transdermal drug delivery share similar aims and often relies on the same materials. One of the main issues is the local humidity control, because water can cause a consequent loss of adhesion.

In some applications, the adhesion is not a desired property but has to be prevented, for instance to avoid the formation of a biologically contaminated film at the surface [8].

Types of medical devices

There is a large variety of wounds, causing several specific issues to realize and maintain the adhesion on human tissues. Each type of wound demands specific requirements, leading to the development of a wide range of medical devices. Their properties and their design depend on various parameters, such as the anatomical site and the aim of the medical device (active or passive healing, drug delivery, mechanical protection, cohesion…).

Surgical sealants

Typical tissue sealants are based on biological proteins such as collagen, fibrin, gelatin or polysaccharides. They exhibit a great biological compatibility. Synthetic glues are also used such as cyanoacrylates, poly(ethylene glycol)-based hydrogels, dendrimers or polyurethane adhesives [8][9][10]. Recently, solution of nanoparticles were found to efficiently close and heal deep wounds on skin and liver [11,12] Adhesives for mucous membranes Adhesives for mucous membranes are usually made of highly hydrophilic macromolecular materials, such as polyelectolytes that forms bonds with the mucous layer through intermixing and hydrogen bonding [8].

Transdermal drug delivery systems

Pressure sensitive adhesives (PSA) are used to ensure the skin adhesion. The drug can be contained in a reservoir, in a polymer matrix or mixed directly with the adhesive. The whole device is usually covered with an impermeable backing [13].

Wound dressings

Different systems are used in the field of skin adhesion [3][4][5]14].

Semi-permeable films made of polyurethane coated with an adhesive layer are often used. They ensure protection against biological contaminants and liquids, while allowing vapor permeability. They are not suitable to absorb exudates.

Non-adherent dressings made of woven fabrics are designed to absorb exudates. The adhesion function has to be ensured by another device. Non-woven fabrics are also used. The main problem of fibrous dressings is the potential strong adhesion to newly formed tissues, leading to injury upon removal.

Alginate dressings form a gel on the wound, ensuring protection for contaminants. Thanks to their high capacity of absorption, they are dedicated to exuding wounds [13].

Foam dressings from polyurethane and silicone also exhibit a great absorption capacity, combined with a high moisture vapor permeability.

Hydrogel dressings have a relatively low exudates absorption capacity; they are more adapted to dry wounds, to promote hydration and moisture healing [15]. They also provide a protection against biological contaminants [16]. They are made of crosslinked polymer swollen with a high proportion of water [17]. Hydrogels can also be combined with other dressings, such as fibrous materials to increase their absorption capacity while decreasing their adhesion to the wounded tissues [18].

Hydrocolloid dressings are made of a pressure sensitive adhesive with a polyurethane backing that protects against contaminants. The water permeability and moisture control is ensured by hydrophilic particles dispersed in the adhesive layer. This is the type of wound dressing on which the study will be focused.

Wound dressings for moisture controlled healing 2.1. Role of humidity in wound healing

The precursor work of Winter demonstrated that epidermal healing is promoted by moisture on the wound [19][20][21]. Further studies concluded that wet or moist conditions lead to a faster recovery of the wounded surface and to higher thickness of recovered epidermis [22] compared to dry conditions. On the other hand, it was shown that inadequate moisture of the wound can promote the formation of pressure ulcer and necrosis [3]. Moist wound healing is therefore the result of an optimal hydration level of the tissues [23].

Achieve skin adhesion

Several conditions have to be fulfilled to achieve adhesion between an adhesive and the skin. A good wettability of the skin by the adhesive is required, for which the thermodynamical parameters are the surface energy (28-29 mN/m for a clean skin) and polarity. More than the simple thermodynamic requirements, kinetic limitations are commonly met. As described previously, the skin surface is not smooth, the adhesive has thus to be able to flow and ensure an intimate contact [24].

The changing nature of the skin surface leads to several issues when it comes to adhesion, especially for exuding wounds:

• Water (sweat or wound exudates) modifies the surface energy.

• Physiological parameters such as pH and ions concentration may alter the chemical response of the adhesive.

• Skin elasticity increases with its water content, modifying its mechanical response • Dirt or secretions can change the surface interactions

Hydrocolloid-based systems

Combining both the moisture control of wounds and a satisfying level of adhesion requires a delicate balance. Hydrocolloid-based systems are dedicated to this purpose. The two antagonist properties are achieved through the combination of a hydrophobic phase with a hydrophilic phase. The backing is usually a polyurethane-based semi-permeable film or foam. A generic representation is provided on 

Adhesion

Similarly to transdermal drug delivery systems, the adhesion is ensured by pressure sensitive adhesives. Their formulations are based on various polymers such as polyisobutylene, silicone and polyacrylates [13,24]. Natural rubbers are also used for PSA [25], however the potential presence impurities leading to irritations or allergy, promoted the use of synthetic elastomers for skin applications.

PSA exhibit a lot of desirable properties for wound dressing and transdermal drug delivery [13]:

• Adhesion is reached by applying a low pressure.

• No solvent or heat is required to adhere.

• The skin adhesion and tack are satisfying.

• Removal leaves no residue.

• Biocompatibility and non-toxicity are ensured.

• They are stable over 24h to 7 days.

• They are easy to shape.

• They can be designed to obtain a good appearance.

The empirical Dahlquist criterion predicts the capacity of the adhesive to reach a sufficient level of adhesion by flowing in the skin surface irregularities. The modulus of the adhesive has to be inferior to 10 5 Pa or, equivalently defining a compliance that has to be greater than 10 -5 Pa [24].

Control of the humidity

The water permeability is ensured by a disp be made of carboxymethylcellulose adhesive matrix [4].

Figure 1.3: Molecular structure of sodium carboxymethylcellulose

The absorption and permeation properties of the hydrocolloid wound dressing depend on its composition and design, offering solutions for several levels of exudating wounds instance, formulated with elastomers, the devices, that are permanently exposed to high level

Optimization of skin adhesion

The adhesion properties of such wound dressings have been enhanced and optimized to handle the moisture balance problem is met with traditional fibrous dressings but not with hydrocollo to the skin but not to exposed tissues variations of the encountered formulations, dedicated to more speci There is only a limited number of studies available in the scientific literature, dealing specifically with the evolution of hydrocolloid systems after long term water abso particular their adhesive properties. demonstrate the industrial interest for this out were confidential.

Lanel and co-workers hydrocolloid dressings [32]. They proceeded by unidirectional exposure to a saline solution with a liquid contact. They observed hours, but they did not investigate the potential impact on

McColl and co-worker level in wound dressings, yet with no application to the adhesion or long term investigation of the adhesive properties [33].

For a better understanding of the relationship between the different components of hydrocolloid-based systems and humidity, there is a real necessity to investigate the water transport in these systems and its consequences on adhesion.

Chapter 1: Tissue adhesion, an issue for medical devices 15 The water permeability is ensured by a dispersion of hydrophilic particles, which can carboxymethylcellulose (CMC, cf Figure 1.3), gelatin or pectin,

: Molecular structure of sodium carboxymethylcellulose

The absorption and permeation properties of the hydrocolloid wound dressing depend on its composition and design, offering solutions for several levels of exudating wounds instance, formulated with elastomers, these materials can be used as sealants for ostomy devices, that are permanently exposed to high levels of internal fluids [26].

Optimization of skin adhesion

The adhesion properties of such wound dressings have been enhanced and optimized to handle the moisture balance [27] but also to reduce the risk of injury at removal. This last problem is met with traditional fibrous dressings but not with hydrocolloid designs to the skin but not to exposed tissues [28]. The industrial interest raised in this domain lead to variations of the encountered formulations, dedicated to more specific applications There is only a limited number of studies available in the scientific literature, dealing specifically with the evolution of hydrocolloid systems after long term water abso particular their adhesive properties. Yet, the numerous patents on these medical devices demonstrate the industrial interest for this question and suggest that most of studies carried workers have investigated the swelling of different commercial . They proceeded by unidirectional exposure to a saline solution with a liquid contact. They observed that the absorption reaches a saturation within a few hours, but they did not investigate the potential impact on the adhesive propertie workers have developed an experimental tool to monitor the moisture , yet with no application to the adhesion or long term investigation of For a better understanding of the relationship between the different components of based systems and a better comprehension of the evolution of adhesion with humidity, there is a real necessity to investigate the water transport in these systems and its : Tissue adhesion, an issue for medical devices ersion of hydrophilic particles, which can gelatin or pectin, within the

: Molecular structure of sodium carboxymethylcellulose

The absorption and permeation properties of the hydrocolloid wound dressing depend on its composition and design, offering solutions for several levels of exudating wounds. For can be used as sealants for ostomy

The adhesion properties of such wound dressings have been enhanced and optimized but also to reduce the risk of injury at removal. This last id designs that adhere The industrial interest raised in this domain lead to fic applications [29][30][31].

There is only a limited number of studies available in the scientific literature, dealing specifically with the evolution of hydrocolloid systems after long term water absorption, in Yet, the numerous patents on these medical devices and suggest that most of studies carried have investigated the swelling of different commercial . They proceeded by unidirectional exposure to a saline solution that the absorption reaches a saturation within a few adhesive properties. have developed an experimental tool to monitor the moisture , yet with no application to the adhesion or long term investigation of For a better understanding of the relationship between the different components of a better comprehension of the evolution of adhesion with humidity, there is a real necessity to investigate the water transport in these systems and its

Preliminary studies on the adhesion of hydrocolloid-based adhesives in a wet environment

As mentioned in the previous section, few studies were found in the scientific literature, dealing with the evolution of hydrocolloid-based adhesives in a wet or humid environment and the correlation between the water affinity and the adhesive properties. Preliminary studies were carried out at the SIMM laboratory by two postdoctoral research fellows, Guangjun Griffith Hu and Nisita Wanakule [34,35]. A first characterization of commercially available hydrocolloid-based adhesives was performed and the role of the hydrophilic phase was identified. The study of the evolution of the system immersed in a wet or humid environment provided the first leads to extend the adhesion of the system.

Description of the system

The hydrocolloid-based adhesive used in this work is a typical hydrocolloid wound dressing kindly provided by the Laboratoires URGO. They are made of a pressure sensitive adhesive, composed of an elastomer based on triblock copolymer styrene-isoprene-styrene (SIS), plasticizing oil and tackifying resins, where hydrophilic particles of carboxymethylcellulose (typically 35%wt) are dispersed.

The morphology of this heterogeneous material was investigated by Scanning Electron Microscopy (SEM) and compared to the morphology of the free CMC.

Figure 1.4: Surface morphology of the CMC powder (left) and a hydrocolloid-based adhesive containing 35%wt of CMC (right) [34]

The CMC particles are very irregular in shape with a wide distribution of particles sized around 80-100 µm. They seem well-dispersed in the adhesive matrix but any further interpretation is difficult on the pictures since the contrast between the two phases is low.

Contact angle measurements were carried out on the hydrocolloid-based adhesive by depositing a drop on water on the surface. The results were compared to those of the pure adhesive matrix. Initially, the contact angle is close to 90° as for the pure adhesive matrix, suggesting that the surface remains hydrophobic and no CMC is present the decrease of the contact angle showing the quick absorption of water by the CMC the adhesive matrix.

Hydrocolloid-based adhesives where fine particles of CMC are the system.

Role and impact of the hydrophilic phase

The impact of the addition of CMC particles on the mechanical and adhesive properties of the adhesive matrix was investigated.

Tensile experiments at very low strain rate (6.10 on CMC-based adhesives with different CMC contents. hardening stage is consistent with sensitive adhesive. It was found that i modulus and the failure stress of the adhesive but decreases the elongation. Weak interactions between the adhesive and the particles were ally, the contact angle is close to 90° as for the pure adhesive matrix, suggesting that the obic and no CMC is present on the surface. After 30 angle is much more important than for the pure adhesive matrix, absorption of water by the CMC and potential diffusion of water through based adhesives are thus composed of a hydrophobic adhesive matrix where fine particles of CMC are well-dispersed. They provide water absorption properties to

mpact of the hydrophilic phase

The impact of the addition of CMC particles on the mechanical and adhesive properties of the adhesive matrix was investigated. periments at very low strain rate (6.10 -3 s -1 ) in ambient conditions were performed with different CMC contents. The absence of a marked strain is consistent with the lack of chemical crosslinking of the pure pressure It was found that increasing the CMC loading leads to an increase of the modulus and the failure stress of the adhesive but decreases the elongation. Weak interactions between the adhesive and the particles were thus assumed.

: Tensile curves of CMC-based adhesives at very low strain rate (6.10 -3 s -1 ) for different CMC contents {0; 10; 20; 35} %wt at T = 23°C [34]

: Tissue adhesion, an issue for medical devices based adhesive (35%wt) at initial time ally, the contact angle is close to 90° as for the pure adhesive matrix, suggesting that the the surface. After 30 min of contact, for the pure adhesive matrix, and potential diffusion of water through are thus composed of a hydrophobic adhesive matrix dispersed. They provide water absorption properties to

The impact of the addition of CMC particles on the mechanical and adhesive properties of ) in ambient conditions were performed

The absence of a marked strain the lack of chemical crosslinking of the pure pressure ncreasing the CMC loading leads to an increase of the modulus and the failure stress of the adhesive but decreases the elongation. Weak interactions ) for different CMC Probe-tack experiments at 20°C different CMC contents. They showed that an increase in the CMC content decreases the adhesive properties. characterization, showed that the adhesive properties are affected by the addition of the CMC particles, due to the increase of the elastic modulus and the decrease of the the adhesive.

Figure 1.7: Influence of the CMC content experiments (left

Thus, the addition of CMC degrades the adhesive properties of the pressure sensitive adhesive, even in ambient "dry" essential to maintain a suitable level of water permeability and the absorption of the exudates. Experiments of water vapor permeability 13726-2 norm [36] for medical devices testing

Figure 1.8: Influence of the CMC content on the water vapor permeability of CMC a) Kinetics of water absorption

These experiments provided the time evolution of the amount of water vapor absorbed by a membrane and the amount of water permeated through the membrane. They revealed that the pure adhesive matrix was not permeable to water and did not absorb any water vapor. No suitable water vapor permeability was obtained below a CMC content of 20% be noticed that the water vapor permeability is close to zero during the first hours of the experiments and starts to increase after about 24h. The origin of these two regimes was not investigated during these preliminary studies and will be discuss at 20°C and peel tests at 37°C were carried out on adhesives with different CMC contents. They showed that an increase in the CMC content decreases the adhesive properties. These results, consistent with the mechanical that the adhesive properties are affected by the addition of the CMC particles, due to the increase of the elastic modulus and the decrease of the [34] and average peel load (right) [35] are represented.

CMC content on the adhesive properties of CMC-based adhesives (left)

Thus, the addition of CMC degrades the adhesive properties of the pressure sensitive in ambient "dry" conditions. However, the CMC particles a suitable level of water permeability and the absorption of the exudates. Experiments of water vapor permeability were performed according the standard for medical devices testing.

: Influence of the CMC content on the water vapor permeability of CMC Kinetics of water absorption -b) Kinetics of permeated water [35]

These experiments provided the time evolution of the amount of water vapor absorbed by a brane and the amount of water permeated through the membrane. They revealed that the pure adhesive matrix was not permeable to water and did not absorb any water vapor. No suitable water vapor permeability was obtained below a CMC content of 20% be noticed that the water vapor permeability is close to zero during the first hours of the experiments and starts to increase after about 24h. The origin of these two regimes was not investigated during these preliminary studies and will be discussed in the wake of this work.

were carried out on adhesives with different CMC contents. They showed that an increase in the CMC content generally These results, consistent with the mechanical that the adhesive properties are affected by the addition of the CMC particles, due to the increase of the elastic modulus and the decrease of the deformability of based adhesives. Probe-tack are represented.

Thus, the addition of CMC degrades the adhesive properties of the pressure sensitive However, the CMC particles were found to be a suitable level of water permeability and the absorption of the exudates.

according the standard NF EN

: Influence of the CMC content on the water vapor permeability of CMC-based adhesives. [35]

These experiments provided the time evolution of the amount of water vapor absorbed by a brane and the amount of water permeated through the membrane. They revealed that the pure adhesive matrix was not permeable to water and did not absorb any water vapor. No suitable water vapor permeability was obtained below a CMC content of 20%wt. It could also be noticed that the water vapor permeability is close to zero during the first hours of the experiments and starts to increase after about 24h. The origin of these two regimes was not ed in the wake of this work.

In particular, a potential percolation of the particles was suspected but no direct proof was found to confirm the existence of a percolating network of the particles.

The hydrophilic particles in the hydrocolloid water vapor permeability and absorption properties to the system. However, they affect the adhesive properties of the pressure sensitive adhesive, even in ambient conditions without any excessive water at the interface. adhesion in the "dry" state and provide a good affinity with water. content between 35%wt and 40%

Evolution of the system in a wet environment an of adhesion

The evolution of the properties of the hydrocolloid environment was investigated in order to identify the origin of the loss of adhesion.

The impact of water absorption on the investigated. Tensile experiments at very low strain rate (6.10 CMC-based adhesive containing 35% preliminary exposed to water vapor to incre water uptake). The water uptake was found to bring about a significant material.

Figure 1.9: Influence of the water content CMC

The absorption capability of the hydrocolloid based adhesive was immersed in pure water to characterize its water uptake of the hydrophobic and the hydrophilic phases after a long contact with water.

were carried out at 37°C in pure water
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In particular, a potential percolation of the particles was suspected but no direct proof was found to confirm the existence of a percolating network of the particles.

The hydrophilic particles in the hydrocolloid-based adhesives are necessary to provide water vapor permeability and absorption properties to the system. However, they affect the adhesive properties of the pressure sensitive adhesive, even in ambient conditions without any excessive water at the interface. Thus, a compromise is needed to limit the decrease in "dry" state and provide a good affinity with water. In this work, a CMC and 40%wt was assumed to fulfill this balance.

Evolution of the system in a wet environment and origin of the loss

The evolution of the properties of the hydrocolloid-based system in a wet or humid environment was investigated in order to identify the origin of the loss of adhesion.

The impact of water absorption on the mechanical properties of the CMC-based adhesive

. Tensile experiments at very low strain rate (6.10 -3 s -1 ) were performed on based adhesive containing 35%wt of CMC particles at room temperature water vapor to increase its water content up to uptake was found to bring about a significant

: Influence of the water content on the tensile curve of a CMC-based adhesive CMC particles ( = 6.10 -3 s -1 ). T = 23°C [34]

The absorption capability of the hydrocolloid-based adhesives was investigated. based adhesive was immersed in pure water to characterize its water uptake of the hydrophobic and the hydrophilic phases after a long contact with water.

were carried out at 37°C in pure water for different CMC contents.

: Tissue adhesion, an issue for medical devices

In particular, a potential percolation of the particles was suspected but no direct proof was hesives are necessary to provide water vapor permeability and absorption properties to the system. However, they affect the adhesive properties of the pressure sensitive adhesive, even in ambient conditions without any imit the decrease in In this work, a CMC d origin of the loss based system in a wet or humid environment was investigated in order to identify the origin of the loss of adhesion.

based adhesive was were performed on a at room temperature. It was water content up to 30%wt (ie. 46% of uptake was found to bring about a significant softening of the based adhesive containing 35%wt of based adhesives was investigated. The CMCbased adhesive was immersed in pure water to characterize its water uptake and the evolution of the hydrophobic and the hydrophilic phases after a long contact with water. Experiments A limited absorption was observed for adhesives containing less than 30%wt, confirming that a minimum CMC content is needed to provide a suitable water affinity of the system. For higher CMC contents, a characteristic form of the swelling curve evidenced a competition between the swelling of the CMC particles and their dissolution, resulting in the elution of the particles after 10 hours. This mechanism is schematized in The contact between the surface of the hydrocolloid-based adhesive and water leads to a progressive water uptake of the CMC particles and to the swelling of the system. Then, the particles are progressively eluted out of the adhesive matrix and eventually form a swollen layer at the skin/adhesive interface, resulting in the observed loss of adhesion.

Thus, these studies showed that the elution of the uncrosslinked CMC particles due their dissolution in water was responsible for the loss of adhesion of the hydrocolloid wound dressings after a long contact with water.

Preliminary experiments on the adhesive properties of the system were carried out in order to estimate the impact of the introduction of water at the skin/adhesive interface. A peeling experimental device was proposed to measure the adhesion at T = 37°C between the adhesive and a water permeable substrate, allowing for water to reach the substrate/adhesive interface. It was found that the peeling behavior ( = 90°) of the system depends largely on the water flux and on the CMC content. If a high flux was delivered at the interface, the flooding of the substrate decreased the peel force for all systems, even for the pure adhesive matrix. A spontaneous detachment was observed for the CMC-based adhesives, due to the elution of the particles. At very low water flux -typically a contact with water vapor -no elution of the CMC particles occurred and the adhesion was observed to increase with time. This experimental device will be used and optimized to confirm these observations and refine the understanding of the relation between the water flux and the adhesive properties.

First leads to limit the loss of adhesion

In this preliminary study, three main factors were identified as responsible for the loss of adhesion of the hydrocolloid wound dressing:

• the formation of water at the skin/adhesive interface • the dissolution of the CMC particles and their elution to the skin/adhesive interface • a high absorption of water in the adhesive A first modification of the composition of the hydrocolloid-based adhesive was thus proposed.

To prevent the dissolution of the particles, their crosslinking was considered. Two ways of crosslinking were studied. The first method was a chemical crosslinking but the obtained gel was unstable over extended periods of time (over 7 days). The second method was ionic crosslinking with di-and trivalent ions (Ca 2+ , Al 3+ , Fe 2+ ). The addition of such modified CMC particles in the adhesive matrix was successfully performed.

A preliminary study on the water vapor permeability of adhesives based on modified CMC showed they could absorb water and ensure a suitable level of permeability. Peel tests revealed that the loss of adhesion was not avoided but could be delayed because of a reduced dissolution and elution of the particles, suggesting that they could offer a promising solution to slow down the loss of adhesion. However the fabrication process of these modified CMC was not well controlled, leading to potential undesired variations of the morphology (size, shape) of the particles. Further investigations were therefore needed to control the synthesis and shaping processes, to confirm the first results and complete them.

Objectives and methodology of the thesis

The preliminary study carried out at the SIMM laboratory provided the first elements to understand why hydrocolloid-based wound dressings could spontaneously detach from the skin after an extended contact with water.

The dissolution of the hydrophilic particles in water leads to the formation of a swollen layer at the skin/adhesive interface which is responsible for the spontaneous and premature detachment of the wound dressing. However, the presence of these hydrophilic particles is essential to ensure the absorption of the exudates of the wound and to offer a suitable permeability to water vapor. A compromise is thus needed between a good and stable adhesion and an adapted permeability to water.

However, many issues are still unclear. How can the dissolved particles elute out of an elastic pressure sensitive adhesive? Which phenomenon controls the elution of the particles? How is it possible to control independently the absorption and the permeability of the system? What correlation exists between the evolution of the adhesive properties and water absorption? How can the crosslinking of the particles reduce the elution process?

Beyond the industrial objective of this work, understanding such a heterogeneous system raises several scientific issues, related to its complex structure/properties relationship. How does the evolution of each phase in a wet environment control the evolution of the overall system? More specifically, how can water be transported in a system composed of hydrophobic and hydrophilic phases? Can interactions between the two phases occur and which consequences do they have on the transport and adhesive properties? How can the evolution of the mechanical properties of the adhesive affect the adhesive properties? Which physico-chemical parameters control the adhesive properties and the water affinity of the hydrocolloid-based adhesives? How can these parameters be modulated to optimize the balance between the adhesive properties and the water affinity?

The preliminary study suggested that crosslinking the hydrophilic particles was a potential way to limit the elution of the particles by limiting their swelling. This work will thus focus on identifying the role of the hydrophilic phase in the swelling capacity of the hydrocolloidbased adhesives and their adhesive properties. The modification of the hydrophilic particles will be carried out in order to evaluate the impact of their physico-chemical nature on the properties of the hydrocolloid-based adhesives. Is the dissolution of the hydrophilic particles the only motor for the elution of the particles? How can the nature of the hydrophilic particles affect their swelling capacity and those of the hydrocolloid-based adhesives? How can a change in the water affinity modify the adhesive properties of the hydrocolloid-based adhesives?

Finally, the aim of this study will be to identify new promising ways to reformulate hydrocolloid-based dressings in order to extend their time of use.

Chapter 2

Materials and Methods

Chapter 2 hh

Introduction

Maintaining a stable adhesion of hydrocolloid-based adhesive requires a better understanding of the role of the different phases of these heterogeneous systems. In the previous chapter, the properties of the adhesives were found to be very dependent on the evolution of the hydrophilic particles after a long contact with water. Their swelling properties largely impact the adhesive properties. A modification of the nature of the particles was found to potentially limit the observed loss of adhesion. Thus, choice was made in this work to focus our attention on the composition of the hydrophilic phase. The impact of the physico-chemical nature of the hydrophilic phase was investigated by performing systematic modifications of the particles.

This chapter is dedicated to the description of the hydrocolloid-based wound dressing studied in this worked and the systematic modifications which were performed.

Hydrocolloid-based wound dressings are complex heterogeneous systems. An extensive description of the commercially available system will be thus proposed in order to detail the characteristics of the reference system of this work.

In a second section, the systematic modifications carried out on the hydrophilic phase will be presented. Model crosslinked hydrogels were chosen to replace the carboxymethylcellulose, commonly used in wound dressings. This choice was motivated by the facility to synthesize such polymers and to control their structure. The impact of the physico-chemical nature of the hydrophilic particles will be estimated by varying the nature of the monomer used to synthesize these model systems. The protocol of synthesis will be detailed, as well as the precautions took for the choice of the synthesis parameters and the shaping process. Common techniques to characterize their physico-chemical and thermal properties were used in this work and will be presented in this chapter. In the end, the protocol of dispersion of these new hydrophilic particles in the adhesive matrix will be described.

Finally, the experimental techniques used to characterize the different phases of the system and the properties of the final tailor-made hydrocolloid-based adhesives will be shown.

Description of the commercial reference system

The typical formulation studied in this work is the standard anti-blister hydrocolloidbased adhesive commercialized by URGO. As mentioned in the previous chapter 1, section 2.3, it is a heterogeneous system composed of a hydrophobic adhesive matrix in which hydrophilic particles of sodium carboxymethylcellulose (CMC) are mechanically dispersed. We will detail here its formulation.

The hydrophobic phase: an adhesive matrix

The adhesive matrix is mainly made of an elastomer which gives the elasticity and the adhesion of the system. The window for optimal application of these wound dressings is very narrow: they have to melt during their processing and their elastic modulus and adhesive properties have to be well-defined at the application temperature. Therefore, some additives, such as tackifying resins, plasticizing oils and antioxidants, are used to adjust their mechanical and adhesive properties. We will describe here the different components of the hydrophobic phase.

Elastomeric base

The elastomer used here is a commercial linear styrene-isoprene-styrene (SIS) triblock copolymer, provided by the company Kraton. Since it is synthesized by anionic polymerization, the molecular weight is well-defined with a low polydispersity. Wound dressings require an elastic and stretchable structure, only compatible with a thermoplastic elastomer containing more than 50 %vol of PI. In this structure, the PS chains form hard nodules acting like fillers, linked together by the continuous phase of PI chains. This latter phase provides elasticity to the system (elongation and reversible deformation). The elastomer used for this work contains 78 ± 2 %wt of PI.

However, this elastomer has end-blocks. Some PS-PI diblocks are thus added and bring the dissipative properties diblocks are blended, leading adhesive properties can be tuned average mass of the chains. ratio is 0.22.

Figure 2.2: Schematized structure of a

When used pure, this b stability is low, due to the presence of tune the elasticity and the glass transition temperature the usage temperature of 37°C plasticizing oil and antioxidants.

Plasticizing oil

The first step is the dilution of the elastomer with plasticizing oil to reduce modulus and facilitate processing with the chemical nature of the oil. Here, we use a commercial influence on the elastomer structure has not been characterized, but it may dilute the PI continuous phase and only slightly affect the PS nodules.

Figure

Tackifying resins

The plasticizer reduces the elastic modulus but the matrix is not is. Moreover, the temperature dependence of the mechanical properties Indeed, it is necessary that T Chapter 2: Materials 31 this elastomer has no adhesive properties by itself, as there are no free PI diblocks are thus added to introduce some end-blocks dissipative properties needed to enhance the adhesive properties. Tri diblocks are blended, leading to the structure schematized in Figure 2.

adhesive properties can be tuned by varying the ratio, the ratio of the chains. Here, the elastomer contains 22 ± 2 %wt of PS and the

Schematized structure of a PS-PI-PS triblocks / PS-PI diblocks blend

When used pure, this blend is tough and not very sticky. Moreover, the presence of PI insaturations. Some additives are thus added to and the glass transition temperature, and therefore the adhesi the usage temperature of 37°C. Three types of additives are used: tackifying resins, il and antioxidants.

The first step is the dilution of the elastomer with plasticizing oil to reduce and facilitate processing. It is possible to select the phase affected by this dilution with the chemical nature of the oil. Here, we use a commercial diethylhexyladipate. Its influence on the elastomer structure has not been characterized, but it may dilute the PI continuous phase and only slightly affect the PS nodules. The plasticizer reduces the elastic modulus but the matrix is not sufficiently temperature dependence of the mechanical properties T use ≃ T g + 30°C to ensure that there is a low variation of The first step is the dilution of the elastomer with plasticizing oil to reduce its elastic the phase affected by this dilution diethylhexyladipate. Its influence on the elastomer structure has not been characterized, but it may dilute the PI sufficiently tacky as temperature dependence of the mechanical properties must be adjusted.

there is a low variation of the elastic modulus E matrix around ensure skin adhesion. Tackifying resins are added to temperature (ie. adjust the glass transition temperature) material becomes aggressively tacky to touch composed of small hydrogenated hydrocarbon not miscible with the styrene sequence and only swell polyisoprene. They have a higher glass transition temperature than the PI, so that the T matrix is increased to 0°C. The resins have t swelling) and a thermodynamical effect (T hydrophobic resins with a good thermal stability

Antioxidants

In order to protect the u realized at 130°C, some antioxidants are added are used. The first one is a primary antioxidant, with a phenolic structure. secondary antioxidant, based on z 

The hydrophilic phase

Water absorption and particles of CMC, homogeneously dispersed in the elastomeric matrix. derivative with carboxymethyl groups bound to some hydroxyl groups of the cellulose backbone. Some of those gro contact with water, the CMC is partially dissolved and forms a very viscous gel. M 32 around T use (between 34°C and 40°C) but also a sufficient value Tackifying resins are added to increase the dissipative properties at the usage adjust the glass transition temperature) [1]. When properly adjusted, the mes aggressively tacky to touch. These resins are unentangled oligomers hydrogenated hydrocarbon polymer chains ( < 1500 with the styrene sequence and only swell the entanglement network of higher glass transition temperature than the PI, so that the T The resins have thus two effects: a topological effect (isoprene swelling) and a thermodynamical effect (T g increase). Here, we use two commercial hydrophobic resins with a good thermal stability and low viscosity.

Table 2.4: Characteristics of the resins

In order to protect the unsaturations of the PI chains during the e °C, some antioxidants are added to the formula. Two commercial antioxidants primary antioxidant, with a phenolic structure. The second one is a secondary antioxidant, based on zinc dithiocarbonate.

Molecular structure of the primary antioxidant (left) and the secondary antioxidant (right)

This whole formulation leads to a transparent, elastic and sticky adhesive. It insures skin adhesion for the application.

The hydrophilic phase: sodium carboxymethylcellulose particles

Water absorption and permeability of the dressing are given by superabsorbent particles of CMC, homogeneously dispersed in the elastomeric matrix. CMC is a cellulose carboxymethyl groups bound to some hydroxyl groups of the cellulose backbone. Some of those groups are substituted with COONa functions ( water, the CMC is partially dissolved and forms a very viscous gel.

Resin 1 Resin 2 T g (°C)

74 36

M n (g/mol)

1150 60

but also a sufficient value to increase the dissipative properties at the usage . When properly adjusted, the ese resins are unentangled oligomers 00 g/mol). They are the entanglement network of higher glass transition temperature than the PI, so that the T g of the hus two effects: a topological effect (isoprene Here, we use two commercial nsaturations of the PI chains during the extrusion process commercial antioxidants

The second one is a

secondary antioxidant (right)
This whole formulation leads to a transparent, elastic and sticky adhesive. It insures

arboxymethylcellulose particles

f the dressing are given by superabsorbent CMC is a cellulose carboxymethyl groups bound to some hydroxyl groups of the cellulose ups are substituted with COONa functions (cf. Figure 2.6). In water, the CMC is partially dissolved and forms a very viscous gel. The CMC used in this work is carboxymethyl groups are substituted by COONa. CMC ground down to the smallest particle size comme around 700 kg/mol, intentionally high to maintain the cohesion of the gel formed after dissolution in water. The size of the particles distribution and morphology were The powder is polydispersed of the particles is not well defined. Yet particles are observed.

Adhesive blending and dispersion of the hydrophilic phase

Two steps are needed to produce the hydrocolloid matrix must be blended, and then the hydrophilic particles are added. In this work, two types of materials were studied: the single adhesive matrix and the whole hydrocolloid adhesive. They were both made which produces about 400 g of material

Adhesive matrix blending

The elastomer is stiff at room temperature, so blending. The temperature is set elastomer, the plasticizing oil an 30 rpm until an homogeneous are progressively added and The CMC used in this work is commercial Blanose 7H4XF carboxymethyl groups are substituted by COONa. This CMC is the highest molecular weight CMC ground down to the smallest particle size commercially available. Its mol g/mol, intentionally high to maintain the cohesion of the gel formed after The size of the particles is typically around 100 distribution and morphology were observed by optical microscopy (cf. Figure

Optical microscopic observations of dry CMC powder, realized with an optical microscope Zeiss Axio Observer A (TL mode, zoom x10)

The powder is polydispersed, with sizes varying from a few µm to 200 of the particles is not well defined. Yet the aspect ratio seems to larger than 1

ending and dispersion of the hydrophilic phase

Two steps are needed to produce the hydrocolloid-based system. Firstly, the adhesive , and then the hydrophilic particles are added. In this work, two types he single adhesive matrix and the whole hydrocolloid made in URGO Laboratories, in an intern IKA MELG g of material.

at room temperature, so that it must be softened set to 130°C, where the elastomer is a highly elastomer, the plasticizing oil and the antioxidants are introduced in the mixer, and blended at neous mixture is obtained (45 min to 1h). Then, the tackifying resins blended during 15 to 20 min. The adhesive matrix is thus 

Optical microscopic observations of dry CMC powder, realized with an inverse

from a few µm to 200 µm. The shape larger than 1: many rod-like ending and dispersion of the hydrophilic phase based system. Firstly, the adhesive , and then the hydrophilic particles are added. In this work, two types he single adhesive matrix and the whole hydrocolloid-based IKA MELG-45 mixer softened to facilitate the highly viscous fluid. The the antioxidants are introduced in the mixer, and blended at min to 1h). Then, the tackifying resins The adhesive matrix is thus obtained. It can be collected as is, leading to a transparent and very sticky material containing a lot of bubbles, or the CMC can be introduced in the same mixer.

CMC dispersion

While the temperature is kept constant to 130°C, the CMC particles are very progressively added (for 10 to 15 min). This step consequently increases the blend viscosity. The blend is then mixed for an extra 10 to 15 min. The mixer is finally drained. A yellow blend, less sticky than the pure matrix, is obtained. The color comes from the CMC response to temperature and may vary depending on its biological origin. The bubbles have almost disappeared: adding the CMC breaks the filmogel which was capturing them. Those materials can then be shaped according to the different characterization tests.

The standard formulation studied in this work contains 60%wt of adhesive matrix and 40%wt of CMC. The composition of the hydrophobic matrix is given in Table 2.9. 

Synthesis and characterization of alternative particles: organic hydrogels

Choice of the particles

In contact with water, the long linear chains of CMC dissolve and turn into a viscous fluid which is progressively eluted at the skin/adhesive interface. Blocking this flow by crosslinking the chains is the idea developed to overcome this problem (cf. Chapter 1). However, the CMC is a complex system: the shape and the size of the particles cannot be easily controlled, and any chemical modification is difficult. Thus, the direct crosslinking of the CMC was not considered. We decided in this work to replace the CMC by alternative hydrophilic particles. The choice of these hydrophilic particles was driven by several factors:

SIS

• they must be insoluble in water but still absorbent,

• their structure must be simple and versatile,

• their synthesis and shaping must be easily controlled.

Chemically crosslinked hydrogels are good candidates to fulfill these conditions. Many studies were carried out at the SIMM laboratory so that those model systems are very well known [2][3][4].

Hydrogels are macroscopic tridimensional networks formed of hydrophilic polymeric chains. They can absorb a large amount of water or biological fluids (typically more than 90% of their mass) and retain it within their structure. They do not dissolve in water thanks to chemical or physical crosslinks. They are very versatile systems with a large variety of systematic modifications available. Their structure and physicochemical properties can be finely tuned [5][6][7][8][9].

We focused here on investigating the impact of the physicochemical nature of the hydrogels on their capacity to stay trapped in the hydrophobic matrix. The effect of the swelling ability was studied by selecting hydrogels with high water absorption (polyelectrolyte) and moderate water absorption (neutral hydrogel) capabilities. Sweat and exudates contain some divalent ions (Ca 2+ ) capable of physically crosslink negative-charged molecules. This phenomenon may affect the behavior of the hydrophilic particles [10][11][12][13]. The sensisitivity to divalent ions was thus examined by synthesizing cationic and anionic polyelectrolytes. Finally a pH-sensitive hydrogel was chosen for its versatility. Four hydrogels were thus synthesized by conventional radical polymerization:

• A neutral hydrogel: polyacrylamide, PAAm The physicochemical properties of the hydrogels, such as their swelling capacity or their mechanical properties, depend on many parameters of synthesis:

• the monomer nature and concentration,

• the nature of the solvent,

• the initiator nature and concentration,

• the temperature and the duration of the reaction,

• the crosslinker nature and concentration,

• potentially, the degree of ionization.

Those parameters also control the kinetics and efficiency of the polymerization and crosslinking, and the heterogeneities within the gels. The dependence of the structure and properties of the hydrogels on these parameters are wellknown and described in the literature [7-9, 12, 14-27].

We kept all the synthesis parameters fixed to make sure that we only probed the effect of the monomer nature and to make the different systems comparable.

Another way to limit the elution of the hydrophilic phase is to introduce some interactions between the hydrophobic and the hydrophilic phases. To do so, some hydrophilic particles containing hydrophobic groups were also synthesized and blended with the adhesive. The hydrophobic functions were expected to increase the affinity of the hydrophilic phase with the matrix and to slow down the elution.

Statistical copolymers composed of methacrylic acid (MAA) and lauryl methacrylate (LMA) were synthesized by conventional radical polymerization in organic solvent. Single PMAA hydrogels were synthesized as control. The results of this study are not shown here because few differences were found between the two systems. Yet, the PMAA was included in the global comparison. But it is important to keep in mind that synthesis parameters are very different from the other series of hydrogels. 

Protocol of synthesis

Hydrogels were synthesized in ultra-purified water or organic solvent by free-radical polymerization of vinyl monomers (functionality f = 2) in the presence of a crosslinker (f = 4) and a free-radical initiator. The polymerization and the crosslinking by the N,N'methylenebisacrylamide (MBA) simultaneously occur during the synthesis. The reaction is thermally activated through the radical decomposition of an initiator which depends on the synthesis solvent:

• For syntheses in water, the initiator was potassium persulfate (KPS). The ratio

[ ] [ ] is set to 1%.
• For syntheses in organic solvent, the initiator was α,α'azobisisobutyronitrile (AIBN). The ratio

[ ] [ ]
is set to 0.5%.

The reagents are commercial and supplied by Sigma Aldrich. MBA, AIBN, AAm, AMPS and MAETAC are stored at 2°C after opening; AA and MAA are stored at -18°C after opening; and KPS is stored at room temperature. AA and MAA contain monomethylether hydroquinone (MEHQ) as a stabilizer: they were purified before using with a basic alumina column treatment. The purity is above 98% for all the reagents, except for the MAETAC which is an aqueous solution of monomer (concentration 80%wt).

Note: Previous studies at the laboratory showed that, for MAETAC, electrostatic repulsions cause severe problems in the synthesis of the gel, giving a very low yield. To overcome this problem, a statistical copolymer composed of MAETAC and AAm was synthesized. As a consequence, PAMPS was also synthesized this way to keep the degree of ionization constant. As AMPS and MAETAC have nearly the same molar mass, the same mass ratio polyelectrolyte/AAm was set for both copolymers to 2.33 -ie. a degree of ionization α equal to 0.44.

Synthesis in aqueous solvent (PAA, PAAm, PMAETAC, PAMPS)

Two types of synthesis were carried out: • Synthesis for hydrogels characterizations : 1 to 5 g of polymer • Synthesis for hydrocolloid-based adhesive production: 20 g of polymer We assume that the volume of the reaction media does not affect the final mechanical and physicochemical properties of the hydrogels, nor the inhomogeneities and heterogeneitites within the gels.

Synthesis for hydrogel characterizations

Aqueous solutions of MBA and KPS were prepared at 1%wt and 4%wt respectively. The KPS solution was deoxygenated for 30 min. The monomer(s), the MBA solution and the ultra-purified water were stirred in a sealed polypropylene vial and deoxygenated during 30 min. As acrylamide is a very reactive monomer [28] and to avoid any premature polymerization, the reaction medium was kept cold with an ice bath while deoxygenating. Depending on the type of characterization, the deoxygenation was done under nitrogen or partial vacuum -to avoid the development of bubbles in the gel. After this, the KPS solution was added and the system was placed at 60°C for 10 hours. For characterizations needing a controlled shape of the samples, the reaction media was transferred in sealed 5 mL or 2 mL cylindrical syringes before the polymerization. Partially hydrated hydrogels were thus obtained and stored at room temperature before use.

Synthesis for hydrocolloid-based adhesive production

In this case, a large amount of polymer is needed. But the size of the usual laboratory equipment is not suitable for such quantities. Besides, the more the reaction media volume increases, the more hydrogels become heterogeneous. Therefore, we chose an arbitrary maximum polymer mass for those syntheses.

An aqueous KPS solution was prepared at 4%wt and deoxygenated under nitrogen during 45 min. The monomer, the water and the MBA were introduced in a 250 mL balloon and stirred under nitrogen during 1h. The KPS solution was then added and the flask was placed at 60°C during 10h. Partially hydrated hydrogels were thus obtained and stored at room temperature before use.

Synthesis in organic solvent (PMAA)

Two types of synthesis were also carried out. The protocols are the same as described above. The only differences consist in the solvent and the initiator used (as the KPS is not soluble in organic solvent). The solvent is N,N-dimethylformamide (DMF) and the initiator solution is a AIBN in DMF solution at 1%wt. All other conditions remain constant.

Choice of the synthesis parameters

In order to obtain hydrogels with the same monomer molar concentration and degree of crosslinking, a large screening of syntheses was made on the different systems.

The monomer molar concentration was fixed in order to keep the number of monomer units between crosslinking points constant. It was chosen so that all the hydrogels have a good mechanical strength but are not too concentrated (ie. still transparent). The chosen value is c M = 1.6 mol/L. At this concentration, all hydrogels have a satisfying qualitative mechanical strength. As previously mentioned, the concentration for PMAA is different and set to c M = 4.7 mol/L. As the DMF is a very polar solvent which stimulates radical transfer reactions [29,30], the concentration needed to obtain a suitable gel is much higher than for hydrogels synthesized in aqueous solvent.

Although all the parameters of the hydrogel synthesis are well controlled and fixed, differences in the degrees of crosslinking are observed, due to differences in the crosslinking efficiency.

A low crosslinking efficiency reveals the presence of defects in the hydrogels due to specific reaction mechanism [23]: as the crosslinker is statistically incorporated during the synthesis, a poor control of the network structure results. The existence of those defects is widely discussed in the literature [25,28,[31][32][33] and two types can be found:

• heterogeneities: phase separations within the gels;

• inhomogeneities: fluctuations of the crosslinking degree within the gel. [32] classified the inhomogeneities into three categories: spatial, topological and connectivity inhomogeneities. The crosslinking efficiency mainly depends on the monomer concentration but is also inherent to the nature of the monomer [17,21,22,26]. Thus, it is easily understandable that the actual degree of crosslinking differs from the theoretical one and that a wide distribution of molar masses between crosslinking points M c is obtained. This considerably impacts the mechanical and physicochemical properties of the hydrogels.

Shibayama et al

To overcome this issue, hydrogels with different theoretical degrees of crosslinking were synthesized for all the systems (except for PMAA). The crosslinking efficiency and the actual average molar mass between crosslinking points were then determined using uniaxial compression tests. This study led to the choice of a unique effective degree of crosslinking for the different hydrogels. We will detail here the methodology and calculations made to reach this purpose.

Principle of the mechanical characterization of the hydrogels

The average degree of crosslinking was characterized by using uniaxial compression tests of the hydrogels in their preparation state. The protocol was previously developed in the laboratory [3]: the samples are prepared in sealed cylindrical syringes equipped with two pistons so that they can be used without extra cuttings, which ensures two parallel faces and a better experimental reproducibility. Deoxygenating was realized under vacuum to avoid bubbles formation. The dimensions were measured before each test and are about 8.8 mm for the diameter and 10 mm for the length. The test was carried out on a traction device Instron 5565. It consists in measuring the force F and the displacement δ as a function of time, with the respective sensitivities of 0.001N and 0.1 µm. The sample was set between two glass sheets and immersed in paraffin oil to avoid any water evaporation and ensure a good lubrication between the glass and the hydrogel. The gel and the glass were put in contact; then the measurement was carried out at constant speed 0.1 mm/s, corresponding to a strain rate of 10 -2 s -1 , until the linear region was passed (after a curve inflexion).

An example of a curve obtained with this procedure is given in Figure 2.13. As a convention, the force and the displacement are defined as positive. For each system, three to five samples were tested. The reproducibility for three different syntheses batches was checked on one system (PAA): no impact of the synthesis was found on the mechanical properties.

Based on the raw data and the initial dimensions of the sample, the nominal and the true stresses were calculated:

= Eq 2.1
with: S 0 = initial section of the sample.

The true stress was calculated assuming the incompressibility of the hydrogels in paraffin oil with a Poisson ratio υ = 0.5 (ie. the initial volume of the hydrogel is equal to its final volume after compression).

= = × Eq 2.2 = ℎ ℎ = ℎ -" ℎ Eq 2.3
with: h the sample length δ the displacement As shown Figure 2.14, the nominal and the true stresses were plotted as a function of the strain ε (also defined as positive):

# = ℎ -ℎ ℎ = " ℎ
Eq 2.4

Figure 2.14: Nominal and true stresses as a function of strain (Eq 2.4), calculated from the compression test depicted in Figure 2. 13 It is noticeable that the linear domain is more extended for the true stress compared to the nominal stress. The affine fit for the true stress gives the Young modulus E by applying the Hooke's law (σ = E.ε). However, due to experimental issues -such as capillary forces or the possible irregularities of one of the two faces of the cylinder -it is uncommon to associate a force equal to zero with a total contact. To this end, a regression of the linear domain was performed to determine the proper elongation of the cylinder: a shift of the displacement was made to obtain a force equal to zero for a displacement nil. A linear regression was then operated on the corrected true stress using this new displacement. As a consequence, the Young modulus slightly changes (see Figure 2.15). The shear modulus µ was finally calculated assuming the incompressibility of the hydrogels:

$ = % 2(1 + *) = % 3 
Eq 2.5 Determination of the hydrogels structure The previously described analysis was applied to all hydrogels at their preparation state. Based on the shear modulus µ 0 and the monomer concentration, the experimental average molar mass between crosslinking points -. could be calculated and compared to the theoretical one / .

Assuming that the polymer chains are ideal and Gaussian, the shear modulus can be related to the hydrogels structure with the phantom network model [34,35]:

$ = 01 21 - 2 3 4 × 5 5
Eq 2.6

with: R the universal gas constant, T the temperature, f the crosslinker functionality (f = 4 for the MBA) and

6 7 6
the number of elastically active chains per unit volume.

This last ratio represents the fraction of polymer chains which actually contribute to the elasticity of the network and reflects the presence of polymerization defects such as loops, free chains, dangling chains… Eq 2.6 can be rewritten:

$ = 01 2 × 8 -.
. * .,;. < Eq 2.7

with: 8 the polymer volume fraction, υ p,specific the polymer specific volume.

Note: the specific volumes of each polymer were experimentally estimated. The procedure will be described in section 2.3.2.

The experimental average molar mass between crosslinking points could thus be obtained:

-.

= 01 2 × 8 $ . * .,;. < Eq 2. 8 It can be compared to the theoretical value to calculate the crosslinking efficiency = :

/ = . 2 3 × [ ] [0]
Eq 2.9

= = / -.

Eq 2.10

with: M o the molar mass of the monomer.

Another way to write this relation is given by:

$ , / = 018 . * .,;. < × [0] [ ] Eq 2.11
Eq 2.11 shows the theoretical linear relation between the shear modulus and the crosslinker/monomer ratio of the hydrogel for a given monomer volume fraction. It can be used to estimate the crosslinking efficiency = ; by comparing the theoretical slope of µ 0 = f(

[?] [ ]
) with the experimental one.

Finally the effective degree of crosslinking could be calculated:

@ [0] [ ] A -. = 2.
-.

Eq 2.12

Three to five crosslinker/monomer ratios were tested for each polymer in order to choose a common value for all of them. The shear modulus was plotted as a function of the 

16: Dependence of the mechanical properties of the chosen hydrogels at state preparation on the crosslinker ratio. Experimental results (•) and affine regression (-).

The y-intercept is close to the zero, with a standard deviation close to what is observed for the individual elastic modulus measurements: the theoretical linear relation is indeed observed. The results are in good agreement with the phantom network model which supports its use for calculating the effective degree of crosslinking. The zero y-intercept also proves that entanglements are negligible at this polymer concentration.

Recap charts of all the results obtained are given in Table 2.17. As expected, the experimental average molar mass between crosslinking points is higher than the theoretical value for all the systems. Both calculation methods for the crosslinking efficiency lead to the same value, confirming that it does not depend on the initial crosslinker/monomer ratio. The crosslinking efficiencies for the PAA and P(MAETAC-co-AAm) are consistent with previous works at the laboratory [2,3].

PAAm Φ 0 c M (mol/L) [B] [C] µ 0 (kPa) C D EF (kg/mol) C D GHI (kg/mol) J D C J D K @ [B] [C] A GHI 0.
The final common effective degree of crosslinking selected for this study is 0.35%mol. The synthesis conditions for PAA, PAAm, P(MAETAC-co-AAm) and P(AMPS-co-AAm) hydrogels are listed in Table 2. 19.

PMAA synthesis conditions

PMAAs, at three different crosslinker/monomer ratios, were synthesized at the concentration c M = 4.7 mol/L. Uniaxial compression tests were carried out and the same analysis as described above was performed. The results are given in Table 2 An affine relation is observed between µ 0 and

[?] [ ]
, but with a negative ordinate-intercept. This observation questions the expression of the number of elastically active chains per unit volume considered until now. It can also explain the difference between the two values obtained for the crosslinking efficiency.

The crosslinker/monomer ratio finally selected is 1.5%mol, ie. an apparent effective degree of crosslinking equal to 0.34%mol -close to the chosen value for the other systems.

All the synthesis conditions are summarized Table 2.19: 

Φ m0 Φ 0 c M (mol/L) α [B] [C] @ [B] [C] A GHI PAA 0.

Shaping of the hydrophilic particles

After synthesis the hydrogels are partially hydrated. They need to be dried and shaped to be dispersed into the adhesive matrix. A previous step of purification is also required to remove all residual monomer, initiator, crosslinker or free chains from the hydrogels. The global shaping process is schematized in Figure 2.22.

Hydrogels purification

In the case of a conventional free-radical polymerization, the reaction is not ideal: monomers are partially converted because of early termination reactions and free polymer chains can be formed. Quantification of those extractable species was carried out on a PAA hydrogel (c M = 1.6 mol/L -

[?]

[ ] = 1%) to confirm those reactions and the necessity to purify hydrogels.

They were extracted and analyzed by gel permeation chromatography GPC (see protocol and analysis in Appendix A). The amount of extractable species was expressed as a weight percentage of extraction:

LM%OPMQRSMTUV = 100 × X - ;. ;

X . Y This analysis revealed that most of the extractable species are AA monomer and low molecular weight free PAA chains (M w ≃ 5 000 g/mol). The weight percentage of extractables is about 3%. The presence of residual initiator and crosslinker can also be assumed but they were not detectable with this method. This analysis confirmed the necessity to purify hydrogels after synthesis to avoid any uncontrolled interactions between extractable species and the adhesive matrix during blending. The purification is also essential to manipulate the materials in safe conditions since some of the residual monomers are toxic -AAm for instance. Hydrogels were purified by dialysis. After synthesis they were roughly ground and transferred in a 2L-bottle. PAA, PAAm and P(MAETAC-co-AAm) were dialyzed in pure water. P(AMPS-co-AAM) was purified in ethanol to avoid excessive swelling. The first dialysis bath for PMAA was DMF, the following bathes were ethanol. Purification was performed under stirring for at least one week. Dialysis bathes were regularly renewed.

Hydrogels drying

As the drying method can affect the final hydrogel properties, the conditions were the same for all the systems. After dialysis all the liquid was removed and hydrogels were placed in an oven at moderate temperature (≃ 40°C) until total drying.

Hydrogels shaping

Dry hydrogel powder with a controlled size distribution is needed to produce hydrocolloid-based adhesives.

After drying the hydrogels were ground at room temperature in a coffee grinder which reproduces the action of a conventional cutting mill. The particles morphology, obtained after simple grinding, was observed by optical microcopy and compared with the CMC particles morphology. An example of PAA dry hydrogel powder is given Figure 2.20. The size distribution is broad with particles from ≃10 µm to more than 200 µm. The grinding shape of the particles is different from that of the CMC particles with a smaller aspect ratio. However this grinding technique does not enable to control the particles size: an extra sieving step is needed.

Figure 2.20: Optical microscopic observations of dry PAA powder, realized with an inverse optical microscope Zeiss Axio Observer A (TL mode, zoom x10)

In order to estimate the effect of adhesives properties, the hydrogels particles 100 µm). Moreover the size distribution should be narrow enough to avoid any pa effect. Yet only a small amount of the sieving step brings about particles loss, a compromise must be particles with a satisfying size distribution. This necessarily leads to an increase in the size distribution. The chosen size range is: 63 size.

A grinding/sieving technique was perfo distribution and the particles loss. After a first grinding, the hydrogel powder vibratory sieve shaker (Retsch AS200 Basic (diameter = 200 mm -grid (d > 125 µm) was ground again before a new upper fraction weighed less than the different dried hydrogels corresponding to three size distributions:

• d < 63 µm • 63 µm < d < 125 µm • d > 125 µm
The intermediate fraction was chosen to be incorporated int the effect of changing the nature of the particles on hydrocolloid hydrogels particles size must be close to the CMC µm). Moreover the size distribution should be narrow enough to avoid any pa effect. Yet only a small amount of hydrogel can be synthesized at the same time ( the sieving step brings about particles loss, a compromise must be fou particles with a satisfying size distribution. This necessarily leads to an increase in the size

The chosen size range is: 63 µm < d < 125 µm, with d the particles characteristic A grinding/sieving technique was performed to limit both the increase in size distribution and the particles loss. After a first grinding, the hydrogel powder Retsch AS200 Basic) during 1h with stainless steel size = 63 µm / 125 µm). Then the upper powder fraction was ground again before a new 1h sieving. These steps were repeated until the upper fraction weighed less than 2 g. The grinding durations were adapted to the stiffness of ried hydrogels (see Table 2.21). Finally three fractions were obtained, corresponding to three size distributions: fraction was chosen to be incorporated into the adhesive matrix. on hydrocolloid-based size must be close to the CMC particles size (≃ µm). Moreover the size distribution should be narrow enough to avoid any particle size hydrogel can be synthesized at the same time (≃ 20 g). As found to get enough particles with a satisfying size distribution. This necessarily leads to an increase in the size , with d the particles characteristic the increase in size distribution and the particles loss. After a first grinding, the hydrogel powder was sieved in a stainless steel Retsch test sieves Then the upper powder fraction se steps were repeated until the adapted to the stiffness of Finally three fractions were obtained, o the adhesive matrix. The differences in particles shape and size distribution between CMC and synthesized hydrogels powders should be kept in mind. They can affect the final mechanical and swelling properties of hydrocolloid-based adhesives even if hydrogels were shaped to minimize those effects. 

PAAm P(MAETAC-co-AAm) P(AMPS-co

Hydrogels characterizations

Two aspects of the hydrophilic particles were investigated:

• Thermal properties: as the dry powder is added to the adhesive matrix at high temperature (130°C) for 30 min, its thermal resistance and stability must be checked; • Physicochemical properties: the affinity with water and the powders density were characterized.

These experiments were carried out on hydrogels right after synthesis -in the partially hydrated state -or on dry powders.

Thermal properties

Thermal resistance and stability

The thermal resistance of the dry hydrogels powders was studied by thermogravimetric analysis (TGA). Tests were carried out on a Q600 TA Instruments TGA with no preliminary drying. A temperature ramp from 20°C to 100°C was made at 20°C/min, followed by an isotherm at 100°C for 10 min. This first step evaporates the water and enables to quantify the water content in the hydrogel powder. A second ramp was then applied from 100°C to 600°C at 20°C/min to determine the decomposition temperature. As the blending with the adhesive matrix occurs under air at atmospheric pressure, tests were performed under an O 2 /N 2 combination in air proportions. The gas flow was set to 50 mL/min. A preliminary equilibrium step was applied during 10 min at room temperature to set the testing atmosphere.

The thermogravimetric curve represents the remaining weight percentage of the sample as a function of temperature. An example of a thermogram is given 

23: Thermogravimetric analysis of P(MAETAC-co-AAM)

The first sharp decrease in weight corresponds to the water loss. The second one indicates the thermal degradation of the system. The decomposition temperature was obtained from the derivative signal and defined as the beginning of the peak. Results are summarized in Table 2. 24.

A second analysis was performed to evaluate the thermal stability of the hydrogel powders during the blending process (130°C for 30 min). In this experiment, after a preliminary equilibrium step (10 min at room temperature), a temperature ramp from 20°C to 100°C followed by a 10 min isotherm was applied to remove water. The temperature was then raised to 130°C and kept constant during 1h. The weight loss was measured for all the systems. The results are given in Table 2.24.

Thermoanalytical analysis

Glass transition temperatures of dry hydrogel powders were estimated by differential scanning calorimetry (DSC) on a Q200 TA Instruments device. Tests were carried out in hermetic aluminum pans type, with a pierced lid to avoid any excessive pressure due to water evaporation. Three temperature ramps were realized at 10°C/min:

• heating: 20°C to 200°C -to erase the thermomechanical history of the material,

• cooling: 200°C to 20°C,

• heating: 20°C to 200°C.

For PAAm, the upper limit for temperature was raised to 220°C. The last heating ramp is used to estimate the glass transition temperatures. Results are given in All the hydrogels are thermally stable during blending. Their decomposition temperatures are far above the mixing temperature and no weight loss is observed at 130°C during the whole blending duration. Their water contents are low and similar for all systems so that powders were used without preliminary drying.

The glass transition could not be observed for most of the systems. This can be due to a signal too low to be detected, or to the fact that the glass transition temperature is higher than the degradation temperature -as for CMC and PMAA. The PAA and PAAm T g values are consistent with the literature: they are higher than the expected value for linear polymer as they are crosslinked networks. The proximity of the T g (PAA) with the blending temperature should be pointed out, this will be discussed in section 3.2.

Physicochemical properties

Powder density

The powder density at room temperature was experimentally measured with a pycnometer. About 1 g of powder was introduced in a 25 cm 3 glass density bottle. N-heptane was used as a fluid medium because it does not swell any studied hydrophilic particles. The volume associated to the powder quantity was determined and the density d hydrogel was calculated.

The density leads the polymer specific volume * ;. < . Y and the partial molar volume of the repeat unit a :

* ;. < . Y = 1 b /Y c Eq 2.13 a = b /Y c
Eq 2.14

In the case of the copolymer P(MAETAC-co-AAm), the partial molar volume was not calculated because the molar mass of the repeat unit is not precisely defined. However the specific volume could be estimated, so that the specific volume of pure MAETAC could be estimated by using the experimental data from PAAm:

* ;. < . Y = * ;. < defdg × %LM h%1hi + * ;. < dd × %LMhhX Eq 2.15
The density of pure PAMPS was experimentally determined. The specific volume of P(AMPS-co-AAm) copolymer was then calculated using Eq 2.15.

The experimental partial volumes were compared to the literature [36]. Partial volumes were also calculated using the increment method described by Durchschlag and Zipper [START_REF] Durchschlag | Calculation of the partial volume of organic compounds and polymers[END_REF]. The results are summed up Table 2.25: 

[ Fj[k\`Gl m KIGD^n^D Fj[k\`Gl (cm 3 /g) o ]\_\]Gk GHI (cm 3 /mol) o ]\_\]Gk EF [36] (cm 3 /mol) o ]\_\]Gk DplDqlpEG[ (cm 3 /mol) CMC 1.37 - - d ≃ 1.
P(AMPS-co-AAm) 1.52 0.66 - - - Table 2.

25: Density and specific volume of hydrophilic particles

The experimental partial molar volumes are consistent with the theoretical and calculated ones. The experimental specific volume values were used to calculate the effective degrees of crosslinking of the different systems as explained in section 2.2.2 (Eq 2.8).

Equilibrium swelling

The affinity of hydrogels with water at room temperature was characterized with equilibrium swelling experiments in aqueous media. The impact of grinding on swelling was estimated by studying hydrogels right after the synthesis -in the partially hydrated state -and after the shaping process described in 2.2.3. The grinding process should not affect the hydrogels structure and their physicochemical properties [START_REF] Legrand | Etude du gonflement et de la floculation de gels de polyélectrolytes : application à la déshydratation des boues de station d'épuration[END_REF].

Experiments on partially hydrated hydrogels

Cylindrical samples of hydrogels were synthesized as described section 2.2.1. Pieces of ≃1 g were immersed in 100 mL of an aqueous medium and stored in a sealed flask at room temperature. The swelling medium was renewed every day during one week. The final mass m equilibrium was measured after removing any water excess from the surface. The dry sample weight m dry was obtained after total drying at 100°C for 3 to 5 days. Two aqueous media were tested: pure water and physiological saline. Physiological saline is widely used in the pharmaceutical industry to imitate sweat and exudates. It contains sodium chloride NaCl and divalent ions of calcium CaCl 2 at 0.142 mol/L and 3.3.10 -3 mol/L respectively. No pH control was operated except for PAA hydrogels.

The mass swelling ratio was calculated:

r s = X t X . Y with: X . Y = u X Y X Y -X ; @
for pure water for physiological saline X ; = (S v g + S g g w ).

X t -X Y b ./Y; c ; For each system, three samples were tested. The reproducibility for three different syntheses batches was checked on one system (PAA): no impact of the synthesis was found on the swelling properties.

The results will be shown in chapter 3.

Experiments on hydrogel powders

The equilibrium swellings obtained from partially hydrated hydrogels were compared to the swellings measured from dry powders.

Hydrogels powders (≃ 0.1 g) synthesized as described in section 2.2.1 were introduced in 10 mL measuring cylinders and their initial volume V 0 was estimated from the initial mass of the introduced powder and the density. Solutions of pure water or physiological saline were added (≃ 10 mL). The final volume V eq was measured. The volume swelling ratio was thus calculated:

r = a t a . Y = a t a
The corresponding mass swelling ratio was then calculated as:

r s = 1 + (r -1). b ; x b /Y c
For each system, five samples were tested. The reproducibility for three different syntheses batches was checked on one system (PAA): no impact of the synthesis was found on the swelling properties.

The results will be shown in chapter 3.

Swelling kinetics in physiological saline

In order to compare the the kinetics of swelling of hydrogels hydrogels synthesized as descri of physiological saline and stored in a sealed flask at room temperature. The swelling medi was renewed every hour the first day to remove all extractable species released during the swelling. Samples were regularly days. The sample mass m(t) was measured after removing any water excess The dry sample weight m dry was obtained after total drying at 100°C for 3 to 5 days. instant mass swelling ratio was The results will be shown and discussed

Dispersion of the hydrophilic particles in the adhesive

Dispersion protocol

Hydrocolloid-based adhesives were recreated using the adhesive matrix described section 1.3 and the alternative hydrophilic particles powders synthesized as shown 2.2. The substitution of the CMC SIMM laboratory in a DSM Xplore Twin Screw Compounder conditions were comparable to those employed in 

in physiological saline

In order to compare the affinity of the different systems with physiological secretions, the kinetics of swelling of hydrogels was estimated from partially hydrated hydrogels synthesized as described in section 2.2.1. Pieces of ≃ 1 g were immersed in 100 of physiological saline and stored in a sealed flask at room temperature. The swelling medi was renewed every hour the first day to remove all extractable species released during the Samples were regularly removed from the flask to be weighed during about three was measured after removing any water excess was obtained after total drying at 100°C for 3 to 5 days. instant mass swelling ratio was thus calculated and plotted as a function of time:

r s (M) = X(M) X . Y
shown and discussed in chapter 3. 

Dispersion of the hydrophilic particles in the adhesive

26: DSM Xplore Twin Screw Compounder -15cc

The scale difference between adhesives produced in the URGO Laboratories ( adhesives made in the DSM compounder (≃ 12 g) might result in studies comparing CMC-based adhesives produced in URGO and at the Chapter 2: Materials and Methods different systems with physiological secretions, was estimated from partially hydrated cylindrical g were immersed in 100 mL of physiological saline and stored in a sealed flask at room temperature. The swelling medium was renewed every hour the first day to remove all extractable species released during the from the flask to be weighed during about three was measured after removing any water excess at the surface. was obtained after total drying at 100°C for 3 to 5 days. The thus calculated and plotted as a function of time:

Dispersion of the hydrophilic particles in the adhesive

based adhesives were recreated using the adhesive matrix described in and the alternative hydrophilic particles powders synthesized as shown in section made hydrogels powders was realized at the ). The experimental .

aboratories (≃ 400 g) result in properties based adhesives produced in URGO and at the SIMM [START_REF] Wanakule | Effect of humidity on adhesives with hydrophilic CMC particles[END_REF] showed that mechanical, adhesive and absorbing properties were not affected. We will assume in this work that the blending conditions at the SIMM laboratory can be assimilated to the URGO process. Hydrogels particles were dispersed in the adhesive matrix through the twin screw compounder without preliminary drying. The proportions are the same as for the commercialized hydrocolloid-based wound dressings: 60%wt of adhesive / 40%wt of hydrophilic particles.

The mixing parameters -order in which the components are added, temperature, screw velocity -were optimized to obtain a satisfying dispersion of the particles: Due to practical constraints, the adhesive was introduced in the compounder in its elastic state. The temperature was set to 130°C which represents an effective blend temperature equal to 127°C. The incorporation of the particles is a sensitive step: the rotation speed of the screws must be low enough to avoid any aggregation of the particles into clusters and a blocking of the screws. This is also a key parameter to improve the quality of the dispersion.

Issues on adhesives

The protocol described above was successfully employed to produce new hydrocolloid-based adhesives. Nevertheless the PAA-based adhesive did not lead to a suitable material (see Figure 2.28).

Figure 2.28: PAA-based adhesive aspect after blending

Two main problems were observed on this system: a darkening of the adhesive and the agglomeration of the particles. The origin of those phenomena was investigated to optimize the blending conditions.

Origin of the adhesive darkening

Two hypotheses can be proposed to explain the darkening of the adhesive during the process step:

• the degradation of the adhesive,

• some interactions between the particles and the matrix during the blending process.

Degradation of the adhesive?

Three potential types of degradation are plausible:

-crosslinking of the adhesive chains, -polyisoprene thermooxidation, -chains scission. No crosslinking was observed since the solubility of the matrix in tetrahydrofurane (THF) was not affected after the blending process. Some ATR-IR experiments did not reveal any thermooxidation. Chain scission was checked with GPC experiments on the adhesive matrix before and after blending. The adhesive matrix was extracted and isolated in THF after mixing. No difference was noticed between the two GPC signals in THF. So no chain scission occurred during the blending.

In conclusion, no thermal degradation of the adhesive matrix was observed.

Matrix/particles interactions?

The PAA used for this blend was not purified before its shaping into particles. It is therefore possible that extractable species from the particles interact with the adhesive matrix during the hot mixing step.

Another blend was made using commercial linear PAA powder from Sigma Aldrich (M w = 4 000 kg/mol). This polymer is highly purified.

Figure 2.29: PAA-based adhesives with home-made crosslinked PAA particles (left) and commercial linear PAA powder (right). T blend ≃ 100°C

No darkening was observed with the commercial powder. The adhesive darkening is thus due to extractable species contained in the synthesized PAA hydrogels. In the processing conditions (high temperature, presence of dioxygen, concentrated medium), it is likely that reactions can occur between some remaining KPS -a strong oxidant -and the unsaturations of the polyisoprene. It is also possible that the KPS reacts with remaining hydroquinone in the AA monomer, leading to this characteristic dark coloration. This darkening phenomenon does not seem to have any influence on the final adhesives properties since it is not associated with any clear degradation. However this experiment confirmed the necessity to carefully purify the hydrogels.

Origin of the particles agglomeration

After blending, the average particle size considerably increases: from ≃ 100 µm to a few mm. This increase is probably due to as an agglomeration of the particles during the process, which is likely due to:

• a degradation of the PAA,

• a modification of the interactions between the particles with temperature.

Degradation of the PAA?

After blending PAA particles were extracted by dissolution of the adhesive matrix in THF, they were then washed and dried.

No GPC experiments could be done since hydrogels are crosslinked. Nevertheless no coloration was observed and the hygroscopic behavior of the particles was not affected. Moreover, the thermal stability of the PAA hydrogels was previously checked. This combination of observations strongly suggests that no PAA degradation occurred during blending.

Modification of the interactions between the particles with temperature?

A potential hypothesis to explain the agglomeration of the particles during blending is a softening of the PAA particles occurring during mixing since their glass transition temperature is close to the process temperature. No direct proof was found but two facts seem to validate this hypothesis.

First, another PAA-based adhesive was made in the conditions described in section 3.1 but with a reduced blending temperature of 100°C. Agglomeration of the PAA particles was still observed but the extraction of the particles showed that they were smaller than particles obtained from blending at 130°C as suggested in Figure 2.30.

Figure 2.30: Extracted PAA particles from an adhesive blended at 130°C (left) and 100°C (right)

Second, the PAA hydrogel was partially neutralized (α = 72%) and introduced into the adhesive matrix (protocol in section 3.1). The Polymer Handbook [36] predicts a glass transition temperature equal to 230°C, far above the process temperature. In this case no agglomeration was observed.

These two experiments suggest a strong influence of the gap between the blending temperature and the glass transition temperature of the hydrogel. If T g ≃ T blend it can be assumed that the particles are soft enough to interact and agglomerate but not enough to reorganize themselves within the adhesive which leads to an increase in their size.

Consequences on the formulation of the alternative adhesives

The issues previously discussed do not affect hydrocolloid-based adhesives made from PAAm, PMAA, P(MAETAC-co-AAm) nor P(AMPS-co-AAm). The only systems affected were PAA-based adhesives, which were replaced by partially neutralized poly(sodium acrylate), NaPAA.

Synthesis of the NaPAA particles

NaPAA particles were obtained from partial neutralization of pre-synthesized PAA hydrogels with sodium hydroxide rather than from direct synthesis. Indeed previous work in the laboratory [3] showed that the structure of PAA hydrogels synthesized in alkaline medium is less controlled than the one of hydrogels synthesized in acid or neutral medium. Moreover, the kinetics of polymerization is affected by alkaline conditions.

A PAA hydrogel was first synthesized according to the protocol described in section 2.2.1. Synthesis parameters (monomer concentration and degree of crosslinking) are the same as for PAA gels. The hydrated hydrogel was then roughly ground and purified by dialysis in ethanol to avoid any excessive swelling and damage during the neutralization. A solution of sodium hydroxide in a water/ethanol mixture (50/50) was then progressively added during about 8h under strong stirring. The selected degree of ionization is α = 0.72.

NaPAA hydrogels were finally shaped as described in section 2.2.3.

NaPAA particles characterizations

Neutralization was assumed not to affect the network structure and only acid -COOH groups were substituted with ionized -COONa groups.

Thermal properties (see section 2.3.1) were investigated. The glass transition temperature could not be observed by DSC. Thermal stability is the same as for PAA hydrogels. Only the water content in dry powder increases due to the increase of water affinity of the ionized groups.

Swelling properties were characterized only for dry powders since no partially hydrated NaPAA hydrogels could be obtained with this synthesis method. No swelling kinetics was carried out on powders. 

y ]z y z c M (mol/L) [B] [C] @ [B] [C] A GHI Water content

Characterization of adhesives

A pure adhesive matrix and adhesive blends were characterized. Thermo-mechanical properties and affinity with water were investigated. The dispersion quality was not studied since the two phases can hardly be distinguished by optical microscopy.

Mechanical properties

Dynamic rheological measurements were performed to characterize the mechanical properties of the pure adhesive matrix, to evaluate the effect of the incorporation of particles and to investigate the evolution of the viscoelastic properties during usage of the adhesive. Mechanical properties in large and small strain were studied with linear rheology and extensional rheology respectively. Indeed wound dressings deform both at low strains -during shear upon contact with the skin or during the early stages of particles swelling -or at high strains -during detachment of the adhesive from the skin, or in the later stages of particles swelling. The influence of water absorption was also estimated.

Linear rheology

Principle of the measurements

Rheological experiments were carried out on a stress-controlled rheometer Anton Paar Physica MCR 501. The parallel plate geometry (diameter 8 mm) was chosen. This geometry is suitable for elastic materials and provides a large range of shear rates. However shear rate cannot be considered as constant in the whole sample. The temperature of the sample chamber was controlled with a nitrogen cooling device.

Figure 2.32: Schematic representation of the parallel plate geometry

In these experiments, the dependence of the viscoelastic properties of the material on frequency { is characterized through a shear test under an applied sine-strain |(M) at constant temperature [START_REF] Halary | Mécanique des matériaux polymères[END_REF]:

| = | sin ({M)
The material response is characterized by a phase shift " of the stress €(M) compared to the applied strain:

€ = € sin ({M + ")
Thus three physical quantities can be defined: G' the storage modulus in phase with the applied strain, G" the loss modulus at 90° out of phase with the strain, and tan" the loss angle tangent.

•′ = € | SUƒ" •" = € | ƒTV" tan " = ƒTV" SUƒ"
After the determination of the linear regime at different temperatures, a double temperature and frequency sweep was performed. The temperature range was [0°C; 80°C] with 3°C jumps between each frequency sweep. The frequency was varied from 10 -2 Hz to 10 Hz.

Note:

The adhesive matrix is sufficiently sticky to adhere to the pans of the rheometer and avoid any interfacial slippage. Therefore, no pre-sticking step at high temperature was performed. Yet, since the overall hydrocolloid-based adhesive is less sticky than the unfilled matrix, a pre-sticking step at ≃ 50°C was performed while a positive normal force (F N = 0.5 N) was applied.

Samples geometry

Adhesive disks were cut to suit the chosen geometry -diameter = 8 mm / thickness ≃ 3 mm. The pure adhesive matrix was first degassed at 80°C under vacuum. Samples for rheology were then punched. Hydrocolloid-based adhesives were not degassed under vacuum to avoid any particles decantation. They were instead hot pressed at 130°C in a mold with a controlled thickness. This step is sufficient to remove air bubbles, as long as the pressure is released after cooling at room temperature.

The reproducibility of the G' and G" values for two different batches of the pure adhesive matrix was checked. The viscoelastic properties depend little on the mixing process.

Data treatment: construction of the master curves

The time-temperature equivalence principle was used to build master curves, which expand the frequency range over which the material mechanical response is characterized for a given reference temperature. Here the reference temperature was chosen close to the skin surface temperature T 0 = 38°C. The construction relies on the superposition of frequency sweeps of •'({) and •"({) in the linear regime over a wide range of temperatures.

Each point of the G' and G" master curve was obtained by horizontally and vertically shifting the experimental G'({, T j ) and G"({, T j ):

• ˆ(1 ‰ , ŠU‹{) = OE ‰ × 1 ‰ OE × 1 . • ˆ(1 , log (R f‰/f × {))
The horizontal shift factor is R f‰/f < . The vertical shift factors ' f‰/f reflect the change in sample density with temperature:

' f‰/f = OE ‰ × 1 ‰ OE × 1
Since the storage and loss modulus are mathematically linked by the Kronig-Kramers relations [START_REF] Ferry | Viscoelastic properties of polymers[END_REF], G'({, T) and G"({, T) are expected to be shifted horizontally and vertically with the same factors. As a consequence the horizontal shift factors were calculated by superposing the measurements of MRV " ({, 1) in a first step and the vertical shift factors ' f‰/f were calculated by superposing •"(R f‰/f {, 1 ) in a second step.

Experiments in a wet environment

The effect of water plasticization was investigated for the pure adhesive matrix. Cylindrical adhesive patches made as described above (diameter = 8 mm but thickness ≃ 1 mm) were immersed into pure water for one month. Rheological measurements were then carried out on a strain-controlled ARES LS1 TA Instrument equipped with a Peltier device to regulate the temperature. The lower plateau was adapted to keep the sample immersed in water during the whole experiment and avoid any water loss.

After the determination of the linear regime, a double temperature and frequency sweep was performed. The temperature range was narrower because experiments were carried out in water: {10°C; 25°C; 37°C; 45°C; 65°C}. Each temperature jump was followed by an equilibrium time (1h). Frequency was varied from 10 -1 rad/s to 100 rad/s.

Data treatment was realized as described in the previous paragraph. Since another rheometer was used for this experiment, the dry adhesive was also tested with this protocol to compare results.

Extensional rheology

Principle of the measurements

The non-linear behavior of the adhesives at the skin surface temperature (T = 37°C) was characterized by using Sentmanat Extensional Rheolgy (SER) universal testing platform specifically designed by Sentmanat [START_REF] Sentmanat | Measuring the transient extensional rheology of polyethylene melts using the SER universal testing platform[END_REF]. This device is a detachable extensional rheometer fixture which is adjustable on commercially torsional rheometer systems. This geometry was used on an Anton Paar Physica MCR 501.

The SER consists of two drums mounted on bearings housed within a chassis and mechanically coupled via intermeshing gears. Rotation of the drive shaft leads to the rotation of the two drums in two opposite directions. Since the tested sample is stuck to the drums, this rotation results in uniform stretching over an unsupported length L 0 . Temperature is controlled and monitored through a closed chamber. SER experiments provide the mechanical response to an elongation at constant Hencky strain rate #' " far above the linear regime.

Figure 2.33: SER geometry mounted on

The Hencky strain #' " is the true strain and is defined by convent with: l 0 the initial sample l(t) the sample length during stretching, λ the sample elongation.

For a constant drive shaft rotation rate sample:

with: R the drums radius.

The material resistance to elongation is expressed as a tangenti manifests as a torque M(t) (Eq with: A 0 the initial sample section h 0 the initial sample width e 0 the initial sample thickness During the experiment, the Hencky strain rate is constant. Consequently the instantaneous cross-sectional area A(t) decreases exponentially with time. is the true strain and is defined by convention as:

# " = " bℓ ℓ ( ) - = ŠV Š(M) Š = ŠV
the initial sample length, l(t) the sample length during stretching, the sample elongation.

e shaft rotation rate Ω, a constant Hencky strain rate is applied to the

#' " = 2Ω0 ˜
resistance to elongation is expressed as a tangential force Eq 2.18). The nominal stress v can thus be obtained (

(M) = 20 (M) v (M) = (M) h = (M) × O
the initial sample section, the initial sample width, the initial sample thickness.

uring the experiment, the Hencky strain rate is constant. Consequently the instantaneous decreases exponentially with time. a constant Hencky strain rate is applied to the Eq 2.17

al force F t (t) which then can thus be obtained (Eq 2. 19).

Eq 2.18

Eq 2. 19 uring the experiment, the Hencky strain rate is constant. Consequently the instantaneous

mm h(M) = h 2 OE ; OE 4 w ™ ⁄ exp (-#' " . M) Eq 2.20
# " = #' " × M Eq 2. 21 with: ρ s the material solid state density, ρ M the material melt density.

Since the experiment was performed at a temperature close to room temperature, ρ s was assumed to be close to ρ M . No volume expansion during the test was also supposed. The true stress f can thus be expressed:

f (M) = M (M) h(M) = M (M) h 0 exp (#' ž × M) Eq 2.22
Finally the tensile stress growth function = e Ÿ (M) of the stretched sample for a given Hencky strain rate was calculated:

= e Ÿ (M) = 1 (M) #' ž = M (M) #' ž × h 0 exp (#' ž × M) Eq 2.23
This function is called transient extensional viscosity. It is conventionally plotted as a function of time for different #' " values.

Experimental procedure

Samples preparation was made using the degassed materials shaped for linear rheology. An extra step was needed to decrease their thickness close to 0.5 mm (hot press at 80°C). Then fine strips were cut to obtain rectangular samples with typical dimensions: e 0 ≃ 0.5 mm / l 0 ≃ 6 mm / L 0 ≃13 mm The dimensions e o and l 0 were carefully measured prior to loading on the SER. A preliminary equilibrium step at T = 37°C was applied during 15 min. Experiments were then performed over a large range of Hencky strain rates: {10 -3 ; 10 -2 ; 10 -1 ; 1; 5} s -1 .

For each system and each #' " condition, four to five samples were tested. The reproducibility for two different melting batches was checked on the adhesive matrix. The non-linear mechanical behavior depends little on the melting process.

Affinity with water

The affinity with water of the different formulated hydrocolloid-based adhesives was investigated by swelling experiments in aqueous media. This kind of test also reveals a potential particles elution from the matrix.

Hydrocolloid-based adhesives were produced as described in section 3. All systems identified in section 2 were studied. Adhesives were previously shaped by hot pressing at 130°C in a mold. Rectangular samples were obtained with typical dimensions: 3×3×0.3 cm 3 . Square pieces of adhesives were cut and their dimensions (h 0 , l 0 , L 0 ) were carefully measured as well as their initial weight m 0 . The same initial dimensions were chosen for all systems since swelling kinetics depends on sample size and surface. They were typically: 1×1×0.3 cm 3 .

Swelling kinetics experiments were carried out in two aqueous media. First, swelling in pure water was realized to test the material limits. Indeed this condition is very severe because pure hydrogels swelling is maximal in this media. Moreover, in that case, the material undergoes a tridimensional flow which is not very realistic considering the actual application. The second tested media was physiological saline -a more realistic medium considering the nature of the absorbed exudates.

Samples were placed in a closed flask and the swelling medium -previously equilibrated to 37°C -was added. The water/adhesive mass ratio was kept constant at 365 to minimize the effect of potential released extractable species on swelling behavior. The overall device was transferred into an oven which set the temperature to 37°C for 2 to 5 days. Samples were regularly removed from the flask to be characterized. The sample mass m(t) and dimensions (h(t), l(t), L(t)) were measured after removing any water excess at the surface. The instant mass and volume swelling ratios were thus calculated and plotted as a function of time:

r(M) = ℎ(M). Š(M). ˜(M) ℎ 0 . Š 0 . ˜0 r L (M) = X(M)
X UŠ¡XOQ Note: For highly swelling adhesives, dimension measurements are not sufficiently relevant because they are less and less accurate as samples swell. Mass swelling ratio was mainly used for results interpretation. In addition, adhesives soften while swelling and pieces can detach during their handling. Therefore measurements are less precise for high Q w values.

For each system, three to five samples were tested. The reproducibility for two different mixing batches was checked on the CMC-based adhesive. The magnitude and rate of swelling can vary because of the variations in the particles distribution and particles/adhesive ratio but the overall behavior, and in particular the kinetics, is reproducible. This experiment is above all else a qualitative test which gives a good idea of the affinity with water and the particles behavior (elution or "confined" swelling).

Conclusion

In this chapter, the commercially available hydrocolloid-based wound dressing used as a reference system was presented, as well as the systematic modifications of the composition which were performed.

The description of the reference system revealed a complex structure with a multi-scale heterogeneity. The elastomeric hydrophobic phase is composed of a microphase-separated structure highly diluted in additives. The glassy hydrophilic particles of carboxymethylcellulose have a complex morphology and exhibit a wide distribution of particles size.

Model systems of crosslinked hydrogels were chosen to replace the CMC particles in the reference system. The nature of the physico-chemical nature of the hydrophilic phase was modulated by selecting different hydrophilic monomers. The impact of the swelling capability, of the sensitivity to ionic strength and divalent ions or of the nature of the ionic groups was for example considered. Thus, five model hydrogels were proposed: a polyelectrolyte containing the same ionic groups as the CMC (NaPAA), a cationic polyelectrolyte (PMAETAC), an anionic polyelectrolyte (PAMPS), and two neutral hydrogels (PAAm, PMAA). These hydrogels were synthesized by conventional radical polymerization. Since the synthesis parameters strongly impact the physico-chemical properties of the hydrogels, they were carefully set to limit any uncontrolled effect on the final properties of the hydrocolloid-based adhesives. The initial concentration in monomer and the degree of crosslinking was thus fixed to fulfill this condition. The size and the shaping process of the particles were finally controlled to limit the effect of the morphology of the particles.

The protocol of dispersion of the hydrophilic particles in the adhesive matrix was then described. Several issues were raised, especially the necessity to work on hydrogel powders which do not degrade or agglomerate at the temperature of mixing. The composition of the hydrocolloid-based adhesives was set to 40%wt of particles in order to avoid any supplementary effect of the morphology of the system.

Finally, the experimental techniques used to characterize our materials were presented. Rheological measurements at small and large strains will be used to characterize the mechanical properties of the different adhesives. Swelling experiments will be carried out to estimate the affinity with water of the different hydrophilic particles. The adhesive properties and the permeability to water vapor were also investigated. The description of the experimental setup will be deeply detailed in chapter 4 and 5.

Introduction

Preliminary studies carried out on the hydrocolloid-based adhesives showed that the loss of adhesion after a long contact with water was due to the progressive dissolution and elution of the carboxymethylcellulose particles. However, it was not clear why the assumed elastic pressure sensitive adhesive where they were dispersed could allow the particles to flow out. In this chapter, further investigations of the rheological properties at small and large strain rates will be carried out on the pure adhesive matrix and the CMC-based adhesive.

With a view of further studies of the adhesive properties in a wet environment, the rheological properties of the pure adhesive matrix and the CMC-based adhesives will also be characterized in humid and wet environments.

The swelling properties of the alternative hydrophilic particles will be studied in order to differentiate the different alternative hydrophilic particles. These experiments will also provide the first elements to estimate the impact of the nature of the monomer used for the production of the hydrophilic particles on their swelling capability and their swelling rate. These properties will be qualitatively compared to theoretical prediction to validate the experimental protocols.

Finally, the effect of the addition of the hydrophilic particles on the mechanical properties of the pure adhesive matrix will be investigated. Rheological properties at small and large strain rates can indeed provide some indirect signature of potential interactions between the adhesive matrix and the hydrophilic particles.

Mechanical behavior of the pure hydrophobic matrix

The viscoelastic properties of the pure adhesive matrix were characterized by rheological techniques over a large range of loading conditions as mentioned in chapter 2. These properties were studied at small strains as well as at large strains to provide a large spectrum of mechanical responses and the elements to understand the evolution of the hydrocolloidbased adhesive during its usage. Since the matrix will be used in the presence of water, the impact of water absorption on its rheological properties was also characterized.

Linear rheology

The mechanical response of the adhesive matrix was studied by linear rheology. The procedure is given in chapter 2, section 4.1.1. Experiments were carried out on the adhesive matrix, as received, but also on an adhesive, previously immersed for two months in pure water.

Adhesive matrix in ambient conditions

The reproducibility was estimated on two different batches of adhesive matrix, with two samples for each batch. Strain sweeps were realized at two temperatures (0°C and 30°C) and three frequencies (0.1 Hz, 1 Hz and 10 Hz) to measure the storage modulus and the loss modulus in the linear regime. Typical standard deviation from 10% to 15% was observed.

First, the dependence on temperature of the viscoelastic properties of the pure adhesive was characterized in the linear regime over a large range of temperatures. A temperature sweep at low heating rate (0.5°C/min) was performed at f = 1 Hz from -100°C to 50°C (cf. Figure 3

.1).

A first relaxation, which manifests itself by a slight peak of G'' and of tan δ, and also by a decrease in G', is observed at -55°C. DSC experiments, carried out on the pure SIS elastomer, suggest that this relaxation corresponds to the glass transition of the polyisoprene blocks, slightly affected by the presence of polystyrene.

Then a large global relaxation of the material occurs from -20°C to 30°C and is centered around 6°C. This main relaxation can be interpreted as the α-relaxation of the material (T α ≃ 6°C). For temperatures higher than 30°C, the rubbery plateau is observed. Here, the temperature range is not sufficiently wide to observe any relaxation of the polystyrene blocks, expected close to 100°C.

The time-temperature equivalence principle was used to build master curves and expand the mechanical response of the adhesive matrix over a larger frequency range, as described in chapter 2, section 4.1.1. The reference temperature was chosen close to the skin surface temperature T 0 = 38°C. The construction relies on the superposition of frequency sweeps of '( ) and "( ) in the linear regime over a wide range of temperatures, from 0°C to 80°C. First, the horizontal shift factors were calculated by superposing the measurements of ( , ). This first construction is schematized in Figure 3.2, where only some of the curves were depicted for clarity. Then, using the horizontal shift factors previously determined, the vertical shift factors / were calculated by superposing "( / , ). The final master curves of the loss tangent, the storage modulus and the loss modulus are given in Figure 3.5 and Figure 3.6. The validity of this construction seems questionable at high temperature and will be discussed. 

This construction is plotted in

Considerations on the validity of the TTS

Theoretically, two conditions have to be fulfilled to achieve a valid master curve: -no structural change in the material must occur over the considered temperature range; -only one viscoelastic process must be involved over the time and temperatures ranges. Here, the material is complex since it is a blend of triblock -diblock copolymers composed of immiscible blocks and highly diluted in small molecules of resins and plasticizer. Nevertheless, the TTS master curves of G' and G" seem to provide a satisfying broadening of the frequency range where the characteristics of the adhesive are measurable. Therefore, the relevance of this construction will be carefully studied to determine if the viscoelastic properties taken from these curves can be used to estimate the mechanical response of the adhesive over the full frequency range.

Considering first the tanδ curve, two regions can be distinguished:

• A high frequency zone where the TTS construction is clearly relevant. It corresponds to a temperature range from 0°C to 23°C. • A low frequency zone where the TTS construction fails to make the curves collapse without any vertical shift. It corresponds to a temperature range from 26°C to 79°C. Nevertheless, the master curves of G' and G" suggest that the construction is valid until about 50°C and only diverges at higher temperature. Thus, even if the TTS construction should fail for T > 21°C, this analysis can be pursued until about 50°C.

The limiting temperature of validity, T limit , can be more precisely determined by using the log G' versus log G" plots as suggested by Han and Kim [1] (cf. Figure 3.7). This construction indicates that T limit ≃ 21°C. This value is consistent with the limiting temperature obtained from the tanδ curve.

Figure 3.7: G' as a function of G'' for the pure adhesive matrix. T ∈ [0; 79] °C. Curves for T > 21°C are plotted in red. Curves for T < 21°C are plotted in black.

The horizontal shift factors / were analyzed according to the Arrhenius law (Eq 3.1) [2]. Results are given in Figure 3.8.

ln / = -ln f f 0 = ! " # 1 - 1 % Eq 3.1
with: E a the activation energy.

The Arrhenius law is verified from 12°C to about 67°C. The horizontal shift factors cannot be fitted by this relation beyond these temperatures. This temperature range is associated to the rubbery plateau on the TTS master curves. The activation energy associated to this domain could be calculated: E a = 135 kJ/mol. The Williams, Landel and Ferry relation (WLF) was also used to analyze the horizontal shift factors near the α-relaxation, and calculate the viscoelastic coefficients of the adhesive matrix (cf. Appendix C). Finally, three areas could be identified, which temperature limits were approximately: -0°C < T < 25°C: TTS construction is strictly valid; -25°C < T < 60°C: the Arrhenius law is obeyed and TTS construction can be extended; -T > 60°C: TTS construction is no longer relevant.

In order to better understand these three apparent temperature domains, the evolution of the structure of the adhesive was investigated by analyzing the viscoelastic properties of the pure adhesive matrix from -100°C to 40°C, depicted in Figure 3.1. The curve was completed at higher temperature with the data extracted from the master curves to obtain the viscoelastic properties until 80°C (cf. Figure 3.9).

Between 0°C and 30°C, the adhesive undergoes its main relaxation. Its structure is stable, which explains the possibility to strictly build the master curves. Then, the rubbery plateau is observed, where no or little change in structure occurs. At higher temperature (T > 60°C), it seems that at 1 Hz, the storage modulus starts to really decrease. To confirm this tendency, the viscoelastic properties (data extracted from the master curves) were plotted as a function of temperature at a lower frequency f = 0.05 Hz (cf. Figure 3.9). These data corroborate the decrease of the storage modulus and the increase of the loss tangent, a sign of a new relaxation process. The glass transition temperature of the polystyrene was not precisely defined on the DSC thermograms for pure SIS elastomer since the amount of polystyrene is low (about 22%wt), but it is reasonable to assume that this new relaxation takes its origin in the relaxation of the PS blocks at ≃ 80 -90°C. Thus, the material structure is no longer stable above 60°C, which explains the fact that TTS construction fails in this temperature range. In conclusion, the three temperature domains can be described: -0°C < T < 25°C: α-relaxation of the adhesive, with a stable structure; -25°C < T < 60°C: rubbery plateau of the adhesive, with a stable structure; -T > 60°C: loss of structural stability of the material probably due to the polystyrene domains relaxation.

In conclusion, the construction of the TTS master curves can be used to describe the viscoelastic properties of the matrix at T 0 = 38°C on the rubbery plateau and the glass transition area. The use of these data in the terminal zone at very low frequency is more questionable due to a structural change in the material at higher temperature Thus, the viscoelastic properties of the adhesive at high temperature cannot be used to predict the viscoelastic properties at low frequencies. Another experimental tool is needed to complete the frequency spectrum.

Interpretation of the curves

Extensive studies were carried out on the structure of blends of SIS triblock and SI diblock copolymers with low polystyrene content [3]. Such blends are known to generate a microphase separated structure where spherical S domains form a lattice in a polyisoprene matrix and act like fillers. For temperatures lower than the glass transition of the polystyrene domains, these domains are glassy and the lattice is stable, which provides a thermodynamic elasticity at small strain. The elasticity also comes from the rubber elasticity of the polyisoprene blocks which connects the S domains together. Thus, this structure is not expected to flow at small strain.

The master curves of G' and G" for the pure adhesive matrix depict the viscoelastic properties of the pure adhesive matrix from 10 -4 to 10 4 Hz. The shape of the curves is characteristic of an elastic pressure sensitive adhesive and can be easily described:

• a transition region (from 10 2 to 10 4 Hz) where the modulus relax when the frequency decreases, corresponding to the glass transition of the adhesive, • a rubbery plateau domain (from 10 -2 to 10 2 Hz) where the storage modulus is constant, • a flow region (from 10 -4 to 10 -2 Hz) where the storage modulus decreases, corresponding to the relaxation of the isoprene sequence of the diblock copolymers.

Such viscoelastic properties of blends of SIS triblock and SI diblock copolymers diluted with tackifying resins were already observed and discussed by Gibert and Derail [4]. Their results are in good agreement with our master curves for frequencies higher than 10 -2 Hz. At lower frequencies, Gibert and Derail observed the onset of a secondary plateau due to the presence of high molecular weight of statistical polymers. Such plateau was not observed in our material and the material seems to continuously flow. This difference may come from the high dilution rate of the copolymers in the adhesive matrix compared to their material, and from the presence of a plasticizer in our adhesive matrix. These differences can also explain the relatively low value of the storage modulus of the adhesive matrix in the rubbery plateau & °. This value can be related to the molecular weight between entanglements ( ) by using the rubber elasticity equation:

( ) = *" & ° Eq 3.2
with: ρ the density of the adhesive matrix.

A molecular weight between entanglements of ( + ≃ 56 .//012 was found, far above the value for entangled polyisoprene (( ) 34 ≃ 4 .//012), confirming the high dilution of the polyisoprene matrix, which also affects the PS lattice and reduces the storage modulus.

At small strain, the adhesive matrix behaves like a typical pressure sensitive adhesive. At very low frequencies, the polymer chains seem to flow, due to the high dilution rate of the copolymers by the tackifying resins and the plasticizer. Yet, since the TTS construction is not valid in this frequency range, another complementary study is required to confirm this observation and further characterize the viscoelastic properties of the adhesive matrix at very low frequencies.

Adhesive matrix in a wet environment

A first qualitative observation could be done: after two months of immersion in water, the adhesive whitened but the water uptake was lower than 5% of the initial weight. This result suggests that water did not penetrate in the material but it could nevertheless affect the adhesive.

TTS master curves at T 0 = 37°C were build for the pure adhesive matrix in the dry and wet environments (cf. The TTS master curves for the pure adhesive matrix, tested as received, were first compared to the curves obtained with the Anton Paar rheometer. The modulus values were not affected by the change of device but a slight frequency shift was noticed, especially at low frequencies. This observation is not surprising since TTS master curves construction is not precise in this area.

The master curves of the adhesive matrix in a wet environment display few differences with the non-immersed matrix. The modulus values do not change. The rubbery plateau range is not affected either. Only a slight frequency shift (∆f ≃ 25 Hz) is observed, which could be associated to a slight decrease in glass transition temperature. Nevertheless, the plasticizing effect of water after immersion during two months is very weak.

It can thus be assumed that water does not affect the mechanical properties of the pure adhesive matrix at least over the duration of the immersion period (≃ 3 days).

Extensional rheology

As was just showed, the viscoelastic properties in the linear regime at low frequencies cannot be predicted by experiments at high temperature. A complementary experimental study is needed to access this zone of the frequency spectrum. Moreover, the linear rheology does not allow to access the mechanical properties of the adhesive at large strains.

In order to refine the understanding of the properties of the pure hydrophobic matrix, its non-linear mechanical properties at 37°C were investigated with an experiment of onset of elongational viscosity. The procedure was described in chapter 2, section 4.1.2. The transient extensional viscosity was plotted as a function of time.
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The reproducibility of the experiments was first characterized. Results are shown in Figure 3.11 for a very high and a very low strain rates.

Figure 3.11: Examples of the reproducibility of SER experiments for the pure adhesive matrix at T = 37°C at a high strain rate 5 s -1 (four tested samples) and at a low strain rate 0.001 s -1 (five tested samples).

The reproducibility is very satisfying, especially at high strain rates. All the curves collapse in the linear regime and little dispersion for the rupture of the material was observed. The time and the viscosity values at the rupture point are reproducible. Like in usual tensile tests, the error bars at low strain rates reflects the experimental sensitivity of the measures to potential defects in the samples, for instance air bubbles.

A wide range of strain rates was studied, from 10 -3 to 5 s -1 , in order to characterize the material non-linear behavior in the range relevant for different processes (detachment, particles swelling…). Results are given in Figure 3.12.

At high strain rates (from 0.1 to 5 s -1 ), the evolution of the viscosity is divided into two regimes. At short times the material is stretched in its linear domain. At long times, the viscosity dramatically increases until the adhesive breaks. The material undergoes a strong strain hardening over this time range. Such a behavior is typical from a structured viscoelastic fluid and viscoelastic solids, and was expected since pressure sensitive adhesives do not leave any residues during their peeling in ordinary conditions (room temperature, dry environment, high peeling speed). However, when the strain rate decreases (from 0.1 to 0.001 s -1 ), the amplitude of the strain hardening decreases progressively until total disappearance. At very low strain rate, the viscosity tends towards a steady-state value. This behavior is typical from a viscous fluid and indicates the flow of the material.

The origin of the high extensibility and flow at large strains is not clear. Further information on the structure of the adhesive matrix would be needed to determine the evolution of the PI chains and the PS spherical domains during stretching. Such studies were carried out on blends of SIS triblock and SI diblock copolymers [3,5]. They showed that the high extensibility of the material came from morphological reorientations and rearrangements of the PS domains. Yet, in both cases, the experiments were carried at temperature close or higher than the glass transition temperature of the polystyrene, where the PS chains have some mobility. This explanation cannot apply here since the reference temperature is significantly lower than the glass transition temperature of PS, so that the PS domains remain glassy. Thus, it is more probable that the high extensibility under stretching of the adhesive matrix results from the high dilution rate of the polymer chains. Indeed, the adhesive matrix contains 30.5%wt of polymer chains.

The SER experiments revealed the very singular mechanical properties of the adhesive matrix, with a transition from an elastic solid behavior to a viscous fluid-like behavior. This difference is illustrated in All the linear regions of the curves seem to generate a single linear envelope. This envelope was compared to the complex viscosity taken from the linear rheology data by using the Cox-Merz rule [6]. This empirical relationship states that the shear rate dependence of the steady state viscosity 9 : ; ( ) is equal to the frequency dependence of the linear viscosity 9 * ( ), within a geometrical factor: The linear viscoelastic envelop (LVE) was thus calculated for the pure adhesive matrix by using the G' and G'' master curves previously constructed (cf. 
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The Cox-Merz relationship is usually valid for homogeneous systems of melt polymers or semi-diluted to concentrated polymers solutions, which is not the case here. Nevertheless, a very good agreement is observed between the viscosity taken from the linear rheology and the data from the SER experiments, especially at short times. Above t ≃ 20 s (or f ≃ 10 -2 Hz), the superposition fails, which is consistent with the limit of validity of the master curves construction in linear rheology and confirms that the viscoelastic properties of the adhesive at high temperature fail to describe its mechanical response in the linear regime at low frequencies. This information can yet be obtained from the SER experiments.

Consequences on the hydrocolloid-based adhesives behavior

The viscoelastic fluid behavior of the adhesive matrix provides a new insight on the absorbent properties of the whole hydrocolloid-based adhesive, especially on the behavior of the hydrophilic particles during a long contact with water. Indeed, Wanakule [7] showed that the CMC particles were progressively eluted from the adhesive matrix. This experimental fact was difficult to interpret since pressure sensitive adhesives are supposed to behave like an elastic solid and thus to prevent any particles from flowing over long distances within it.

The elution of the particles can now be explained by the specific behavior of both hydrophilic particles and adhesive matrix. First, upon contact with water, the CMC particles progressively swell and dissolve, forming a non-crosslinked viscous gel which can flow. The evolution of the mass swelling ratio during swelling experiments in pure water at 37°C of the typical standard formulation (cf. chapter 1, section 3.3) enables to define a characteristic time of elution at the time of maximum absorption (about 10h). This same experiment also leads to an estimate of the particles swelling rate, taken equal to the maximum swelling rate of the overall CMC-based adhesive (rough estimation of the slope from the initial state to 10 hours). An average swelling rate of about 10 -3 s -1 was found. Therefore, during particles swelling, the adhesive matrix is deformed at a typical strain rate of 10 -3 s -1 . SER experiments showed that, at this strain rate, the adhesive matrix behaves like a viscous fluid. As a consequence, after contact with water, the two phases of the system act like viscous fluid and can flow relative to each other.

The driving force of the elution was also investigated. The main assumption is that the hydrophilic viscous gel composed of the dissolved CMC is expelled from the hydrophobic matrix because of the interfacial tension between the two phases. In order to verify this hypothesis, a rough estimate of the interfacial tension was realized. An accurate measurement was not considered since the interfacial tension between two very viscous phases is difficult to measure. The hydrophobic phase was assimilated to the plasticizing oil it contains and the viscous hydrophilic gel was represented by pure water. The employed method was the pendant drop tensiometry: the shape of a water drop immersed in an oil bath at 37°C was analyzed. The surface tension obtained with this method is:

= J!K)L/ MN = 23 0P/0.
Then the problem was very simply spherical hydrophilic particle (radius R (cf. Figure 3.15). The only forces applied on this particle are the surface tension which tend to expel the particles, and the viscous friction restrains this movement.

Figure 3.15: Simple model for p

The viscosity of the adhesive 9 !QR)SMT) ≃ 10 U V . X. The equilibrium of time of elution t elution :

The numerical application of value is consistent with the experimental characteristic time measured by swelling experiments. Surface tension can therefore be considered as the As a consequence, the loss of adhesion of hydrocolloid explained. Upon contact with water, the dry from the hydrophobic matrix. A viscous layer of non skin/adhesive interface and undermine of the adhesive matrix at the deformation rate corresponding to facilitates particles elution, driven by the hydrophilic and hydrophobic phases. provides leads to avoid or, at least possibilities to increase the characteristic time of elution

• Increasing particles size: this solution was dismissed due to application constraints.

• Increasing adhesive viscosi proportion in the adhesive matrix. This possibility was not explored in this work since particles modification was favored. • Decreasing surface tension between the hydrophilic particles and the ad this solution was initially planned by introducing hydroph hydrogels (cf. chapter hydrocolloid-based adhesives 86 s very simply described as an energy balance: by the migration of a hydrophilic particle (radius R ≃ 100 µm) from the hydrophobic matrix to pure water

The only forces applied on this particle are the surface tension which tend to expel the particles, and the viscous frictional force -expressed by Stoke's law

Simple model for phase separation of the hydrophilic particles and the hydrophobic matrix

The viscosity of the adhesive was taken from the SER experiments at

The equilibrium of forces leads to an estimation of the characteristic

I YZ[I\]^≃ _` abYc\dY E e IYf/]\Z
The numerical application of Eq 3.5 leads to an order of magnitude t hijklmn value is consistent with the experimental characteristic time measured by swelling Surface tension can therefore be considered as the driving force , the loss of adhesion of hydrocolloid-based adhesive can be partially explained. Upon contact with water, the dry CMC particles progressively dissolve from the hydrophobic matrix. A viscous layer of non-adhesive swollen CMC skin/adhesive interface and undermines the bandage adhesion. The viscous fluid the deformation rate corresponding to the CMC swelling rate facilitates particles elution, driven by the decrease in interfacial tension between the hydrophilic and hydrophobic phases. The simple model used to describe the problem also at least, slow down the elution mechanism. Eq possibilities to increase the characteristic time of elution:

Increasing particles size: this solution was dismissed due to application constraints. Increasing adhesive viscosity: the elasticity can be raised by increasing the elastomer proportion in the adhesive matrix. This possibility was not explored in this work since particles modification was favored. surface tension between the hydrophilic particles and the ad this solution was initially planned by introducing hydrophobic groups in hydrogels (cf. chapter 2, section 2.1). However, the experiments did not lead to

o E ≃ _E e IY o `≃ _` abYc\dY p ≃ _ I YZ[I\]^
with: V the elution speed of the particle by the migration of a µm) from the hydrophobic matrix to pure water The only forces applied on this particle are the surface tension which tends expressed by Stoke's law-which hase separation of the hydrophilic particles and the hydrophobic matrix s taken from the SER experiments at q> r 10 st X su : forces leads to an estimation of the characteristic Eq 3.5

hijklmn ≃ 10 u h. This value is consistent with the experimental characteristic time measured by swelling driving force of the elution.

based adhesive can be partially MC particles progressively dissolve and elute CMC thus forms at the the bandage adhesion. The viscous fluid-like behavior CMC swelling rate tension between the The simple model used to describe the problem also Eq 3.5 points out three Increasing particles size: this solution was dismissed due to application constraints. ty: the elasticity can be raised by increasing the elastomer proportion in the adhesive matrix. This possibility was not explored in this work since surface tension between the hydrophilic particles and the adhesive matrix: ic groups in a PMAA However, the experiments did not lead to with: V the elution speed of the particle exploitable results. Nevertheless, it remains an interesting alternative. Another hydrogel system could be synthesized or surfactants could be added during the mixing process to decrease the interfacial tension. As the loss of adhesion also takes its origin in the viscous fluid-like behavior of both hydrophilic and hydrophobic phases, it can also be considered to prevent this relative flow. Crosslinking the adhesive matrix and/or the hydrophilic particles should thus stop the formation of the interlayer between skin and adhesive. In this work, only the crosslinking of the hydrophilic phase was performed.

Modification of the hydrophilic particles

In order to estimate the influence of the physico-chemical properties of the hydrophilic phase, alternative hydrogels were synthesized to replace the CMC in the hydrocolloid-based adhesives. The procedure was described in chapter 2, section 2.2. Five systems were chosen: PAAm, P(MAETAC-co-AAm), P(AMPS-co-AAm), NaPAA and PMAA.

The hygroscopic properties of these hydrogels were characterized by carrying out equilibrium swelling experiments in pure water and physiological saline, from their initial preparation state or their dry powder state. Their swelling kinetics was also investigated.

These alternative hydrophilic particles were then incorporated into the adhesive matrix (see protocol chapter 2, section 3.1). The aspect of the blends was checked as well as the absence of particles' agglomeration.

Swelling properties of the hydrogels

Theory of swelling

Swelling equilibrium for neutral hydrogels

According to the Flory-Rehner theory [8,9], the swelling ability of neutral hydrogels is the result of the competition between two terms:

• the entropy of mixing and the interactions between polymer and solvent, which promote chains extension and the volume increase of the gel, • the chains elasticity which limits their extension.

The variation of the network free energy density during swelling can thus be written: 6 Flory-Huggins theory predicts the expression of the mixing term for an ideal network:

Δ/ Δ/ xMyMz{ + Δ/ )N!SKM| Eq 3.
Δ/ 0}~} / " • 1 (€ u 2 € u + • uB € u € B )
Eq 3.7

with: € u and € B the volume fraction of the solvent and the polymer respectively V 1 the molar volume of the solvent • uB the Flory parameter that characterizes the polymer-solvent interaction energy 88 According to the phantom network model for ideal networks, the elastic term can be written:

Δ/ +2 X }' #1 - 2 ƒ % × 3" 2 × … ) … × †# € € B % B t ⁄ -1ˆ
Eq 3.8

with: … ) /… the number of elastically active chains as defined and expressed in Eq 2.6

and Eq 2.7
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Eq 3.9

with: N the average number of segments between two crosslinking points At swelling equilibrium, the internal osmotic pressure of the gel, ‹ {)N , is equal to the external osmotic pressure ‹ )yK , and zero for a pure solvent:

π /+2 = π 0}~} / + π +2 X }' = € B B • •€ B † Δ/ 0}~} / + Δ/ +2 X }' € B ˆ Eq 3.10
By combining Eq 3.7 to Eq 3.10, the osmotic pressure of a neutral ideal hydrogel at swelling equilibrium is obtained:

π /+2 = - Ž • • '2 (1 -€ B ) + € B + • uB € B B + '1 - B " " # • - - ⁄ & % € B u t ⁄ ™ = π +~ = 0 Eq 3.11
This expression states the strong dependence of the swelling capacity on the initial monomer concentration and the effective crosslinking density. It thus reminds the importance to control those parameters during synthesis. It can also be noticed that, for neutral hydrogels, the ionic strength of the solvent has little impact on the equilibrium swelling, considering that it does not modify the solvent-polymer interactions (• uB ).

Swelling equilibrium for polyelectrolytes

For charged hydrogels, the theoretical expression for the osmotic pressure of an ideal network is modified to take into account the contribution of ions ‹ M z :

‹ {)N = π xMyMz{ + π )N!SKM| + ‹ }1 Eq 3.12
This contribution is due to the presence of counter-ions trapped within the macroscopic polyelectrolyte network. This phenomenon results in a difference in counter-ions concentration between the gel and the external solvent, and generates electrostatic forces causing a modification in the osmotic pressure. This term strongly favors gel swelling and can be expressed according to the ideal Donnan equilibria [8,9]: 13 with: ' M {)N and ' M S NT)zK the mobile ion concentration within the hydrogel and in the solvent surrounding the hydrogel respectively 89
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The ion contribution is generally much higher than the mixing contribution, which explains the strong difference in swelling between a neutral hydrogel and a polyelectrolyte. Eq 3.13 also points out the influence of the ionic strength on swelling properties: the higher the counter-ions concentration gap is, the higher the ion contribution ‹ M z is. Consequently, equilibrium swelling is expected to be lower in a solvent containing charged species than in a pure solvent.

In pure water, the mobile ions concentration in the solvent is almost zero and Eq 3.13 can be rewritten: 14 with:

‹ M z " • u × 0 P × € B " • u † • u × • ‰ ž,Sž)|M"M| × ( ˆ€B Eq 3.
m the number of ionized monomer units α the molar fraction of charged monomer units Thus the osmotic pressure in pure solvent at swelling equilibrium can be obtained from Eq 3.11:
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This expression is close to Eq 3.11 and reminds the strong dependence of swelling equilibrium on the initial state of the hydrogel and the crosslinking density, but also states the impact of the polymer degree of ionization.

Swelling of partially hydrated hydrogels

The first tests were performed on hydrogels in their preparation state, when they are partially hydrated (before drying and shaping). The error on the measurements was chosen as the standard deviation.

A preliminary study was carried out in various aqueous media in order to estimate the influence of the swelling medium on hydrogels absorption and the key parameters which have to be controlled. Indeed, the pH was expected to impact the swelling properties of the pHsensitive hydrogel by modifying the number of ionized carboxylic groups [10]. The ionic strength of the swelling medium was also expected to affect the swelling ability of charged hydrogels since an increase of the concentration of mobile ions in the swelling medium considerably decreases the ion contribution of the osmotic pressure in the gel, and thus the swelling ratio [10,11].

This study was realized on PAA hydrogels, synthesized as described in chapter 2, section 2.2). Five different swelling media were tested (cf. • in water with pH = 3: PAA is in its neutral acid form,

• in water with pH = 9: PAA is in its partially but highly ionized form,

• in an aqueous NaCl solution at 0,142 mol/L (concentration close to physiological saline) with pH = 9: PAA is in its partially ionized form, • in physiological saline with pH = 9: PAA is in its partially ionized form.

The pH was adjusted with a few drops of hydrochloric acid or sodium hydroxide and regularly checked. The amount of added acid/base was assumed not to affect the ionic strength of the solution. This pH parameter will not be taken into account for the other hydrogel systems.

It can be noticed that Q w (pH = 3) ≃ Q w (NaCl at pH = 9). At this salt concentration, the charges are screened and the swelling properties are the same as for the neutral hydrogel. It can also be noticed that Q w (NaCl at pH = 9) ≃ Q w (physiological saline at pH = 9). Although divalent ions like Ca 2+ are known to strongly affect the swelling properties of PAA networks [12], the formation of complex bridges (COO -…Ca 2+ … -COO) is not favorable due to the low concentration of Ca 2+ (3.10 -3 mol/L) and to the high concentration of Na + (0.142 mol/L), even if they behave as weak competitors. According to the previous study, in case of exuding wounds, the main parameter affecting the hygroscopic properties of hydrogels is their ionic strength. In the next experiment, two swelling media were studied to evaluate this impact:

Pure water Physiological saline No pH adjustment was performed. Equilibrium swelling ratios were measured for the other alternative hydrogels (cf. Figure 3.17).

As expected for a neutral hydrogel, PAAm has a low absorption capacity and is not sensitive to ionic strength. It is an ideal example of moderately swellable hydrogels with absorbing properties that will not be affected by biological fluids composition variation.

PMAA hydrogels have a similar swelling behavior. Low swelling in pure water comparing to PAA hydrogels is probably due to its high initial monomer concentration and to the presence of an extra hydrophobic methyl group. The weak dependence on ionic strength suggests a low degree of ionization in pure water. P(MAETAC-co-AAm) and P(AMPS-co-AAm) have a high swelling ability in pure water which is consistent with their strong polyelectrolyte nature. As expected, a strong dependence on ionic strength is observed. No significant difference between the two systems is noticed, which confirms the weak sensitivity to Ca 2+ at physiological saline concentration for negatively charged polymers. 

Swelling of dry hydrogels powders

Other tests were performed on hydrogels in their dry powder state, in order to estimate the impact of the shaping process on swelling properties. For these tests, the NaPAA powder was directly tested. The error on the measurements was chosen as the standard deviation. Results are given in Figure 3.18. 
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The water absorbing behavior of the different systems is qualitatively consistent with the results previously obtained from the experiments carried out on partially hydrated hydrogels. Nevertheless, some differences were noticed. Dry PAAm hydrogels seem to be more absorbent than the partially hydrated ones, contrary to P(MAETAC-co-AAm) hydrogels where absorption is higher for the partially hydrated samples. PMAA swelling properties are not affected. For all samples, the impact of the ionic strength on the absorption capability of polyelectrolytes is weakened when swollen from the dry state. The origins of this divergence were not well identified. It is probably due to a combination of factors, for instance:

-a low reproducibility of the synthesis process: this hypothesis was rejected since the synthesis reproducibility was checked on different PAA synthesis batches;

-the increase of the volume of reaction medium needed to obtain a suitable quantity of powder, which can decrease the homogeneity within the gel structure and affect the swelling properties;

-the low precision of the protocol for swelling measurements on powders. Indeed, the measurement of the final volume of the swollen hydrogel is not accurate. Moreover, the choice of the initial quantity of powder introduced in the measuring cylinders can affect the measurement. If it is too high, the first shell of hydration of the powder can prevent the water from diffusing deep in the powder. If it is too low, the final volume is not sufficiently large to obtain an accurate value.

-a possible effect of the shaping process on the swelling properties, especially the drying step. Indeed, the drying process was found to be a critical parameter for the control of the absorbing properties of hydrogel [13] and is an issue for industrial production of superabsorbents [14].

NaPAA hydrogels were also tested. In this case, the "neutralization" step is very sensitive and suffers from a poor reproducibility. Indeed, the neutralization is performed by adding sodium hydroxide on pieces of dialyzed and roughly pre-ground PAA hydrogel. This process is not homogeneous since the external layers of the gel pieces are expected to be more ionized than their core, due to a stiffening of the ionized gel. Thus, the average degree of ionization depends on the size of the pieces of gel during the neutralization. An optimization of this step is needed to improve the reproducibility. Four batches were synthesized and their absorbing properties were characterized. Results are given in Table 3. 19.

As expected, the absorption properties strongly depend on the synthesis batch. The swelling ratio of the NaPAA hydrogels is much higher than the swelling ratio of the PAA hydrogel, even at high pH, suggesting that a potential hydrolysis of the gel could occur during the neutralization process. These conditions of neutralization can thus be responsible for damaging of the network, which supports the need of softer conditions for this step. Thereafter in this work, "synthesis 4" was chosen to be incorporated into the adhesive matrix. In conclusion, the shaping process seems to affect the absorbing properties of the hydrogels. However, the data which are important for the next studies are the relative swelling properties of the different system, in order to estimate the impact of the swelling intensity on the properties of the hydrocolloid-based adhesives. The reference values for the swelling ratios were taken from the experiments carried out on dry powders.

Pure water Physiological saline

Kinetics of swelling

The kinetics of swelling of the different hydrogels was investigated by measuring the time evolution of the swelling ratio of hydrogels at their preparation state (cf. protocol in chapter 2, section 2. The kinetics of swelling of hydrogels at their preparation state is expected to be different from that of dry hydrogels, since the swelling rate strongly depends on the water content. Therefore, these experiments are not expected to provide an extensive characterization of the kinetics of swelling. Yet, they can be used to give the first elements to compare the different systems. The maximum strain rate applied to the matrix during swelling of the particles q> x!y was estimated from the maximum swelling rate obtained at t = 0 (cf. Appendix D) and the characteristic time τ of swelling was estimated. The chosen convention for τ is the time at the intersection between the slope at the origin and the plateau value of the swelling ratio. Results are given in Table 3.21.

PMAETAC PAMPS

PAAm PMAA 6> ¡ ¢ (s -1 ) 1.4 x 10 -4 2.2 x 10 -4 0.4 x 10 -4 0.04 x 10 -4 The polyelectrolytes exhibit a fast swelling rate compared to the neutral hydrogel. The swelling of the PMAA hydrogel is much slower than for the other systems. These differences in swelling rate are expected to deeply impact the absorbing properties of the hydrocolloidbased systems.

£ ¤ (h) ≃ 4 ≃ 3 ≃ 6 ≃ 30

Note:

The modeling of the swelling kinetics of the hydrogels is not trivial. The diffusion of water in dry hydrogels is not Fickian and the exponential model generally used to describe the swelling of superabsorbents [14] fails to fit the data. Several mechanisms can be involved in the transport of water through the hydrogel [15]. Here, no modeling of the data was considered. The objective was only to obtain a rough estimate of the relative swelling rates between the different systems.

Blends characterization

The appearance of the hydrocolloid-based adhesives obtained from the blending procedure, described in chapter 2 section 3, for the five alternative crosslinked hydrophilic polymers was carefully examined to detect any unexpected degradation or agglomeration of the particles (see Figure 3.22).

Some of the blends had a darker appearance (PAAm and PAMPS) or became yellow (PMAETAC) during mixing. The other blends slightly darkened a few minutes after extrusion, suggesting some oxidation by contact with air. This phenomenon was already observed for PAA-based adhesives (see chapter 2, section 3.2). It was concluded that the darkening of the adhesive matrix did not affect any swelling or mechanical properties and was probably due to remaining initiator within the polymer particle. This means that the purification process could be optimized.

A potentially irreversible agglomeration of the particles was investigated. After mixing, the adhesive matrix was dissolved in THF to extract the insoluble hydrophilic particles. After several washing cycles, the particles were dried and observed by optical microscopy. Their 95 average size was compared to their size before mixing. No agglomeration was detected for all the tested systems. 

Rheological properties of the hydrocolloid-based adhesives

The viscoelastic properties of the standard hydrocolloid-based adhesive were measured by rheological techniques over a wide range of strain rates as mentioned in chapter 2. These properties were characterized in small and large strains to complete the study of the pure adhesive matrix. The impact of water absorption was also investigated but the protocol would need a more extensive development (see Appendix E).

Some of the alternative hydrocolloid-based adhesives were tested to a lesser extent.

Linear rheology

The mechanical response of the dry CMC-based adhesive was studied by linear rheology. The procedure is given in chapter 2, section 4.1.1. Experiments were carried out on dry adhesives. The TTS master curves at T 0 = 38°C were build and compared to the master curves obtained for the pure adhesive matrix (cf. Figure 3.23).

Figure 3.23: Comparison of G' and G'' master curves between dry pure adhesive matrix (green) and CMC-based adhesives (orange) at T 0 = 38°C.

The conditions of validity for the TTS construction are the same as for the pure adhesive matrix. The analysis of the horizontal shift factors according to Arrhenius' law and WLF relationship leads to the same values for the activation energy and the viscoelastic coefficients as for the pure adhesive.

The viscoelastic small strain properties are not very affected by the addition of the particles except for an overall stiffening. No change in the overall curve shape was observed. At high frequencies, no significant frequency shift was observed which means that the glass transition temperature is not modified. At low frequencies, no modification of the relaxation time was noticed which indicates that the molecular relaxations of the polymer chains were not affected by the addition particles. These observations strongly suggest that interactions between the hydrophilic particles and the adhesive matrix are relatively weak. An increase in modulus was noticed, consistent with the presence of hard particles. This effect was compared on the rubbery plateau with two classical models for filled elastomer [16]:

• Einstein-Smallwood equation:

A A x!KLMy 1 + 2.5€ ž )
Eq 3. 16 with: € Š the particles volume fraction in the hydrocolloid-based adhesive € Š = 0.305

• Guth-Gold relation:

A = A x!KLMy (1 + 2.5€ ž + 14.1€ ž B )
Eq 3.17

None of these models are in good quantitative agreement with the experimental values. It was expected for the Einstein-Smallwood equation since this model describes diluted spherical particles (€ ž < 0.2). Other models were tested, for instance Palierne's model or theories taking into account the anisotropy of the particles, but the experimental storage modulus was 97 systematically under-estimated by calculations. The discrepancy between these models and the experimental results was not surprising since these models only consider the volumetric effect of the addition of particles [17] and do not take into account for potential interactions between the particles. Other effects should be examined to understand the modification of the viscoelastic properties:

• an interfacial effect: physical or chemical interactions between the matrix and particles, surface roughness and specific area of the particles. The CMC particles are glassy and hydrophilic. Therefore, no specific interactions or interpenetration with the hydrophobic matrix are expected. Moreover, interactions between the CMC particles and the adhesive would prevent the elution of the particles which was experimentally observed. Thus, this effect is not expected to impact the mechanical properties of CMC-based adhesive.

• a cavitation effect: defects at the particles-matrix interface (air…). However, cavitation does not occur at small strain.

• a morphological effect: dispersion quality and organization of the particles in the adhesive matrix. The CMC particles are anisotropic (rod-like). Their volume fraction is high (€ ž > 0.3). Thus, the formation of a percolating network by the particles can be assumed. Such connectivity is expected to considerably increase the mechanical properties of the material and could explain the increase in modulus of the adhesive [18,19].

In conclusion, the addition of the particles into the adhesive matrix does not affect the relaxation of the polymer chains, except significantly increasing its modulus. No specific interaction between the CMC particles and the adhesive matrix seems to occur, but the increase in mechanical properties could be due to the formation of a percolating network of the CMC particles.

Extensional rheology

The non-linear mechanical properties of the CMC-based adhesive were measured at 37°C. The procedure was described in chapter 2, section 4.1.2.

First, the reproducibility of the experiments was characterized. Results are shown in Figure 3.24 for a fast and a very slow strain rates. The same good reproducibility of the experiments was observed as for the pure adhesive matrix, suggesting in principle a good dispersion of the hydrophilic particles in the matrix.

A wide range of strain rates was studied, from 10 -3 to 5 s -1 , in order to compare the large strain mechanical properties of the adhesive with those of the pure matrix reference. Results are depicted in The linear viscoelastic envelop (LVE) was also calculated by using the Cox-Merz relationship and the G' and G'' master curves previously build (cf. Figure 3.26). Just like for the pure adhesive, a fairly good agreement in the small strain regime was observed over the domain of validity of the TTS construction but a discrepancy was clearly observed at very low strain rates since the linear data was actually measured at higher temperature where the structure may be different.

Significant differences in the transient viscosity were observed between the pure adhesive and the CMC-based adhesive. An increase in the transient viscosity at small strain is observed. This is in good agreement with the increase in modulus due to the presence of the CMC particles, already noticed in the linear rheology experiments. The maximum elongation λ max decreases after the addition of the CMC particles, as well as the maximum stress at failure σ max . This effect is more pronounced for low Hencky strain rates. A combination of two phenomena can explain these observations:

• First, the CMC particles amplify the local elongation and stress of the elastomeric chains for the same macroscopic stretch, which results in strain amplification and in a shift of the curves toward shorter times (early strain hardening).

• Strong interactions between the particles during stretching lead to compressional stress in the transverse direction and an early strain hardening [20]. This second effect is expected to be predominant since the hydrophilic particles are suspected to form a percolating network. The loss of mechanical properties at high stretch is probably due to the cavitation of the matrix near the particles. During the mixing process, some defects -air bubbles for example -are captured at the particles/matrix interfaces and generate early fracture during stretching. Indeed, weak interactions between the glassy hydrophilic particles and the rubbery hydrophobic matrix favor hydrostatic stresses due to the contrast in modulus. 100 Therefore, these observations strengthen the hypothesis of weak interactions between the matrix and particles.

Some SER experiments were performed on two alternative hydrogel-based adhesives at high and low Hencky strain rate. (cf. Figure 3.29). As described in chapter 2, section 3, the weight fraction of the particles was kept constant, equal to 40%wt. Yet, since the density of the particles depends on the nature of the hydrophilic polymer, the volume fraction of the particles is not strictly constant (cf. The reproducibility was tested on the PMAA-based adhesive. Results are given in Figure 3.28.

Figure 3.28 : Estimate of the reproducibility of SER experiments for the PMAA-based adhesive at T = 37°C at a high strain rate 1 s -1 (five tested samples) and at a low strain rate 0.01 s -1 (three tested samples).

The experimental reproducibility was not as satisfying as for the standard adhesive. An analogous dispersion of the curves was found for the PAAm-based adhesive. Thus, the dispersion of the curves is more pronounced for the tailor-made hydrogel-based adhesives. An effect of the quality of the dispersion (and maybe the shape and the size) of the particles was observed. Probably the quality of the dispersion of the particles obtained with the twin-screw compounder was not quite as good as that in the blends mixed in an internal blender. In an analogous way as for the CMC-based adhesive, the increase in modulus of the adhesive matrix at small strain and loss of mechanical properties at high strain were observed. The strain hardening observed in the PMAA and PAAm particles is comparable to that caused by the CMC particles and a viscous-fluid like behavior is observed for the adhesive at low Hencky strain rate. Therefore one can conclude that the behavior is qualitatively the same for the custom-made blends than for the standard adhesive blend.

Although there is no direct proof, one can suppose that the lower value of the LVE or the early flow and rupture at low strain rate are due to differences in the size distribution and shape of the alternative hydrogels particles relative to that of the CMC powder.

Conclusion

In this chapter, the origin of the loss of adhesion of hydrocolloid wound dressings after a long contact with water was investigated. The progressive dissolution and the elution were already known to lead to the formation of a viscous non adhesive layer of swollen carboxymethylcellulose. The characterization of the rheological properties of the pure adhesive matrix revealed that, if this pressure sensitive adhesive exhibits a typical elastic behavior at high strain rate, it behaves like a viscous fluid for large strains at very low strain rates. The lack of chemical crosslinking and the high dilution of the elastomer in the pure adhesive matrix were found to explain this high extensibility of the material. Thus, at the typical swelling rate of the CMC, the adhesive matrix also behaves like a viscous fluid and flows. An estimate of the surface tension between the hydrophobic matrix and the hydrophilic swollen particles and of the characteristic of elution of the CMC showed that the elution was driven by the decrease in surface tension between the two phases. These results suggest that a decrease in the surface tension between the two phases could slow down the elution, as well as an increase of the particles size or of the elasticity of the adhesive matrix. Further investigations on the effect of the surface tension could be helpful to improve the understanding of this phenomenon. For example, introducing physical interactions between the hydrophilic and the hydrophobic phases would confirm this hypothesis.

Rheological measurements at small and large strain on the CMC-based adhesive revealed that the CMC particles could act as fillers and reinforce the adhesive matrix. This increase of the storage modulus explains the loss of adhesive properties observed during the preliminary studies. These experiments also tend to confirm that there are weak interactions between the adhesive matrix and the hydrophilic particles.

The swelling properties of the alternative hydrophilic particles were characterized and qualitatively confronted to the classical Flory-Rehner theory. Polyelectrolytes were found to swell much more and faster than neutral hydrogels, and are much more sensitive to the ionic strength. The sensitivity to divalent ions was largely reduced due to their low concentration in our model aqueous solutions. The shaping process seems to affect the swelling properties of the particles, probably due to the drying step of the preparation. The estimate of the swelling rate was not very accurate and would require further investigations, especially to directly study the kinetics swelling of the dry particles.

Finally, the effect of a wet or humid environment on the rheological properties of the adhesives was studied. If no effect of water was found on the pure adhesive matrix, preliminary experiments showed that a decrease of the mechanical properties occurred after water absorption by the CMC-based adhesive. Further investigations would be needed to confirm and detail these effects.

In the next chapter, the affinity with water of the different hydrocolloid-based adhesives will be studied. The capability to swell, their evolution after an extended contact with water and 103 their permeability with water vapor will be characterized, in order to estimate the impact of the nature of the hydrophilic particles.

Introduction

The previous chapter led to a better understanding of the origin of the elution of the hydrophilic particles. The lack of crosslinking of the CMC polymer chains and the singular mechanical behavior of the adhesive matrix, which can flow at the swelling rate of the hydrophilic particles, facilitates the elution of the particles, driven by the decrease in surface tension between the two phases. The chosen model systems exhibited clear differences in their swelling properties, especially the swelling ability, the swelling rate and the sensitivity to ionic strength.

In this chapter, the effect of the systematic modification of the hydrophilic particles on the elution process and the impact of the nature of the hydrophilic particles on the water affinity of the hydrocolloid-based adhesives will be investigated.

Hydrocolloid wound dressing specifications require both absorption of the exudates and permeability to water vapor to regulate the humidity within the wound. Thus, these properties of the tailor-made hydrocolloid-base adhesives will be characterized.

Water absorption properties will be studied through immersion experiments in pure water and physiological to mimic skin secretions. They provide qualitative information on the evolution of the system in contact with water and can evidence potential elution. The impact of the nature of the hydrophilic particles on the swelling mechanism of the hydrocolloid-based adhesives will thus be discussed, as well as the influence of the ionic strength of the swelling medium.

Water vapor permeability of hydrocolloid wound dressings will be studied at the temperature of skin surface. A reliable and reproducible experimental device was developed in this work and will be detailed. This test will enable to investigate the role of the hydrophilic particles in the transport of water through membranes of the different hydrocolloid-based adhesives. The correlation between water absorption and water vapor permeability will be discussed, as well as the impact of the nature of the hydrophilic particles on the mechanism of water transport through the membranes.

Water absorption of the hydrocolloid-based adhesives 1.Objectives of immersion experiments

The first requirement for these adhesives is to absorb water, sweat and exudates from the wound surface. This property was estimated for all the hydrocolloid-based systems studied in this work.

After mixing, the adhesives were molded at high temperature in order to obtain square samples with controlled dimensions. Some swelling experiments were then carried out by immersing these samples in pure water and physiological saline solution at 37°C (see protocol in Chapter 2, section 4.2). The mass change was thus regularly measured during two to five days. Experimental observation of the samples appearance was also a key element to refine the understanding of the evolution of the systems.

Three main objectives were pursued in these experiments:

• First, the degree of swelling and kinetics reveal the ability of the adhesives to absorb water and exudates at the healing timescale. A comparison of the different systems was carried out. Furthermore, since the pure adhesive matrix does not absorb any water, the swelling ability is only due to hydrophilic particles. Thus the swelling capacity of the adhesive blends was expected to be directly related to the physico-chemical nature of the single hydrophilic particles.

• Then, the sensitivity to the swelling medium could be characterized, in particular the influence of the ionic strength. The swelling data in physiological saline were retained for further comparisons since they are more realistic, considering the nature of the actual wound and skin secretions.

• Finally, these experiments reveal the macroscopic evolution of the adhesives and provide the first paths to predict their adhesive properties. Potential elution of the particles can be detected, as well as a critical deformation of the adhesive matrix which would affect the integrity of the adhesive blend.

It is also important to keep in mind that these experiments are not representative of the actual application. Indeed, in our experiments the water flux is tridimensional, whereas it is unidirectional when the adhesive is in contact with the skin. The contact area is here multiplied by three (from 1 cm² to 3.2 cm²), which considerably increases the water flux and amplifies the effect of water absorption, for examples the degree of swelling and its kinetics or the characteristic time of potential elution of the hydrophilic particles.

Moreover, the standard deviation of the measurements is high and strongly dependent on the degree of swelling: the more the samples swell, the higher the uncertainty is due to experimental constraints. Indeed, at high swelling ratio, the adhesive matrix can soften, flow and eventually tear, leading to the loss of adhesive pieces. Besides, handling highly swollen samples could also trigger the loss of particles, which affects the swelling kinetics and accelerates the elution process. Consequently, this experiment cannot be considered as a quantitative test, but only as a qualitative test which is an indicator of the kinetics of swelling of the hydrocolloid-based adhesives, and may show an elution of the particles.

In conclusion, this test has to be considered as a kind of "crash-test" to assess the water absorption ability of the hydrocolloid-based adhesives and to test their limits.

Experimental observations and results

Swelling experiments at 37°C in pure water and physiological saline were carried out on the reference CMC-based adhesive and the five hydrogel-based adhesives. Results are given in Figure 4.2. The error bars are taken equal to the standard deviation. In addition to the mass swelling ratio measurements, pictures were taken at different characteristic times which are representative of the evolution of the systems.

Standard CMC-based adhesive

The time evolution of the mass swelling ratio for CMC-based adhesive immersed in pure water is consistent with the results obtained by Wanakule [1]. Two stages can be identified:

• a first swelling stage, characterized by a dissolution of the CMC in water and thus an increase in water content of the adhesive blend, • a deswelling phase.

Wanukule showed with GPC analyses of the swelling medium that this deswelling phase was due to the elution of the dissolved CMC particles out of the adhesive matrix. These analyses also revealed the presence of eluted CMC in the swelling medium from the first hour of the experiment. Thus, after immersion in pure water, the system absorbs some water and rapidly swells up to 10 hours while the CMC is simultaneously eluted out of the adhesive blend. After 10 hours, the CMC content in the adhesive is not sufficient to accommodate water and the sample begins to deswell. At 24 hours, all of the CMC has eluted and the sample ceases to deswell. It can also be noticed that the adhesive sample was reversely deformed during these swelling/deswelling stages, and no damaging of the adhesive matrix was observed: the sample recovered its shape at the end of the experiment. 

1: Evolution of the appearance of a CMC-based adhesive sample during immersion test.

The immersion of the CMC-based adhesive in physiological saline led to similar observations than in pure water. The same swelling/deswelling mechanism was observed but a few differences can be pointed out. The characteristic time of the transition between the swelling and the deswelling stages was multiplied by two. The swelling rate was slightly decreased and the maximum swelling ratio was increased. GPC analyses of the swelling medium carried out by Wanakule showed that, in presence of salts, the elution of the CMC particles was delayed, allowing for water to stay absorbed in the adhesive blend for longer.

This typical swelling behavior in aqueous media was then compared to the evolution of the adhesives based on alternative crosslinked hydrogel particles.

Figure 4.2: Immersion tests at 37°C of the hydrogels-based adhesives. Curves depict the mass swelling ratio as a function of time for experiments in pure water (blue) and physiological saline (green).
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The evolution of the mass swelling ratio strongly depends on the nature of the hydrophilic particles. Three different types of swelling profiles were observed.

The NaPAA and PAAm-based adhesives exhibit a swelling evolution close to that of the reference system. A swelling/deswelling mechanism was observed in both cases. Despite the fact that the polymer in the particles is crosslinked, they are eventually eluted out of the adhesive matrix. Yet, a few differences were observed from the reference system.

The NaPAA-based adhesive has a swelling behavior closer to that of the reference system than the PAAm-based adhesive has. Indeed, besides the same swelling/deswelling mechanism, the impact of the ionic strength is similar: the presence of salt delays the elution, allowing for water to stay in the adhesive blend for a longer time. The maximum swelling ratios in pure water and physiological saline are very close to those of the reference system. Nevertheless, the timescale for the elution of the NaPAA particles is much faster: the characteristic times of the transition between the swelling and the deswelling stages are one and three hours for pure water and physiological saline respectively, ten times faster than for the reference system. Another difference lies in the evolution of the appearance of the adhesive: whereas the reference system was deformed during swelling but recovered its original shape at the end of the experiment, the NaPAA-based adhesive was irreversibly deformed and damaged. For the PAAm-based adhesive, more differences with the reference system can be pointed out. The swelling/deswelling mechanism was observed but with a longer characteristic time (20 hours). The degree of swelling is lower than for the reference system. The presence of salts in the swelling medium does not affect the swelling profile: no delay in the time of elution of the particles occurs, as well as no change in the degree of swelling or in the characteristic time of deswelling was observed. These two latter experimental observations are consistent with the nature of the particles: PAAm hydrogel is a neutral hydrogel with a moderate swelling ability and without any sensitivity to the ionic strength. Finally, as in the case of the NaPAA-based adhesive, the PAAm-based adhesive was irreversibly deformed and damaged at the end of the experiment. These systematic irreversible deformations and damage could be due to the deformation of the adhesive matrix beyond its linear domain during the swelling of the particles. After the elution of the particles, the adhesive cannot recover its original shape and some "holes" stay trapped, leading to an overall change in shape of the initially square sample. The P(MAETAC-co-AAm)-based adhesive begins to differ from the CMC-based system. Indeed, the swelling profile is very different: if the water uptake increases after immersion, it rapidly stagnates between 2h and 48h, and eventually decreases. The swelling/deswelling mechanism still applies but a longer intermediate step is observed, where the degree of swelling varies little. Experimentally, a massive elution of the particles was observed from the first hour of the experiment, which considerably increases the uncertainty on the measurements and explains the irregular shape of the curves. The ionic strength does not affect the mechanism of swelling. As in the case of the CMC-based adhesive, the presence of salts slightly delays the elution. At the end of the experiment, the adhesive is barely deformed: only the initial locations of the particles are revealed after the elution, showing the irreversible nature of the deformation of the adhesive matrix. 

: Evolution of the appearance of a P(MAETAC-co-AAm)-based adhesive sample during the immersion test.

The swelling profile of the PMAA and P(AMPS-co-AAm)-based adhesives totally differs from that of the reference system. Here, in both cases, no elution of the particles was observed and the adhesive blends continuously swell until the adhesive sample damages. The final mass swelling ratios are lower than for the pure hydrogels because swelling is limited by the deformation of the adhesive matrix. At the end of the experiment, the adhesives were strongly stretched, with an isotropic deformation, and started to tear and damage. Otherwise, the effect of the ionic strength is consistent with the nature of the hydrophilic particles. The shape of the swelling curves in physiological saline is close to the swelling profile for single hydrogels, with close characteristic times. As for the reference system, a delay in water uptake in physiological saline occurs. Nevertheless, some differences between the two systems can be highlighted.

The PMAA-based adhesive exhibits a low degree of swelling, consistent with the swelling behavior of the pure PMAA hydrogel. The ionic strength has only a slight effect on the water uptake. The swelling profiles of the P(AMPS-co-AAm)-based adhesive are in good agreement with the water uptake of a polyelectrolyte. In pure water, the particles rapidly and massively swell, leading to the irreversible damage of the adhesive. This damage is due to the combined effect of a massive swelling and the absence of elution of the particles. On the contrary, in physiological saline, the swelling ratio is reduced and the particles can swell within the adhesive matrix without damaging it, at least at first.

Figure 4.7: Evolution of the appearance of a P(AMPS-co-AAm)-based adhesive sample during the immersion test.

A summary of all these observations is given in Table 4.8. They will be discussed in the next section to refine the understanding of the different swelling mechanisms and to determine if the swelling behavior of the adhesive blends can be related to the physicochemical nature of the hydrophilic particles. 

Impact of the modification of the hydrophilic particles

The previously described results showed that a change in the physico-chemical nature of the hydrophilic particles brings about deep modifications of the water absorption of the adhesive blends. Some characteristic mechanisms were evidenced. These results also pointed out that the crosslinking of the particles were not enough to suppress their elution. The influence of the ionic strength, already noticed for the reference system, was confirmed. These different points will be discussed in this section.

Mechanisms of swelling

Three different swelling mechanisms can be described, depending on the nature of the hydrophilic particles:

• Swelling / deswelling mechanism This mechanism was observed for the reference system, as well as for the PAAm and NaPAA-based adhesives. It is associated with the elution of the particles which is suspected to cause the loss of adhesion of the adhesives. Two phases are well-distinguished. During the first phase, the water uptake increases, due to the absorption of water by the hydrophilic particles, whereas elution of the particles already occurs. Yet the water uptake due to the swelling of the particles is higher than the water loss due to the elution, which explains the overall mass increase. Afterwards, the adhesive blends start to deswell. Here, the adhesive does not contain enough particles anymore to keep absorbing water. Thus the water loss due to the elution overtakes the water uptake, which leads to the decrease of the overall mass. For systems where elution of the particles was observed, a mechanism of water absorption was proposed. After the immersion, the hydrophilic particles which are near the surface begin to swell while the deeper particles remain dry. After a critical swelling ratio, which could depends on the mechanical properties of the adhesive matrix such as its failure strain, the particles are released in the swelling medium. Then, a second layer of particles starts to swell, and so forth layer by layer, until the totality of the particles is eluted. This progressive mechanism of observations of the CMC and P(MAETAC dry CMC-based adhesive is yellow and whitens while absorbing water: during the experiments, a whitening of the surface of the remained yellow. The thickness of this core decreased with time. Moreover, the "holes" in the adhesive matrix caused by the loss of the highly swollen PMAETAC particles were plainly visible and their depth increased wi This mechanism is also in good agreement with the interpretation given for the deswelling stage. Indeed, the deeper the particles layers are, the lower the surface contact between the particles and the water. Thus, the number of accessible parti reducing the overall water uptake, whereas the elution rate is not affected. In the end, the number of hydrophilic particles is not sufficient to accommodate Optical observation and measurement of the thickness of the s function of time could confirm this mechanism. It could also lead to a more precise estimation of the elution rate, and inform on the impact of the particles nature, especially of the intensity of swelling.

• Pure swelling mechanism This mechanism was observed for P(AMPS case, the adhesive continuously swells and no elution of the particles occurs. The swelling profile can be related to the swelling kinetics of the pure hydrophilic particles, with order of magnitude of the characteristic times. The final pure hydrogels since the deformation of the adhesive matrix could limit the swelling. limited by the damage in the matrix This progressive mechanism of swelling/elution is supported by experimental observations of the CMC and P(MAETAC-co-AAm)-based adhesives swelling. Indeed, the based adhesive is yellow and whitens while absorbing water: during the experiments, a whitening of the surface of the samples was observed while their core remained yellow. The thickness of this core decreased with time. Moreover, the "holes" in the adhesive matrix caused by the loss of the highly swollen PMAETAC particles were plainly visible and their depth increased with time.

This mechanism is also in good agreement with the interpretation given for the deswelling stage. Indeed, the deeper the particles layers are, the lower the surface contact between the particles and the water. Thus, the number of accessible parti reducing the overall water uptake, whereas the elution rate is not affected. In the end, the number of hydrophilic particles is not sufficient to accommodate the incoming Optical observation and measurement of the thickness of the s function of time could confirm this mechanism. It could also lead to a more precise estimation of the elution rate, and inform on the impact of the particles nature, especially of the intensity Pure swelling mechanism mechanism was observed for P(AMPS-co-AAm) and PMAA-based adhesives. In this case, the adhesive continuously swells and no elution of the particles occurs. The swelling profile can be related to the swelling kinetics of the pure hydrophilic particles, with order of magnitude of the characteristic times. The final degree of swelling is lower than for pure hydrogels since the deformation of the adhesive matrix could limit the swelling.

damage in the matrix.

: Water affinity of hydrocolloid-based adhesives the mechanism proposed for water absorption in the adhesive is supported by experimental based adhesives swelling. Indeed, the based adhesive is yellow and whitens while absorbing water: during the samples was observed while their core remained yellow. The thickness of this core decreased with time. Moreover, the "holes" in the adhesive matrix caused by the loss of the highly swollen PMAETAC particles were plainly This mechanism is also in good agreement with the interpretation given for the deswelling stage. Indeed, the deeper the particles layers are, the lower the surface contact between the particles and the water. Thus, the number of accessible particles decreases, reducing the overall water uptake, whereas the elution rate is not affected. In the end, the the incoming water. Optical observation and measurement of the thickness of the swollen layer as a function of time could confirm this mechanism. It could also lead to a more precise estimation of the elution rate, and inform on the impact of the particles nature, especially of the intensity based adhesives. In this case, the adhesive continuously swells and no elution of the particles occurs. The swelling profile can be related to the swelling kinetics of the pure hydrophilic particles, with the same swelling is lower than for pure hydrogels since the deformation of the adhesive matrix could limit the swelling. It is also 

Effect of the crosslinking

These experiments showed that the crosslinking of the hydrophilic particles does not suppress the elution process. Nevertheless, it has a strong effect on the water absorption of the adhesive blends. The origin of the elution is thus more complex that the model proposed in the chapter 3 (section 1.3). The role played by the interfacial tension between the swollen hydrophilic particles and the hydrophobic adhesive matrix is not questioned. However, according to the experiments on swelling kinetics (see chapter 3, section 2.1.4), the swelling rate of the crosslinked particles ranges from 10 -6 to 10 -3 s -1 , strain rates at which the adhesive matrix behaves like a viscous fluid. Yet, suppressing the large deformation and flow of the particles through crosslinking does not systematically prevent the elution process. The crosslinking of the particles does not reduce their mobility enough to stop their elution. However, they must elute as whole particles.

Another noticeable effect of the crosslinking is the systematic irreversible deformation and damage of the adhesive matrix due to the swelling of the crosslinked particles. This phenomenon was not observed for the reference system where the dissolved CMC could flow out of the adhesive matrix. Here, the crosslinking prevents the particles from changing shapethey can only swell -and reduces their mobility, allowing them to probably deform more severely the adhesive matrix. Moreover, contrary to a viscous CMC solution, the crosslinked particles have little possibility to adapt their shape while swelling. Consequently, the deformation of the adhesive matrix during the swelling of the crosslinked particles is much larger than during that of the CMC particles and becomes irreversible, leading to the damage of the matrix.

Optical observation of the swelling of a single particle in the adhesive matrix under a controlled flux of water could be an interesting complementary experiment to carry out. It would lead to a more refined determination of the kinetics of swelling under the pressure of the adhesive matrix and provide an estimate of the critical degree of swelling where the adhesive matrix irreversibly deforms and damages.

Elution of the particles

The nature of the hydrophilic particles has a crucial effect on the water absorption and the evolution of the structure of the adhesive.

For crosslinked particles, the extent of swelling is related to the kinetics of swelling: the higher the equilibrium swelling ratio, the higher the absorption rate (see chapter 3, section 2.1.4). Thus, the deformation of the adhesive matrix is amplified and it damages more rapidly. Consequently, the elution rate increases. This could explain the difference between the swelling behaviors of the PAAm and the NaPAA-based adhesives. The results on PMAETAC-based adhesive also suggest that an excessive increase in the elution rate could harm the overall water uptake. The swelling / steady state /deswelling mechanism seems to be a variation of the swelling / deswelling mechanism, where the elution rate is considerably higher.

Even if the crosslinking of the particles does not systematically avoid their elution, a total disappearance of the phenomenon was nevertheless observed in two cases: the P(AMPSco-AAm) and the PMAA-based adhesives. In these cases, the adhesive blends absorb increasing amounts of water, the particles swell but are not expelled from the matrix by the interfacial tension. The origin of this difference with the systems discussed above is not clear. Two hypotheses can be suggested to explain it. First, a coupling between the dry hydrophilic particles contained in the adhesive matrix can be considered. Indeed, in the case of the PMAA-based adhesive, a dehydration of the carboxylic acid can occur during the preparation of the adhesive blend. This classical reaction leads to the formation of anhydrides for temperature higher than 100°C and could result in the creation of a particles network within the adhesive matrix. Such a network would prevent the elution of the particles even after swelling. Such a coupling reaction was also reported for sulfonic groups at temperatures higher than 70°C [2] and would explain the formation of a network of the PAMPS particles. Another assumption is that interactions could have been created between the adhesive matrix and the particles during the blending process. Indeed, PAMPS and PMAA both have acid groups which could react with the C=C unsaturations of the polyisoprene in the elastomeric matrix at temperature higher than 100°C. The mixing conditions (high temperature, concentrated medium, presence of residual oxidant catalyst) could promote such a reaction. Thus, some chemical bonds between matrix and particles would be created, which would certainly greatly reduce the mobility of the particles within the matrix. Nevertheless, no direct proof of these reactions was observed. ATR-IR experiments did not reveal any creation of C-O bonds (cf. chapter 2, section 3.2) and SER experiments did not show any mechanical signature of interactions between the matrix and the particles. Yet, the number of created bonds could be too low to be detected with these methods.

Influence of the ionic strength

The immersion experiments showed that the presence of salts in the swelling medium delays the water uptake of the adhesive blends. In the case of the swelling / deswelling mechanisms, it results into the delay of the elution process and thus an increase in the maximum water uptake. For the cases where no elution was observed, it results into a decrease of the swelling ability of the blends and a slower kinetics of swelling. This second effect is consistent with the impact of the ionic strength on the swelling of pure hydrogels. The first effect, especially the later elution, is more difficult to understand. The absence of impact for the adhesive based on the neutral PAAm hydrogel clearly shows that the ionic strength only affects the hydrophilic particles. For the other systems, the presence of salts slows down the swelling which allows water to diffuse further within the adhesive and to reach a higher number of particles. As a result, even if the water absorption for each particle is lower, a higher global level of absorption can be achieved before a local critical swelling, leading to the elution, is reached.

Water transport in the hydrocolloid-based adhesives 2.1. Objectives

The immersion tests only qualitatively inform on the ability of the systems to absorb water. More quantitative data are needed to refine the characterization of their affinity with water. Moreover, these experiments are not realistic since the entering water flux is tridimensional and there is an unlimited supply for free water, which amplifies the effect of water absorption. Therefore, softer experimental conditions were necessary.

Besides, the second requirement for wound dressings is a suitable permeability to water vapor. Some experiments of permeability to water vapor were therefore carried out on membranes of the different hydrocolloid-based adhesives, providing the amount of water both absorbed and permeated through the membranes, and thus testing the water transport capability of the different systems.

The data obtained from these experiments had also to be directly comparable with the tests carried out in the industrial laboratories, where water vapor transmission rate (WVTR) measurements are performed according to the French norm NF EN 13726-2 [3]. The guiding principle of our home-made setup was thus chosen close to the experimental conditions defined by this norm.

Since differences between the different types of the hydrophilic particles are small, only small changes in the water vapor permeability from one system to another were expected. Consequently, the experimental setup had to be reliable, robust and reproducible in order to compare these different systems. The experimental setup was optimized to improve the reproducibility by carefully controlling the experimental conditions and the sources of 123 irreproducibility, to detect the influence of the nature of the hydrophilic particles on the water transport properties of the hydrocolloid-based adhesive.

Hydrocolloid-based adhesives are very complex systems. Since they are heterogeneous, at different scales, it is difficult to simply predict their water transport properties. The hydrophobic phase is a microstructured elastomeric blend of diblock and triblock copolymers, for which blocks are immiscible, highly diluted in a blend of plasticizing and oligomers. The hydrophilic phase is made of glassy hydrogel particles, with a high affinity with water, which morphology and dispersion are likely to influence the transport properties. In such a complex blend, the understanding of the mechanisms of water transport in such systems is not trivial. Only a few studies were carried out on the permeability of gases through such heterogeneous systems. The theoretical description of the transport and the prediction of the permeability were considered only recently. Beckman and Teplyakov [4] proposed a model to describe permeability of gases through a heterogeneous membrane of rubberlike polydimethylsiloxane PDMS where glassy polyvinyltrimethylsilane PVTMS inclusions are dispersed. They pointed out the difficulty to describe the shape and the size of the inclusions to evaluate and predict the final properties.

In this work, no theoretical description or prediction on the systems was aimed. One of the issues of these experiments is to improve the qualitative description of the systems, and especially to identify the roles of the hydrophobic and the hydrophilic phases in water transport. Even if the hydrophilic dispersed phase is expected to account for the main part the process, its evolution during usage is not clear. These experiments could allow to precise the dependence of the overall water permeability of the membranes on the water absorption by the hydrophilic particles.

Before describing the experimental setup and its optimization, a quick overview of the transport phenomena through membranes will be presented in order to define the permeability and identify the key experimental parameters to control during the experiments. Some common models for gases and liquids transport will be described. Then, the different hydrocolloid-based adhesives will be tested in order to estimate the influence of the nature of the hydrophilic particles on the water permeability and to discuss the transport of water through these membranes.

A quick overview of transport through membranes 2.2.1. Definition of the permeability

Permeability of vapors or liquids though polymeric films is defined as a mass transfer driven by a chemical potential gradient across the membrane. This gradient is generally maintained in a steady state by an immediate sorption at the upstream side and a rapid desorption at the downstream side of the permeated species. For gases, the driving force is a pressure difference. For liquids, it is a concentration difference. In general, the permeability ℘ of a membrane of area A is defined for a given permeated species as the ratio of the permeation flux J divided by the driving force:

= - = × Eq 4.1
with: L a coefficient of proportionality linking the chemical potential to the flux.

℘ = × ℎ Eq 4.2

The exact formula depends on the geometry of the test, on the nature of the permeated species (gas or liquid), and especially on the chosen model to describe the transport within the membrane [5][6][7][8].

Usual models for transport through membranes

The two most current models used to describe transport through membranes are the "solution-diffusion model" and the "pore-flow model" [9]. Since the permeated species in our experiments is pure water, the descriptions will be simplified to the transport of a single permeated species.

Pore-flow-model

The "pore-flow" model is generally used to describe the permeation process through porous membranes. In this model, the upstream and downstream sides of the membrane are separated by a pressure-driven convective flow. The chemical potential gradient across the membrane is thus expressed as a pressure gradient ∆p, and the concentration of permeated species in the membrane is uniform. The integration of Eq 4.1 across the surface leads to: = Δ Eq 4.3

with: k the Darcy's law coefficient, e the thickness of the membrane.

Solution-diffusion model [5, 7, 8]

The "solution-diffusion" model is generally used to describe the permeation process through dense membranes. In this model, the permeant dissolves in the membrane and then diffuses through the membrane. The model assumes that the pressure within the membrane is uniform and that the chemical potential gradient across the membrane is expressed as a concentration gradient ∆c. The integration of Eq 4.1 across the surface leads to:

= " Δ Eq 4.4
with:

D the diffusion coefficient, defined by Fick's law.

Figure 4.13: Pressure driven permeation through a membrane according to solution diffusion and pore
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The permeation step is a kinetics phenomenon. Its theoretical analysis is not trivial and ng the permeation process are complex and many theories were proposed to elucidate the transport mechanisms. This is widely discussed in the literature. These discussions are outside of the scope of this short ill be briefly commented. Transient regime [7,11] The mass uptake is generally obtained from a function of time. The analysis of the law, which implies that the transport gravimetric measurements and is given as regime is generally based on Fick's second phenomenon is driven by a diffusion process: Eq 4. 5 The diffusion coefficient D can be first considered as constant, which leads to the definition of an average diffusion coefficient. It can be obtained by plotting the ratio of the mass uptake of the membrane weight at t, M(t), and at infinite time, M ∞ (ie. at sorption equilibrium) as a function of the square root of time. Different methods can be used to calculate the numerical value of D [12]. In one dimension, the more commonly used method is the determination of D from the initial slope of the curve: when t → 0 Eq 4.6

In the case of swellable membranes where interactions between the membrane and the permeated species can occur, the D coefficient cannot be considered as constant anymore and depends on the concentration. Two usual models can be used to describe this concentrationdependency:

• Barrer's law:

" = " : $1 + = & • Long's model: " = " : >?
with: D 0 the diffusion coefficient at infinite dilution, K a constant, γ the plasticizing constant.

However, Fick's law is valid only for homogeneous and isotropic systems at local equilibrium. It is also mainly valid for polymers in their rubbery state. Deviations from this mechanism of transport can be observed. The most common method used to characterize the nature of the transport process is to fit the initial portion of the sorption curve M(t)/M ∞ =f(t) [13,14]:

3$ & 3 '
= . @ Eq 4.7

• n = 0.5 corresponds to case I, ie. a Fickian diffusion: the transport is controlled by the diffusion process. • n < 0.5 corresponds to a pseudo-Fickian diffusion: the water penetration rate is much lower than the polymer relaxation rate. • 0.5 < n < 1 corresponds to an anomalous diffusion: it is characterized by comparable diffusion and relaxation processes rates.

• n = 1 and n > 1 correspond to case II and supercase II respectively, characterized by a diffusion rate higher than the relaxation rate. In these cases, the transport is driven by the relaxation processes. The basic parameter is the constant velocity of an advancing front of permeated species.

In non-Fickian processes, the mobility of the polymer chains is too low to instantaneously respond to the variation of concentration, so that the system does not permit a rapid penetration of water. Therefore, the diffusion coefficient depends also on the time. Such behavior can be due to different phenomena:

-fluctuations of concentration at the surface, -dependence of the diffusion coefficient on the thermomechanical history of the material, -internal stresses between dry and moist areas, -slow relaxation of the polymer chains. Non-Fickian behaviors are generally expected for glassy systems, with a potential passage of the glass transition during the transport. However, a n-exponent different from 0.5 can be associated to a Fickian diffusion for very specific systems, for instance if the surface of the membrane is not plane, if the swelling is anisotropic or if the concentration of the permeated species at the upstream side depends on the time.

Stationary regime

In this regime, the mass uptake is constant as well as the flux of permeated species. It is characterized by a time-lag A defined as the t-intercept of the asymptotic line of the plot of the amount of permeated water as a function of time (cf. Figure 4.15), and a permeability ℘.

In the solution-diffusion model, ℘ is described by the product of the solubility coefficient S of the permeated species in the membrane, and the diffusion coefficient D:

℘ = " × B Eq 4.8
For Fickian transport where the diffusion coefficient is constant, the D value can be related to the time-lag:

" = 7 6
A Eq 4.9

After this short introduction to transport phenomena in membranes, some practical features of permeability measurements will be described in order to identify the key parameters of the experimental setup to control.

Boundary layer resistance

The usual methods for measuring the gas permeability of a membrane are often limited by the presence of external diffusional boundary layers at the membrane interfaces which resist to the overall mass transfer [15]. The creation of these layers can be due to local variations of the partial pressure near the interfaces, for example a vapor accumulation at the permeate side. Consequently, the experimental value for the permeability is not intrinsic to the tested membrane, but reflects the resistance to mass transfer of a system composed of three resistances: the feed boundary layer, the membrane and the permeate boundary layer.

These two extra resistances widely impact the value of the permeability and they cannot be easily controlled or predicted. Thus, the experimental setup should be optimized to limit their existence or control their formation. Metz et al. [16] showed that the feed boundary layer could be neglected for thick membranes (e > 100 µm). Radke et al. [17] developed a specific fan-evaporation cell which enables to extrapolate the intrinsic permeability of a membrane thanks to a tunable convection flux at the membrane permeate side, and showed that a convection flux at this interface reduces the resistance to mass transfer. A similar approach by Metz et al. confirmed this tendency [16].

Water: a specific permeant

In this work, the water vapor transport through adhesive membranes will be studied. Water is a polar molecule with a high cohesive energy. It is difficult to make any accurate sorption or transport measurements for water vapor because of its specific properties [18]:

High solubility in many materials, especially in hydrophilic polymers:

Water widely impacts the permeability value and can swell the membranes.

High tendency to adsorb onto high energy surfaces such as glass or metal:

This can introduce experimental errors when the permeated or absorbed masses are measured in a metallic scale, or collected in glass bottles.

Relatively high heat of vaporization:

The temperature locally decreases at the interfaces when water vaporizes, which can question the hypothesis of isotherm transport. Yet, this phenomenon can be neglected for thick membranes.

Plasticizing effect on polymers:

For hydrophilic polymers, the glass transition temperature is strongly affected by the water content. Water absorption can trigger the passage of the glass transition, which considerably changes the mobility of the chains and brings about deep changes in water permeability [19,20]. It also impacts the value of the diffusion coefficient, which makes D very dependant of the concentration: D increases with the water content.

Specific interactions comparing to other solutes:

Water forms strong water/water interactions, which can overcome the water/membrane interactions -in hydrophobic membranes for instance. Therefore, water molecules can aggregate, which reduces their mobility and decreases the overall permeability. This phenomenon is called clustering and can be evidenced by the study of the Zimm-Lundberg function [21].

Water can also form specific H-bonds with polymers, leading to the creation of complexes which lower the solubility of water in the membrane, and thus the sorption and the permeability values [22].

All these specificities should be taken into account during the experiments and the interpretation of the results. The experimental setup should be adapted to this specific permeated species.

Parameters impacting the permeability measurements

In this section, the main parameters likely to influence the permeation process of vapor and the measurements will be presented and discussed in order to identify the key parameters to control in the design of the experimental setup [3].

Nature of the membrane

The nature of the polymeric membrane partially drives the overall transport. The permeability properties depend on many physico-chemical properties of the membrane, such as the free volume within the polymer, the mobility of the chains (carbonated chain size, unsaturations, crosslinking, crystallinity, steric constraints…) or the chemical nature of the polymer chains and their substituents. A high average molar mass of the polymer chains decreases the number of end-chains and thus decreases the mobility and the diffusion ability. The introduction of polar groups reduces the permeability by increasing the cohesion energy. A low glass transition temperature implies high mobility of the polymer chains and suggests a good diffusion and permeation. The presence of charge within the polymer also plays a role.

In the case of polymer blends, the composition, the miscibility of the different phases, the structure and the phase morphology have to be considered. Their homogeneity is also a critical parameter: for heterogeneous systems, the interfacial phenomena are crucial, as well as the degree of heterogeneity. Therefore, the permeability of these systems strongly depends on the method of production and on the thermal history of the membrane.

The rubbery or glassy state of the different components of the membrane is also a critical parameter of the permeability because it impacts the mobility of the chains and determines the transport mechanism through the membrane.

Evolution of the membrane during transport

Glassy polymer membranes can undergo a glass transition by sorption of the solute. Indeed, by absorbing water, the glass transition decreases which increases the diffusion coefficient of the permeated species in the membrane. At high water content, the dependence of D on the concentration is nearly nil.

Thickness of the membrane

The sorption rate tends to decrease with the thickness [23]. It was also mentioned that a high thickness attenuates the effect of the resistance to the mass transfer of the downstream diffusion boundary layer.

Nature of the permeated species

The specificity of water was already described. In general, the size and the shape of the permeated species impact the permeability values, especially for glassy membranes.

Temperature

The sorption and the diffusion steps depend on the temperature. The diffusion coefficient D, the solubility coefficient S, and thus the permeability P vary according to an Arrhenius law. [18,24,25] The relative humidity difference between the upstream and the downstream sides of the membrane defines the chemical potential gradient, and thus the driving force of the vapor transport. It is thus essential to finely control this parameter on both sides of the membrane. At constant upstream partial pressure of gas, a decrease in RH at the downstream side will increase the permeability of the system. However, if it is too low, potential local drying of the membrane at the interface can occur, which disturbs the transport phenomenon. Indeed, some systems can form a glassy layer at the interface during drying, which introduces a mass transfer resistance and distorts the measurement. [17] The role of the convection in permeability testing devices was already mentioned above. The convective flow at the interface can lower the resistance to mass transfer by evacuating the water vapor which accumulates at the interface during transport. It thus provides a well controlled physico-chemical state of the downstream side of the membrane and fixes the experimental conditions. Nevertheless, this convective flow should not be excessive to avoid any drying of the interface.

Relative humidity RH

Convection at the downstream interface

The permeability to gases of a material depends on both intrinsic physico-chemical properties of the membrane (nature, structure…) and experimental conditions of the test (geometry, thickness, temperature, RH, convection). Therefore, the permeability measurement is not an intrinsic property of a membrane and ought to be defined for given experimental conditions. These conditions must be well-controlled in order to provide reliable, reproducible and accurate results. Moreover, in this work, a comparison of the different hydrocolloid-based adhesives is expected. Thus, the conditions of the test have to be easily and precisely reproduced for the different systems in order to obtain the value of the permeability in the same experimental conditions.

Usual techniques to measure water transport through membranes

Water transport through polymeric membranes is a major issue in different industrial fields. Applications can be found in water treatment, drying gases, microelectronics, filtration processes, food or pharmaceuticals packaging, medical device… Depending on the application, high or low permeability, or even selectivity for water can be required. The need of reliable measurements is thus widespread and many experimental devices were developed.

The previous sections showed that the experimental conditions of permeability measurements deeply impact the transport properties of a membrane. Consequently, the experimental setup must be carefully chosen and developed to ensure reliable, reproducible and relevant data.

Two types of methods for the study of vapor transport properties are currently used: gravimetric methods and "variable-pressure constant-volume" methods. The choice between these two methods depends on several parameters, including the nature of the membrane and of the permeated species, or the expected level of permeability.

Variable-pressure constant-volume methods

This technique provides the more accurate results. The membrane separates into two compartments a closed cell, where vacuum is applied. The gas is introduced at the upstream side under a constant pressure. Then the increase in gas pressure in the downstream compartment is monitored. The flux through the membrane and the permeability are obtained from the analysis of this pressure. This typical device was used by Mauviel et al. [25] to evidence the influence of the feed side pressure on the permeability. This method is usually not used to measure water permeability but various modifications of this principle were developed to adapt the geometry of the permeation cell to the specific nature of water, but also to the constraints of the application or to the level of permeability. Metz et al. [16] modified the classical permeation cell to measure membranes permeability for high-pressure gas separation, by using inert sweep gases at both membrane sides. Métayer et al. [26] developed a specific cell to characterize films with low permeability to water. In this case, the upstream side of the membrane is directly put in contact with water.

Gravimetric methods

Thermogravimetric techniques are the most frequently used. Two types of gravimetric measurements can be carried out.

Sorption and desorption kinetics measurements allow the indirect determination of the permeability, diffusion and solubility coefficients. The water uptake can be obtained from the elongation of a quartz spring confined in a sealed enclosure where the relative humidity is controlled [19]. This technique is especially used to characterize Nafion membranes. Thermogravimetric analyzer is also used for these measurements.

The "cup method" is the more common technique used to determine the transport rate of water transport through a polymeric membrane. In this method, the membrane covers a container with water or dessicant. The container is then placed in a humidity and temperaturecontrolled oven, and the rate of weight decrease can be measured with a sensitive microbalance. This geometry is typically used to measure the transport properties, in particular the WVTR, of medical bandages according to the French norm NF EN 13726-2 [3]. The method can also be used to measure the amount of water absorbed by the membrane. Nevertheless, this technique is affected by the presence of stagnant boundary layers on the membrane interfaces. The sealing of the film can also lead to experimental errors, especially for low permeability membranes. Various optimizations of the experimental conditions were proposed to increase the precision of the measurements. Radke et al. [17,27] developed vacuum-evaporation and fan-evaporation cells to suppress the external mass-transfer resistance. Other works, closer to the initial simple device of the "cup method", realized some optimizations of the experimental conditions to lower the drawbacks of this method and increase its reproducibility [28,29]. Specific care was taken to the control of humidity, the convection at the membrane interface or potential leaks.

In this work, the "cup method" was chosen to provide the permeability to water vapor at 37°C of membranes of the different hydrocolloid-based adhesives, in order to provide results comparable with the industrial measurements. The conditions defined by the French norm were set up and improvements were realized to increase the reproducibility and the reliability of our measurements.

Experimental device and procedure

The development of the experimental setup was directed by various constraints. The procedure had to be as close as possible to the device defined by the industrial norm.

The experimental procedure was adapted from the NF EN 13726-2 norm, especially from the section 3.2 concerning the WVTR of a wound dressing in contact with water vapor. This norm precisely describes the experimental procedure to follow, especially the geometry of the membrane and of the water container, the conditions on the environment (temperature, humidity), and the conditions of validity of the measurements.

The reproducibility of this procedure had to be increased. Another more practical constraint was the possibility to carry out two permeability experiments at the same time.

Membranes of hydrocolloid-based adhesives

The fabrication of the membranes was controlled to set the thermal history of the material and to minimize the uncertainty due to thickness variations.

The hydrocolloid-based adhesives were hot pressed in circular moulds of controlled dimensions (diameter 52 mm -thickness 1 mm). Pressing was run progressively until 50 bars and 130°C, and maintained in these conditions for 20 minutes. Then the samples were cooled down to room temperature with a maintained pressure to avoid the release of water vapor and limit the formation of bubbles within the membranes.

The thickness of CMC-based adhesive membranes obtained with this procedure was measured on thirteen samples in order to estimate the dispersion. On each sample, the thickness was measured on ten different areas to check the homogeneity of the membrane and estimate the overall thickness. This precision on the thickness is = 1.00 ± 0.02

The error on the thickness is thus inferior to 2%.

After pressing, a thin polyurethane film, 30 µm-thick, was manually pressed onto the downstream side of the membrane. A great care was taken to avoid any trapping of air bubble between the adhesive and the PU film. This PU film is a semi-permeable membrane which functions are:

• to protect the wound from external bacteria,

• to provide an external smooth and sliding surface to the wound dressing,

• a semi-permeability to water: it is not permeable to liquid water, and thus prevents external water from penetrating into the membranes, but it is permeable to water vapor, so that the overall permeability is only driven by the adhesive itself. • to limit the deformation of the membrane during the test. Indeed, it was observed that the water vapor from the container applied a pressure on the membrane, deforming it and bringing about changes in thickness and curvature. Such changes would be responsible for distortions in the values of permeability. Therefore, the presence of this film does not affect the permeability measurements but is essential to obtain reliable results.

Apparatus and procedure

The principle of the test is simple: the adhesive membrane is stuck onto the removable lid of a small container filled with pure water. This lid is previously pierced to obtain a constant contact area between the membrane and the water vapor from the container. This container is placed in an enclosure of fixed temperature and humidity. The permeability is obtained from the water lost by the "membrane + container" system, and the water absorbed by the membrane was deduced from the water uptake of the removable "lid + membrane" system. An extensive description is required to precise the conditions of these experiments.

The membrane was prepared as previously described. The container for water is a 125 mL dialysis container in polypropylene with a removable screw lid. This container was expected to have a suitable sealing and to minimize water loss and leaks. Since the norm requires a contact area between the membrane and the water vapor of S = 10 cm², the lid was pierced with a punch of diameter equal to 36 mm. The membrane was then manually and firmly pressed onto the lid. The difference in diameter between the membrane and the hole ensures an adequate sealing of the system and minimizes potential water leaks at edges. The container was filled before closure with pure water (Milli-Q water system, resistivity 18.2 MΩ/cm), previously equilibrated at 37°C to ensure a 100% RH at the feed side of the membrane.

The system was then transferred into an oven at 37°C, adapted to control the humidity and the convection at the membrane surface. The oven is a Memmert UNE200 32L: temperature precision is 0.5°C and intern convection is natural. Convection was fully ensured by a fan originally designed for computer power unit cooling (Fonsan DC BRUSHLESS MODEL DFB0812L 12V 0.08A R int ≃ 2 MΩ), powered from an elc power supply with discrete variable voltage in order to obtain a tunable convection flux. Nevertheless, no quantitative values of the air flux were measured. A specific sliding device was tailor-made to insert in the oven two units of the "membrane + container + convection" system (see Figure 4.16). The relative position of the two units was optimized to limit the interactions between them. This device was tunable so that the vertical and horizontal distances between the fan and the membrane could be easily modulated and controlled. Every hour (except night) during at least 48 hours, the "membrane + container" system was extracted from the oven, to obtain the water uptake of the membrane and the water loss of the reservoir. Measurements were carried out with a Sartorius scale (precision 0.1 mg). They were quickly realized (in less about 1 min) to minimize potential perturbations on the enclosure. The followed procedure was:

1) The "membrane + container" system was weighed: HIHJK LMNIOM IPM@Q@R .

2) The "membrane + removable lid" system was unscrewed and weighed:

SMSLOJ@M T KQ

3) After retightening, the "membrane + container" system was weighed back to take into account for water loss during the second step: HIHJK JNHMO IPM@Q@R .

Then, various physical quantities were calculated: with: ∆p the pressure difference across the membrane.
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Optimizations on these device and procedure were performed to control the sources of uncertainty and ensure comparable results between the different tested materials.

Humidity regulation

The norm requires a relative humidity RH inferior to 20% during the entirety of the test. Moreover, the influence of the difference in relative humidity between the two sides of the membrane was previously pointed out. Thus, it was necessary to finely control humidity inside the oven and keep it constant. Two strategies were considered:

• humidity control by silica gel dessiccant,

• humidity control by a saturated solution of salt.

A first trial was carried out by using silica gel dessiccant, placed at the bottom of the oven to maximize the contact area between the desiccant and the air. A preliminary test was carried out with two samples of CMC-based adhesives, following the previously described procedure during 48h. The relative humidity and the temperature were monitored in the center of the oven with a probe Rotronic measurements HC2-C04. Results are given in Figure 4.17.

Figure 4.17: Evolution of the relative humidity and temperature in the oven during permeability experiments of CMC-based adhesives at 37°C, using gel silica desiccant as a humidity controller.

The temperature was well defined during the whole experiment, with an average value of 36.7°C and variations around 0.1°C. Greater variations were recorded during the opening of the oven door. The return to the mean value occurred in about 10 min. Yet, the relative humidity increased during the experiment from 12% to 18%, especially during the first day. Variations were also observed during the opening of the oven door, with the same characteristic time of return to the mean value than for the temperature. An irregular evolution of the A(t) and P(t) coefficients for the CMC-based adhesive membranes in these conditions was observed, which decreases the precision of the measurements.

Therefore, silica gel desiccant within the oven. Chen and Li used desiccant on the WVTR measurements. such drawbacks.

A saturated solution of salt was then considered to regulate the humidity in the oven. This solution is widely used since such solution enables to set the relative humidity in an enclosure for a given temperature humidity regulation at 11.2% was expected. The solution was poured in Petri dishes and disposed in the bottom of the oven in order to maximize the contact area between the solution and the air. A preliminary test was carried out with two samples of CMC during 48h. The relative humidity and the temperature were monitored in the center of the oven with a probe Rotronic measurements 

18: Evolution the relative humidity and temperature in the oven during permeability experiments of CMC-based adhesives at 37°C, using

The relative humidity is much more stable than in the previous situation. The RH varied progressively from 13% to 15%. The initial relative humidity was predicted by the literature: it can be due to the of relative humidity from the bottom to the top of the oven Variations of RH were also recorded during the opening of the oven door, with the same characteristic time of return to the mean va This time cannot be neglected with respect to the time gap between two measurements (1 hour): a potential impact on the permeability measurement would be expected. progressive dissolution of excess salt regulation technique.

Chapter 4: Water affinity of hydrocolloid 137 Therefore, silica gel desiccant was not the more suitable solution to regulate the humidity Chen and Li [28] pointed out the influence of the type and used desiccant on the WVTR measurements. Another solution was thus explored to avoid turated solution of salt was then considered to regulate the humidity in the oven. This solution is widely used since such solution enables to set the relative humidity in an enclosure for a given temperature [30]. Solution of saturated lithium chloride was chosen humidity regulation at 11.2% was expected. The solution was poured in Petri dishes and disposed in the bottom of the oven in order to maximize the contact area between the solution minary test was carried out with two samples of CMC during 48h. The relative humidity and the temperature were monitored in the center of the Rotronic measurements HC2-C04. Results are given in Figure

Evolution the relative humidity and temperature in the oven during permeability experiments of based adhesives at 37°C, using a saturated lithium chloride solution as a humidit

The relative humidity is much more stable than in the previous situation. The RH varied progressively from 13% to 15%. The initial relative humidity was slightly higher than by the literature: it can be due to the large volume of the oven resulting in a gradient e bottom to the top of the oven, despite the intern Variations of RH were also recorded during the opening of the oven door, with the same characteristic time of return to the mean value than previously observed with the silica gel. This time cannot be neglected with respect to the time gap between two measurements hour): a potential impact on the permeability measurement would be expected. dissolution of excess salt in the salt solution supported the effectiveness : Water affinity of hydrocolloid-based adhesives not the more suitable solution to regulate the humidity pointed out the influence of the type and the amount of Another solution was thus explored to avoid turated solution of salt was then considered to regulate the humidity in the oven. This solution is widely used since such solution enables to set the relative humidity in an . Solution of saturated lithium chloride was chosen: a humidity regulation at 11.2% was expected. The solution was poured in Petri dishes and disposed in the bottom of the oven in order to maximize the contact area between the solution minary test was carried out with two samples of CMC-based adhesives during 48h. The relative humidity and the temperature were monitored in the center of the 

Evolution the relative humidity and temperature in the oven during permeability experiments of as a humidity controller.

The relative humidity is much more stable than in the previous situation. The RH varied slightly higher than resulting in a gradient , despite the internal convection. Variations of RH were also recorded during the opening of the oven door, with the same lue than previously observed with the silica gel. This time cannot be neglected with respect to the time gap between two measurements hour): a potential impact on the permeability measurement would be expected. The effectiveness of this

In conclusion, the regulation of the relative humidity within the oven was performed with an oversaturated solution of lithium chloride. In the next experiments, the relative humidity was regularly checked with a probe Data Logger LOG 100/110 Dostmann Electronic.

Convection at the membrane surface

The sliding device was designed to modulate the horizontal and vertical distances between the membrane and the fan (cf. Figure 4.19). In order to set the convection flux at the membrane surface, these distances have to be fixed, as well as the tension delivered by the power supply.

Qualitative estimate of the intensity of the convective flux was carried out by varying the tension of the fan and the distances d 1 and d 2 . An empirical compromise was chosen:

• if the convection flux was too low, the stagnant boundary layer would not have been adequately removed, • if the convection flux was too high, potential drying of the membrane surface could have occurred, resulting in the creation of a new mass transfer resistant layer.

The final values for distances were thus chosen as: d 1 = 7 cm and d 2 = 13 cm. The tension was set to 9 V. With these values, no interference between the convection fluxes delivered by the two fan units was observed and they could be considered as independent.

Figure 4.19: Simple schematic of the experimental container for permeability testings. d 1 is the distance between the centers of the fan and the membrane, d 2 is the total height of the overall container + fan, and d 3 is the distance between the liquid water and the membrane.

The influence of the convection on the relative humidity was also estimated. The sliding device with the two fans was introduced in the oven at 37°C, without any samples. The relative humidity was monitored at the center of the oven. At t = 0, the saturated lithium chloride solution was introduced in the oven. After 24 hours, the convection was triggered. The equilibrium of temperature and relative humidity was set in about 15 min after the closure of the oven door, without any convection. After the convection was triggered, the temperature was not affected but the relative humidity decreased from 14% to 12.5% in about 10 min. The convection also slightly accelerated the return to equilibrium after opening of the oven door. These observations support the idea that the convection increases the homogeneity of the humidity inside the oven. Consequence on the experimental procedure: the solution of lithium chloride and the convection were set 15 to 30 min before the beginning of the test.

Results are given in

Partial pressure of water at the upstream side

The water partial pressure at the upstream side of the membrane is set by the large amount of water inside the container and no impact of the liquid water volume was expected. The relative humidity is expected to be equal to 100%. Nevertheless, the volume of water contained in the reservoir can influence the characteristic time to reach equilibrium after the removable lid was screwed (at initial time, or after a measurement). This volume was set for all the experiments. The norm requires a water volume of 20 mL and a distance between the liquid surface and the membrane d 3 = (5 ± 1) mm (cf. Figure 4.19). These conditions were not compatible with the chosen container and the procedure of the experiment. The 20 mL water volume was too low to provide adequate water vapor equilibrium. The short required distance d 3 favored accidental direct contact between liquid water and the membrane during manipulation. Therefore, an intermediate volume was chosen equal to 69.8 mL, corresponding to a distance d 3 = 3.6 cm.

Leakages

Two potential sources of leakage were identified.

Leakages at the edges of the hole in the removable lid

This problem was circumvented by shaping a membrane larger than the hole. The membrane was thus stuck onto the lid through a 8 mm thick shell.

Leakages near the screw of the removable lid

Leakage is a potential source of error and would lead to an overestimate of the permeability. In order to quantify the amount of water lost by leakage by the closed container, permeability measurements were performed on two containers whith intact lids (not pierced). Experiments were carried out during 48 hours, first without opening the containers, then with regular openings.

In the case of a continuous test, without any opening, the water loss represented less than 0.02% of the initial volume of water in the container after 48 hours.

In the second experiment, the water loss was higher and irregular (from 0.1% to 15%), suggesting a dependence on manipulation by the operator.

In conclusion, leakage can be minimized if great care is taken during the experiment by the operator to carefully screw the lid back.

Impact of the manipulation

During the experiments, many perturbations occur. The oven is regularly opened, as well as the water container. The opening of the oven leads to variations in temperature and relative humidity for 10 to 15 min. The opening of the water container breaks the water vapor equilibrium at the upstream side of the membrane. The time to reach the equilibrium after screwing back the removable lid was not characterized but it may in principle affect the water weight loss.

To confirm that the experimental procedure did not affect the permeation process, two permeability measurements on CMC-based adhesive were performed for 48 hours, without any manipulation before the final measurement. The A and P coefficients were compared to the ones obtained from the standard procedure, where the samples are removed and weighed every hour during the day. No significant difference between the two cases was observed, confirming that the manipulation of the sample did not affect the permeability measurements. This also suggests that the perturbation of the water vapor equilibrium at the upstream side of the membrane is short compared to the duration between two experiments. Such results were also obtained in similar WVTR device by Hu et al. [29]. Moreover, although the duration of the variations in temperature and relative humidity after opening of the oven cannot be neglected compared to the time gap between two measurements, no impact of the environment variations was found.

The experimental device was designed to limit the sources of uncertainty. Compromises were made to reconcile the need of a reliable and accurate test, and the several experimental and industrial constraints. The robustness of the setup and the procedure was tested in order to identify the remaining potential errors and define the range of validity of this test.

Reproducibility

The reproducibility of the test was investigated on the standard CMC-based formulation. The experimental procedure described in the previous section was followed for 52 hours. Five samples were tested. The overall A+P coefficient was plotted as a function of time and WVTR at the end of the tests were calculated (cf. 

21: Overall water absorption and permeation through five CMC-based adhesive membranes as a function of time (left) and corresponding values for Water Vapor Transmission Rate (right) at T = 37°C.

The calculated WVTR are consistent with the values obtained in industrial laboratories for such standard formulation. The standard deviation represents about 8% of the mean value. This test procedure improves the reproducibility by a factor two relative to the tests carried out in the industrial laboratories where the dispersion is about 15 to 20 %. The inhomogeneity of the hydrocolloid-based material is also a source of variation, which cannot be addressed by the optimization of the procedure.

Note: It can be noticed that the WVTR of odd samples (placed on the left side of the oven) is systematically higher than the even ones (placed on the right side of the oven). It is probably due to a difference in the convection flux at the membranes surface. Indeed, slight differences were measured between the internal resistances of the fans.

Results

Permeability experiments as previously described were carried out on the standard CMC-based formulation and on the different tailor-made hydrogel-based adhesives (see description chapter 2). The total duration of the experiments was adapted to the studied systems, from two to five days. All these adhesives contain the same weight fraction of hydrophilic particles (40%wt). Five samples were tested for the CMC-based adhesive, and two samples were tested for the hydrogel-based adhesives. In such soft conditions, no elution of the particles was observed.

Standard formulation

The typical A, P and overall A+P coefficients were plotted as a function of time for the CMC-based adhesive (cf. 

4.22: Time evolution of the absorbed water A, permeated water P and overall water vapor transport A+P coefficients for CMC-based adhesive membranes at T = 37°C.

Two regimes of permeability were identified:

• A transient regime, characterized by an increase in water vapor sorption and a low permeability of the membrane. • A stationary regime. During this steady-state, the water sorption stabilizes and the permeated water linearly increases. All absorbed water permeates through the membrane at the same rate. These two regimes are consistent with a description of water vapor transport according to the solution-diffusion model. It can also be noticed that the time evolution of the overall A+P coefficient is linear from the very beginning of the experiments, suggesting that water vapor sorption from the upstream side is fixed from t = 0. The water activity at the feed side of the membrane seems to control the transport through the membrane.

The permeability in the first regime is very low compared to the stationary regime. Permeability experiments on three samples of the pure adhesive matrix were carried out to compare the permeability properties, and identify the source of water transport through the hydrocolloid-based membranes. Results are given in The pure adhesive matrix does not absorb any water ( JLwIOLM [JHMO = 0 at all time). In the first regime, the amount of permeated water through the pure matrix and through the CMC-based adhesive is the same, suggesting that the permeability is only due to the hydrophobic phase of the material and the glassy hydrophilic particles do not ensure any water transport. In the second regime, the increased permeability of the CMC-based adhesive is thus due to water transport through the hydrophilic particles.

The amount of permeated water through the pure adhesive matrix was compared to the leakage rate through the screw of the removable lid (cf. section 2.3.6). The apparent permeability can be mainly explained by these leakages and is an experimental artifact. Therefore, this experimental setup is not adapted for permeability measurements on low permeability membranes and cannot be employed to characterize the permeability of the pure adhesive matrix. Nevertheless, the pure adhesive matrix is expected to exhibit a low water diffusivity which a more sensitive experimental set-up could measure.

Alternative hydrocolloid-based adhesives

The A, P and overall A+P coefficients are plotted as a function of time for all the tailor-made hydrogel-based adhesives. Results are given in As for the reference system, a transient regime and a steady state are observed, suggesting that analog mechanisms of water vapor transport are responsible for the permeability of all the systems. However, the sorption rate and the steady-state water content of the membrane strongly depend on the nature of the hydrophilic particles. As expected considering the swelling properties of the pure PMAA, the water content and permeation rate are lowest for the PMAA-based adhesive. Vice-versa, the absorbed water is highest for the polyelectrolytebased adhesives, as well as the sorption rate. The hierarchy of the steady-state water content is qualitatively consistent with the results of equilibrium swelling for pure hydrogels (cf. chapter 3, section 2.1.3). Concerning the sorption rates, PAMPS and PMAETAC are expected to swell at the same rate, which was not observed here, with a lower absorption rate of the PAMPS-based system. Two regimes of permeability were observed for all systems, except the PMAA-based adhesive. Yet, the permeability of this system cannot be measured with precision since it has a low permeability. The stationary regime is not observed and the apparent P coefficient is mainly due to leakages. The characteristic transition time between the two regimes depends on the nature of the hydrophilic particles. It was chosen as the time-lag defined in the solution-diffusion model (cf. Table 4

.26).

The permeability measurements show that the polyelectrolyte-based systems are the more permeable. The WVTR for all systems were calculated (cf. Three levels of water transport can be identified:

• Low water transport through membranes: PMAA-based adhesive. This kind of system is not adapted for wound dressing application. • Intermediate water transport through membranes: PAAm and PAMPS-based adhesives.

• High water transport through membranes: CMC, PMAETAC, NaPAA-based adhesives. The last two categories are adapted for wound dressing application. Yet, these properties have to be confronted to the immersion experiments and to the adhesive properties to refine the criteria of choice.

Discussion

Mechanism of transport

As mentioned in the previous section, the data were interpreted according to the solution-diffusion model. This model is usually valid for dense and homogeneous membranes, but was often used to simply describe complex and heterogeneous systems. The transient regime and the steady-state were analyzed to identify the source of water permeability and improve the understanding of the water transport mechanism.

Absorption

The sorption curves A=f(t) were fitted in the transient region by a power law (cf. Eq 4.7) for all the systems to identify the nature of the transport process (cf. Figure 4.28). The nexponents are given in Table 4. 29. For all systems, the coefficient is far from the value 0.5 expected for a Fickian diffusion. Except for PMAETAC-based adhesive, the n-exponent is superior to 1, suggesting a non-Fickian behavior supercase II. The transport in PMAETACbased adhesive is a case II. Therefore, water transport is controlled by the relaxation of the polymer chains, and an advancing front of permeated species through the membrane would be expected. The existence of such a front is consistent with the observations of the immersion tests, where a progressive front of water was found during the absorption. This mechanism of transport is expected for glassy polymers, supporting the hypothesis that the hydrophilic particles are mainly responsible of water transport since they are initially dry and glassy. 

Table 4.29: n-exponent of the sorption curves during the transient regime of permeability measurements through hydrocolloid-based membranes. T = 37°C

Non-fickian diffusion in hydrogels has been observed and widely discussed in the literature [20,31]. The concentration and time dependence of the diffusion coefficient could also be related to the specific swelling mechanism of the dry hydrogel particles highlighted by Budtova and Navard [32]. Indeed, during swelling of the particle, an external swollen layer coexists with the remaining dry glassy core. Water progressively penetrates into the particle until it is totally hydrated and rubbery. This results in internal stresses, particularly favorable for non-Fickian diffusion.

During steady-state, the water content of the systems is constant. All absorbed water is permeated through the membrane. Mass swelling ratios and water weight fractions U [JHMO of the hydrophilic particles at sorption steady-state are given in Table 4 

30: Mass swelling ratio and water weight fraction of the hydrophilic particles at sorption steady-state of permeability measurements through hydrocolloid-based membranes. T = 37°C

The water content at the steady-state can be predicted through the Flory-Rehner theory (see Chapter 2, section 2.1.1). The normalized difference of chemical potential for water inside and outside the hydrogel particles can be written:

x$y 6 & = 1 vu z $ [ & -$y 6 & -$1 -y 6 & -{ 67 $1 -y 6 & 7 -.1 - 2 0 | y : 7 } ⁄ ~• $1 -y 6 & 6 } ⁄ € Eq 4.12
with: y 6 the volume fraction of water

[ the water activity outside the particles For example, for the PAAm, choosing for the water affinity in the membrane a mean value between its two sides ( [ = 0.56) and estimating the Flory parameter to 0.5, the resulting curve for x is plotted on Figure 4.31 (solid curve). The volume fraction of water predicted at equilibrium is determined at x$y 6 & = 0, which leads here to y 6 ≃ 0.18, meaning a mass absorption ratio ≃ 0.16, which is the correct order of magnitude compared to the experimental value for this system ( ≃ 0.28).

Note: the choice of [ = 0.56 might underestimate the effective water affinity outside the particles, which can lead to underestimate .

The swelling behavior of polyelectrolytes can also be understood qualitatively by modifying Eq 4.12 to take ionization into account:
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Eq 4. 13 permeability coefficient increased after direct contact with liquid water. The permeation rate also seems to slightly relax. These observations first confirm the correlation between high absorption intensity and high permeability. They also suggest that the stationary regime is related to an equilibrium determined by the water activity and the polymer characteristics.

Water sorption of hydrophilic powders was expected to be lower that swelling at equilibrium. Thijs et al. [33] investigated water vapor sorption of hydrophilic powders at various water activity. Even under high humidity, water uptake in humid environment of most of the studied hydrophilic polymers is lower than for a direct liquid contact. This phenomenon was explained by the difficulty to form the first hydration shell of the particle. This first shell is needed for the polymer chains to be able to form an extensive H-bonding network with water, favoring further water uptake. This work also pointed out that the water uptake of polymers with H-bonding acceptor groups tends to be higher than for H-bonding donor. Indeed, acceptor groups facilitate the formation of H-bonding and the creation of the first hydration shell. This observation is consistent with the steady-state water content of our systems. Contrary to the other polymers, PAAm and PMAA are H-bond donors. Their water uptake is significantly lower than for the other systems. Yet, the PAAm and PMAA are also neutral hydrogels, whereas the other systems are polyelectrolytes. The low water uptake of PMAA can also be due to the presence of the methyl group which increases its hydrophobicity. The conditions of synthesis, and especially the high initial monomer concentration for an equivalent crosslinking ratio than the other hydrogels, are also responsible for such a low water uptake. Otherwise, the particles morphology is also expected to impact the water uptake, and especially on its kinetics. This reinforces the necessity to study the swelling kinetics of our dry particles.

The role of the hydrophobic matrix in the sorption process can also be considered. No detectable water uptake was observed in the matrix but the adhesive matrix can delay the absorption by the hydrophilic particles due the low solubility of water in such a hydrophobic material. The adhesive matrix could also apply a hydrostatic pressure on the particles and decrease their swelling properties [34]. Further investigation of the swelling of a single particle coated with a thin and controlled layer of adhesive matrix would be required to refine this description.

Permeability

The evolution of the permeability coefficient is the characteristic time-lag curve predicted by the solution-diffusion model. The mass of permeated water is close to zero during the transient regime and linearly increases during the stationary regime. The characteristic transition time between the two regimes is A , the characteristic time from which the system starts to release the absorbed water from the membrane. As a first approximation, the diffusion coefficient " A can be calculated from this time-lag (Eq 4.9). The values of the diffusion coefficient are consistent with the time-lag estimations: the higher the diffusion coefficient, the lower time-lag. These results confirm than diffusion through hydrocolloid-based membrane is favored by the presence of charges in the hydrogel. Yet, the specific diffusion behavior for PAMPS is confirmed: despite a high level of absorption, the water diffusion is low for this system.

CMC

Even if the values for " A provide a first quantification of the water transport, this calculation relies on a Fickian diffusion. The analysis of the water flux J(t) through the membrane in the transient regime, following the approach of Marais and co-workers, proved that the diffusion coefficient is not constant during the whole process (cf. Appendix F). This confirms the non-Fickian behavior suggested by the n-exponent calculations. Yet, complementary data from 10h to 24h would have refined this analysis and the model for the dependency on concentration of the diffusion coefficient.

Connection between absorption and permeability

The absorption stabilizes when the permeability starts to increase. This correlation was confirmed for all the investigated systems. Even for the PMAA-based system, the very low level of permeability goes in hand with a lack of stationary regime within the experimental range. Two hypotheses on the physico-chemical origin of this correlation can be raised.

First, the role of the percolation can be investigated. While the hydrophilic particles absorb water vapor, their volume can increase until they could form a percolating network, providing a pathway for water transport. Rheological characterizations of the CMC-based adhesive at small strains suggested that the dry particles were close to form such a network (cf. chapter 3, section 3.1). Thus, even if the swelling ratio of the particles is low at sorption steady-state, the volume gain would be sufficient for particles to percolate.

The second hypothesis is related to the specific mechanism of swelling of the particles. The glass transition temperature of hydrogels strongly depends on their water content [35]. Therefore, the absorption of water can trigger a decrease in glass transition, without any variations of the temperature. Initially at glassy state, the particles progressively become rubbery, which considerably increases the water mobility in the particles, and consequently in the membrane. Thus, the water would start to permeate from the characteristic time when all the particles in the membrane become totally rubbery. Nevertheless, the swelling ratio of the particles at sorption steady-state remains low. The water content of the hydrogel particles being known, an estimation of their glass transition temperature can be calculated with the Fox equation:

1 u R = U [JHMO u R,[JHMO + U P u R,P
Eq 4. 14 with: U [JHMO the weight fraction of water (cf. Table 4.30) u R,[JHMO = 138 K the glass transition temperature of water U P = 1 -U [JHMO the weight fraction of polymer u R,P the glass transition temperature of the dry polymer

The exact value for the glass transition temperatures of the dry hydrogels are not known (cf. chapter 2, section 2.3.1). Yet, they can be assumed ranging from 150°C to 250°C. The calculated u R is always inferior to the temperature of the experiment (37°C). The only exception is the PMAA, for which the calculated u R is close to 50°C. This strongly suggests that, except for the PMAA, the particles are in a rubbery state in the stationary regime, supporting the previously described mechanism. This is also consistent with the lack of stationary regime for the PMAA.

A combination of both percolation and devitrification is not excluded. Thus, the permeation rate of the hydrocolloid-based adhesives could be modulated by decreasing the characteristic size of the particles and increasing their volume fraction in the adhesive. Indeed, Budtova and Navard [32] evidenced a dependence of the time OX needed for the dry core of the particles to disappear on the particle size: OX ∝ v². This reinforces the idea that the morphology of the particles (size, shape, dispersion) deeply influences the transport properties.

Suggested water transport mechanism

A non-Fickian diffusion through the membranes was demonstrated, from the dependence on time and water concentration of the diffusion coefficient of water through the membrane. Such transport mechanism was expected in initially glassy materials and confirms that the overall water transport in the membrane comes from the particles, with a moderate contribution of the adhesive matrix. The transient regime can thus be explained by the progressive swelling of the hydrophilic particles. It can also be noticed that crosslinking the particles does not impact much the nature of water transport through the membranes. The onset of the steady-state regime may originate from a physico-chemical evolution of the particles (percolation or change in glass transition). The resulting mechanism is displayed on This mechanism can explain the linearity of the overall A+P coefficient with the time. The global water transport rate is constant from the beginning of the experiment. During the transient regime, water is absorbed by the hydrophilic particles, but the mobility of water in the particles is not sufficient to allow water to permeate through the membrane. A potential combination of factors (diffusion of water through the adhesive matrix, progressive plasticization of the particles, advancing of a water front in the membrane, formation of percolating network of the particles) leads then to an increase of the mobility, which allows water to permeate through the membrane. At this point, all absorbed water is permeated and a steady-state is reached: the sorption rate is equal to the permeation rate.

The role of the different factors on the limitation of water transport through the membrane was partially elucidated. The existence of an advancing front of water in the membrane and the plasticization of the glassy hydrophilic particles were demonstrated and explain the mechanism of transport in the membrane (supercase II or case II): the diffusion through the membranes is limited by the relaxation processes of the polymer chains. The role of the diffusion in the adhesive matrix is yet still imprecise. The immersion experiments suggested that this diffusion could be involved in the delay of the elution of the particles in the presence of salt (cf. section 1.3.4). It could locally limit the transport of water between two particles, supporting the effect of the morphology of the hydrophilic particles on the water permeability. Finally, the formation of a percolating network of swollen particles was not proved but can be reasonably assumed. Further experiments at different particles contents would be helpful to refine this description.

Influence of the nature of the hydrophilic particles

Most of the results on permeability suggest that the more permeable systems are the more absorbing. If the swelling capability is too low, as for PMAA, a low permeability is obtained.

In most of the cases, there is a positive correlation between the absorption level and the water permeability properties.

However, the PAMPS-based adhesive presents a singular behavior. The sorption intensity is high, comparable to the PMAETAC-based adhesive. Yet, the water permeability is much lower than for PMAETAC, with a level closer to the PAAm-based adhesive. The absorption rate is also lower than for the other polyelectrolytes systems. The origin of this phenomenon is not known. As mentioned in section 1.3.3, specific interactions between the PAMPS particles or between the particles and the adhesive matrix are suspected. An interaction between the particles and the matrix could have several impacts, as suggested in section 2.2.4 [7,20,21]:

-to decrease the mobility of water in the membrane, -to favor the creation of H-bonds between water and the membrane, -to favor the aggregation of water molecules in the membrane by weakening the interactions between the water and the hydrophilic particles (cluster formation). Such an interaction would thus decrease the affinity between water and the PAMPS particles, leading to a decrease of the permeability. Owing the permeability experiments, interactions between the particles and the adhesive matrix seem more probable than interactions between the particles which would, in the contrary, favor the creation of a percolating network and improve the water permeability of the system.

The physico-chemical nature of the hydrophilic particle plays a significant role in water vapor transport through the final material. The permeability is directly correlated to sorption of the membranes. Yet, specific interactions between the particles and the adhesive matrix could affect the water permeability.

Conclusion

The water absorption behavior of the different hydrocolloid-based adhesives was investigated through immersion tests. Different mechanisms were observed, they all have in common a first absorption step in which the hydrophilic particles swells. Depending on the nature of the hydrophilic particles, this step can be in competition with the elution of the particles. In that case, an apparent deswelling due to the loss of particles is observed, sometimes preceded by a steady-state in which both mechanisms compensate.

The differences observed between the swelling/deswelling and the swelling/steady state/deswelling mechanisms, with similar characteristic times, of the NaPAA and the PMAETAC-based adhesives respectively are still not well understood. A deeper characterization of the single NaPAA particles could refine the understanding of the difference between the two systems. Moreover, a more precise measurement of the swelling kinetics of the dry hydrophilic particles dispersed into the adhesive matrix could provide a better understanding of the relationship between the swelling rate of the particles, the diffusion of water through the adhesive matrix and the mechanism of water absorption of the adhesive blends.

The role of the crosslinking in the suppression of the elution process is not well defined, as it is only suppressed with PMAA and PAMPS particles where interactions between the particles and the matrix may be responsible for its disappearance. Further experiments could be done to investigate the necessity to crosslink the particles. For instance, powders of linear PMAA or PAMPS chains could be dispersed into the adhesive matrix. Immersion experiments could be thus carried out to detect any elution of the polymer chains.

The nature of water transport through hydrocolloid-based adhesive membranes was investigated through permeation measurements, according to the solution-diffusion model. A non-Fickian diffusion process was demonstrated, confirming that water permeability is mainly governed by the glassy hydrophilic particles. The diffusion of water through the adhesive matrix could delay the water uptake and slightly affect the swelling of the particles.

A mechanism was suggested to explain the origin of the transition between the transient regime and the steady-state. It relies on the progressive lowering plasticization of the initially glassy hydrophilic particles, until their glass transition temperature falls under the temperature of the experiment. At this point, the absorption reaches its stationary regime and permeation starts. The swelling of the particles could also lead to the formation of a percolating network, where the mobility of water is enhanced by the passage of the glass transition triggered by the water uptake. Thus, the permeation rate of hydrocolloid-based adhesives could be modulated by decreasing the characteristic size of the particles and increasing their volume fraction in the adhesive. Further investigation of the effect of the morphology of the particles (size, shape, dispersion) would be required to provide new tools to modulate the properties of our material.

Even if the correlation between the absorption and the permeation steps is better understood, some aspects require deeper investigations, especially on the transient regime. The limitation of the water sorption by the particle is partially explained by the difficulty for dry particles to create a first hydration shell. Complementary experiments of water vapor sorption on the different pure dry hydrophilic particles would enhance the understanding of the sorption mechanism and better identify the role of the adhesive matrix. Further experiments are also required in the transient regime to complete and refine the study on the diffusion coefficient. Modeling and simulation would improve the understanding of the nature of the transport through the membrane, and describe the time and concentration dependence of the diffusion coefficient.

The stationary regime, and thus the permeation properties, seems to result from an equilibrium depending on the water activity in the membrane and the hydrophilic polymer characteristics. Experiments performed by replacing water by different saturated salt solution to vary the water activity at the upstream side could bring additional information.

The nature of the hydrophilic particle is a key parameter in water transport through the membrane. Their swelling intensity drives the final permeation. Crosslinked particles do not affect the nature of the transport compared to the reference CMC-based system. Yet, potential interaction between the hydrophobic and the hydrophilic phase are suspected to affect the affinity of water with the particles and weaken the permeation ability.

In the next chapter, the water absorption behavior and that permeability to water vapor will be correlated to the evolution of the adhesive properties in a wet environment.

Chapter 5 Adhesion in wet environment of hydrocolloid-based adhesives Introduction

In the previous chapter, a strong impact of the nature of the hydrophilic particles on the water affinity of the hydrocolloid-based adhesives was found. Depending on their swelling ability, swelling rate or potential interactions with the hydrophobic matrix, the elution of the particles could be observed, despite the fact that the particles are crosslinked. The effect of the elution of the particles on the adhesion in a wet environment will thus be confirmed. The investigations on the mechanism of water transport through the hydrocolloid-based adhesives led to identify some key properties of the hydrophilic particles which modulate the water permeability of the systems.

In this chapter, the adhesive properties of the hydrocolloid-based adhesives in a wet environment will be investigated in order to correlate their swelling properties, the permeability to water vapor and the loss of adhesion. The relation between the evolution of the adhesives and the hydrophilic particles, and the evolution of the adhesive properties will be discussed.

An experimental peeling device was developed to measure in realistic conditions the adhesive properties of the hydrocolloid-based adhesives and their evolution under a controlled flux of water. The modulation of the water flux will thus enable to estimate the impact of the exuding rate of the substrate and the different mechanisms of detachment. Two water fluxes will be tested to reproduce the typical secretions of the skin: a low flux of pure water reproducing the water diffusing across the skin, and a high flux of physiological saline reproducing the sweat.

The impact of the nature of the hydrophilic particles on the spontaneous detachment of the adhesives will be investigated to identify the key parameters which control the loss of adhesion. The correlation between the properties of absorption, the water vapor permeability and the adhesive properties will finally be discussed.

Objectives

Maintaining a stable adhesion level after the absorption of exudates and sweat is a key issue for hydrocolloid-based wound dressings. A spontaneous loss of adhesion after a long contact with water is often observed for commercial bandages.

One of the first objectives of this work is to realize a reliable and reproducible experimental setup which is able to reproduce in the laboratory this loss of adhesion after long contact with a given water flux. Quantifying the decrease in adhesion as a function of time and water absorption, as well as detecting a spontaneous detachment of the adhesive are then necessary to test the performance of the wound dressings. The experimental setup was used to study the relationship between the water absorption and the loss of adhesion. To reach this objective, the control of the intensity of the water flux is essential.

Another objective of this study is to characterize the evolution of the hydrocolloidbased adhesive in realistic conditions of usage. A great attention was paid to mimic the secretions of a wound in terms of water composition and flux. The previous immersion experiments and water vapor permeability experiments provided information on the mechanisms of swelling and transport through the hydrocolloid-based adhesive, but the experimental setup was not representative of the real operating conditions. The immersion tests reproduced a direct contact with water, but the water flux was tridimensional and with an unlimited supply of water although in real conditions, the water flux is uniaxial and the supply of water is limited by the secretions. The water vapor permeability experiments reproduced an uniaxial water transport through the membrane but the adhesive was in contact with water vapor rather than liquid and/or the skin. Thus, the experimental setup for adhesion measurements had to reproduce an uniaxial flux through an adhesive interface in contact with liquid water, with the possibility to modulate the intensity of the water flux. The nature of the substrate used to mimic the skin was also a key issue and raised various questions. The choice of the substrate was in the end motivated by the property of the skin to deliver water or biological fluids at different fluxes directly at the adhesive interface.

The last objective of this study is to estimate the impact of the modification of the hydrophilic particles on the adhesive properties of the hydrocolloid-based adhesives. The previous studies suggested that the suppression of the elution process of the particles could stabilize the adhesion in a wet environment. The experimental device described in this chapter was used to test this hypothesis. The study of the affinity with water of the different hydrocolloid-based adhesives also showed the influence of the nature of the hydrophilic particles on the swelling ability of the adhesives and the potential elution of the particles. Thus, the parameters controlling the stability of the adhesion in a wet environment could be identified.

Skin adhesion

Experimental characterization of the adhesive properties

Three usual testing geometries are commonly used to characterize the adhesion of a medical adhesive device [1][2][3]:

• Tack experiments: this geometry is used to estimate how easily and quickly a pressure sensitive adhesive can adhere to a surface through a quick contact with a probe typically.

• Shear adhesion: this test provides an estimate of the cohesive strength of a medical device. It determines the resistance of the adhesive bond to a sustained shear stress of low intensity. This property is called "cohesion" in the trade. It characterizes in particular the risk to leave any residue on the surface.

• Peeling experiments: this geometry gives a simple measurement of the force needed to peel-off a PSA tape or strip from a surface at a set peeling rate. It is usually performed at a fixed peel angle and after a contact time of either 20 minutes or 24 hours. The nature of the failure (at the interface or in the bulk of the adhesive) provides information on the cohesive strength of the adhesive. 

Substrates for adhesive testing

The most logical substrate for skin adhesion is skin itself. Some tests can be carried out directly on human skin [4][5][6] but in vivo experiments are submitted to many variations factors. Porcine mucin has been reported as a substrate for in vitro bioadhesivity [7,8]. Since skin as a biological tissue is a very complex material, substitutes are commonly used in skin adhesive testing.

No substrate usually perfectly reproduces the behavior of skin. The choice of a substrate is usually dedicated to a specific experiment. Stainless steel is often used because it is a common material with a simple behavior, however, its high modulus and high surface energy, makes it a poor substitute for skin [3,4,9]. Glass is another rigid material that is sometime also used for its simplicity [4,10].

Polymer materials such as PTFE or HDPE can also be used as substrates. HDPE for instance, even as a rigid material, provides apparently the same range of peeling forces as human skin [9].

Soft solids such as rubbers or rubber foams have been employed to reproduce the skin mechanical elastic response [4,11].

Figure 5.2: Peeling experiments on rigid substrate (glass) and soft substrate (human skin) [4]

Attempts have been made to design more complex substrates accounting for mechanical properties and surface interactions closer to human skin. Guerra and Schwartz used a multilayer model material dedicated to reproduce the shear behavior of skin [12]. Lir and coworkers developed model materials based on formulations from structural proteins, polysaccharides and lipids. They designed films than can be patterned on the surface to mimic the skin roughness [13]. Similar systems were used by Renvoise and co-workers [14,15].

Experimental setup

Peeling apparatus

Choice of the peeling geometry

As mentioned previously, peel tests provide a quantitative measure of the adhesion energy (per unit surface) and some information on the difficulty for the adhesive to be detached from a surface. Moreover, they are easy to realize and suitable when variations in the environment need to be tested (T, RH). In this work, the capacity of the hydrocolloidbased adhesives to detach from the skin was investigated. Therefore, the peeling geometry was chosen to characterize the adhesion of our adhesives.

A peeling experiment consists in pulling at a given angle an adhesive stuck onto a substrate and in measuring the force needed to detach the adhesive as well as the total energy required for the removal (cf. Figure 5.3). From this force, the energy release rate G can be calculated: with: l the width of the adhesive strip.

The conversion from the peeling force to the energy release rate is only valid for a rigid substrate. The bending energy of the backing and the adhesive is neglected, as well as the deformation energy of the backing and the kinetic energy of the system. The peeling force at propagation depends on the mechanical properties of the adhesive but also on several experimental parameters: the peeling angle. Consequently, the experimental setup has to counterbalance the variation angle during the peeling of the adhesive. Generally the substrate, on which the adhesive is stuck, is mounted on a sliding bench synchronized with the pulling arm of the peeling apparatus. the peeling rate the dwell time the dimensions of the adhesive strip the backing of the adhesive. Pressure sensitive adhesives themselves are generally highly deformable, which would generate a significant contribution of elongational deformation in the energy release rate. A stiff backing on the adhesive can prevent this elongational deformation to make sure that only the adhesive component of the peeling load is measured.

the nature of the substrate. The rigidity (or flexibility) and the physico-chemical properties (surface energy, chemical functions at the surface, porosity…) of the substrate are critical parameters for the adherence of the adhesive.

In industrial laboratories, wound dressings are generally peeled at a peeling angle of 90° or 180°, and at peeling rates from 100 mm/min to 300 mm/min. The choice of the substrate is more controversial. Indeed, the nature of the skin is complex and skin substitutes cannot always be considered (this issue will be discussed in more details in the next section). Thus, smooth stainless steel substrates are generally used to test the adherence of medical devices.

Adhesive strips of hydrocolloid-based adhesives

The fabrication of the membranes was controlled to set the thermal history of the material and its surface composition and topography, and to minimize the uncertainty due to variations of the thickness.

The hydrocolloid-based adhesives were hot pressed in rectangular moulds of controlled dimensions (length 45 mm -width 6 mm -thickness 1 mm). Pressing was run progressively until 50 bars and 130°C, and maintained in these conditions for 20 minutes. Then the samples were cooled down to room temperature with a maintained pressure to avoid the release of water vapor and limit the formation of bubbles within the membranes.

Then, the backing was fixed to the adhesive strip by another pressing step, in the same conditions that previously described. This backing is a silk fabric which is flexible and assumed non-extensible compared to the adhesive. The silk layer avoids any undesired elongational deformation of the adhesive strip during peeling.

The thickness of CMC-based adhesive membranes obtained with this procedure was measured on ten samples in order to estimate the dispersion. On each sample, the thickness was measured on six different areas to check the homogeneity of the thickness of the adhesive. The precision on the thickness is:

= 1.00 ± 0.02
The error on the thickness is thus inferior to 2%.

After pressing, the samples were stored at room temperature during less than a week to avoid any ageing of the samples and to limit pollution and alterations of their surface.

Adaptation of the classical peel test

The evolution of the adhesion of our different hydrocolloid-based adhesives during water absorption was investigated through peel experiments. To mimic real operating conditions, two ranges of water fluxes were considered, based on the fluxes observed for the immersion experiments and the water vapor permeability experiments. The absorption capacity and the absorption rate of the different systems in these two extreme conditions were calculated (cf Figure 5.4). For permeability experiments, the flux was taken equal to the WVTR calculated in chapter 4 (cf. section 2.4.2). For immersion experiments, the water flux was estimated from the initial swelling rate of the different systems -during the first ten hours: Two well separated ranges of water absorption can be identified. The immersion tests are characterized by both a large amount of absorbed water and high swelling rates. The permeability experiments lead to more moderate water absorption and lower absorption rates. These two ranges of water fluxes were compared to the exuding rates of the skin. Two ways for water to cross the skin exists, corresponding to two ranges of water fluxes [16]: an active process (sweating) and a passive process (diffusion).

Secretion of sweat

Sweating is a natural mechanism of regulation of the body temperature. The sweat is composed at 99% of water and contains various mineral salts (chloride, sodium, potassium…), proteins and simple organic components (urea, lactic acid…). In industrial laboratories, the sweat is modeled by a physiological saline to simplify and standardize its composition for the characterization tests. The sudoral exudation is not a continuous process: pulsed exudation of the skin is generally observed. Moreover, the volume and the flow of sweat strongly depend on the individual, but also on the physical activity of the individual, the nyctohemeral cycles (ie. time of the day), the state of health of the skin, the external environment (temperature, relative humidity, convection)… Therefore, a large variability of the sweat secretion rate is observed. The volume of exuding sweat is generally high and perceptible at the macroscopic scale. An order of magnitude for the sweat secretion flux was chosen for the comparison with the experimental water fluxes: 

Imperceptible water loss

The imperceptible water loss (IWL) is the diffusion of water through the stratum corneum, due to the gradient of water vapor pressure on either side of the epidermis. This physical value reflects the integrity of the physiological barrier constituted by the stratum corneum and also depends on various parameters, from the individual to the atmospheric conditions. Contrary to the sweat exudation, this biological process cannot be detected at the macroscopic scale, and the water fluxes are much lower than for sweating. An order of magnitude for the flux of imperceptible water loss was chosen for the comparison with the experimental water fluxes:

-./ ≃ 10 0 (/ 24ℎ / ² Consequently, it can be noticed that the water fluxes observed in the immersion experiments can be compared to the typical sudoral exuding rates, while the water fluxes observed in the water vapor permeability experiments can be compared to the typical imperceptible water loss.

Thus, the configuration of the experimental setup and the substrate for peeling were adapted to deliver a controlled water flux to the adhesive strip, reproducing these two ranges of water fluxes. A classical device for peeling experiments was used. The tested adhesive strip was stuck onto the substrate with a normalized pressure. The silk fabric was tight in the peeling jaws, linked to a traction device Instron 5565. The force was measured as a function of the displacement l, with the respective sensitivities of 0.001 N and 0.1 µm. This classical experimental setup for peel tests was adapted for water delivering: the whole substrate was mounted on a water reservoir (cf. Figure 5.6). The level of water could be adjusted through a syringe to control the initial contact time between the substrate and the water. This whole device could be placed in a thermostated oven to regulate the temperature (T = 37°C). In this configuration, a sliding bench was not considered to counterbalance the variation in peeling angle during the test. Consequently, the peeling jaws were linked to the traction sleeper with a 1 m-long stiff fishing line to limit the variation of the peeling angle during the experiment.

A great care was paid to control and fix the different parameters of the experiment that could affect the measured adhesion. The water in the reservoir was previously thermostated at 37°C. In order to reproduce the actual method of application of a wound dressing, the adhesive was applied at room temperature on the substrate previously thermostated to 37°C. The contact time between the adhesive and the substrate before peeling was also controlled.

For each sample, the energy release rate was calculated and plotted as a function of the displacement. A typical curve obtained during the peeling of a CMC-based adhesive strip in dry conditions at 37°C on a porous substrate (sintered glass) is given in Figure 5.7.

This load profile is characteristic from a peeling experiment. After an initiation area, the peeling stabilizes around a mean value. Yet, the adhesion is irregular and the fluctuations of the energy release rate around this average value have a large intensity. These irregularities reflect the irreproducible nature of the peeling experiments and the inhomogeneities of the contact surface between the adhesive strip and the substrate. In this experiment, the initiating area is unusual. Generally, this area expands on smaller distances and exhibits a higher level of adhesion than that of the peeling plateau. Here, the energy release rate is lower in the initiating area than in the peeling plateau. It is probably due to the geometry of the sample.

The adhesive strip is slightly rounded at both ends. Moreover, during hot pressing, a slight accumulation of CMC particles was observed at sample edges. These two observations can explain that the adhesive properties of the strip are lower at sample edges, which shift the peeling curve toward the larger displacements. The mean value of the energy release rate was calculated by averaging the energy release rate on the peeling plateau. The estimation of the boundaries of the plateau was empirical. For each experimental condition, five to ten samples were tested to calculate the average energy release rate and estimate the reproducibility.

Choice of the substrate

The choice of the substrate was a key issue in this experimental setup. Reproducing skin properties is a true challenge in various research fields, such as cosmetics, pharmaceutics, medicine, biology, materials… Skin is a complicated surface: the description of this heterogeneous stratified surface requires the characterization of multiple parameters. As mentioned in the introductive chapter (cf. chapter 1, section 1.1), skin properties notably vary with anatomical sites, age, sex, hormonal cycles, health, environmental conditions, physical activity, exposure to drugs or chemicals, time of the day… Generally, no unique material can mimic all the skin properties, and the choice of the skin substitute is based on the property under investigation. It is thus important to first decompose the problem and identify the most relevant parameters that need to be controlled on the substrate.

In industrial laboratories, in vitro preliminary tests are carried out to characterize the adhesion of wound dressings: they consist in peeling experiments on a stainless steel substrate. After a first selection, the materials are then tested through in vivo clinical studies, directly on the skin of many individuals, to validate the product. The use of skin substitute is rare since they are expensive and not fully representative from the tested properties.

In this work, the choice of the substrate was motivated by the need to reproduce the capacity of the skin to secrete fluxes of water of different intensities. Thus, the main requirement of the substrate was its capacity to bring water to the interface from the contact side, at a controlled water flux. No skin substitute was considered because of the complexity of the surface topography, of the mechanical properties (flexibility of the substrate modifies the conversion of the peeling force to energy release rate) and the difficulty to control the water flux through such materials. Therefore, a simple rigid substrate but porous was chosen for this study.

The peeling experiments were carried out on a disk of sintered glass (diameter 5 cmthickness 4.2 mm). Sintered glass was selected for its capacity to transport water. Thus, the chosen substrate is rigid, which simplifies the interpretation of the measured energy release rate. Contrary to the skin, it is hydrophilic (attempt of hydrophobization of the surface of the disk was performed by Wanakule [17] but was unsuccessful). Sintered glass is a porous material, which transports water by capillarity, without any applied water pressure. This porosity can be chosen close to the porosity of the skin.

The impact of the porosity of the sintered glass on the adhesion of CMC-based adhesives was investigated in order to select the most appropriate substrate for the study. Peeling experiments were carried out on three different dry surfaces:

• a plate of non-porous glass, prepared by a simple cleaning with ethanol, without any preliminary treatment, • a sintered glass disk with porosity 2, where the characteristic sizes of the pores are ranged from 40 to 100 µm, • a sintered glass disk with porosity 4, where the characteristic sizes of the pores range from 10 to 16 µm.

The procedure of the test was described in section 3.1. The surfaces were thermostated to 37°C before applying the CMC-based adhesive strip on the dry surfaces. The dwell time was set to 30 min at 37°C. The peeling experiments were performed at 60 mm/min. For each surface, five to seven samples were tested. The average energy release rates were calculated (cf. For a dwell time of 30 minutes, the porosity of the substrate degrades the adhesion between the adhesive strip and the sintered glass. Indeed, for a given contact time, a porous substrate forms a lower effective contact area with the adhesive than a smooth surface for which the geometric contact area is probably nearly fully covered [18]. Yet, the energy release rate increases when the pore sizes of the substrate decreases, suggesting an increase in the contact area between the adhesive and the porous substrate.

Thus, a compromise needed to be found between the necessity for the substrate to bring water at the surface, only possible through a porous structure, and the necessity to maintain a suitable level of adhesion for the test.

Therefore, the smaller size of the pores was chosen. Sintered glass with porosity 4 was chosen for the totality of this study.

Control of the water flux

Two ranges of water fluxes were explored in this work: a moderate water flux which reproduces the imperceptible water loss, and a high water flux which mimics the sudoral secretions. Two strategies were employed to control the water flux delivered by the disk of sintered glass.

Moderate water flux

In this case, the water flux provided by the capillary rise of the water in the sintered glass was limited by a dialysis membrane (SpectrumLab, Spectra/Por 2 CR). This type of membranes is composed of standard regenerated cellulose and is used for its molecular selective permeability. These membranes are transparent, flexible and mechanically resistant. They are generally employed for the purification of solutions or polymers, for filtration, for ion exchanges… In this work, this membrane enabled to slow down the capillary water flux through the disk of sintered glass. The retention threshold was chosen at 12-14 kD. The dialysis membrane inserted between two disks of sintered glass and the membrane was membrane. The sealing of the side faces with two layers of PTFE tape consolidated with two layers of side. The water flux delivered by this subs absorption of the CMC-based adhesive was measured during seven hours after contact between the water and the substrate (thickness 1 mm -surface ≃ 1 the substrate to estimate the homogeneity of the delivered flux from the substrate at regular times, weighed and stuck back to the substrate. This measurement technique enabled to quantify the water flux delivered by the substrate, but a priori does not provide the actual value for the flux: the hydrocolloid-based adhesive. the lower disk of sintered glass and water, the upper disk was not totally wet, but rather humid. This observation confirms that the dialysis membrane indeed limits the water flux, since the same experiment without the middle membrane results in the upper disk in about 30s.

The homogeneity of the water flux is essential to significantly relate the absorption of the hydrocolloid-bases adhesive. If the delivered flux is not homogeneous, the absorption of the adhesive strip will not be homogeneous either and the relation between the amount of absorbed water and the adhesion of the strip will not be accurate. The homogeneity of the water flux was first checked on three samples ( flux delivered by this substrate was then quantified. The kinetics of water based adhesive was measured during seven hours after contact between the water and the substrate at 37°C. Three pieces of dry CMC 1 cm²), previously weighed, were distributed on the surface of to estimate the homogeneity of the delivered flux. The samples were removed from the substrate at regular times, weighed and stuck back to the substrate. This ique enabled to quantify the water flux delivered by the substrate, but a priori does not provide the actual value for the flux: the water absorption depends on the used It could be noticed that, even after 8 hours of contact b the lower disk of sintered glass and water, the upper disk was not totally wet, but rather humid. This observation confirms that the dialysis membrane indeed limits the water flux, since the same experiment without the middle membrane results in the total wetting of the The homogeneity of the water flux is essential to significantly relate the absorption of bases adhesive. If the delivered flux is not homogeneous, the absorption of not be homogeneous either and the relation between the amount of absorbed water and the adhesion of the strip will not be accurate. The homogeneity of the water flux was first checked on three samples (cf. Figure 5.10).

Membrane of dialysis

dhesion in wet environment of hydrocolloid-based systems , previously dialyzed in pure water during one week, was

). The contact between the rough er at both sides of the sandwich substrate was obtained ubstrate was finally vinyl adhesive (generally used for electrical works) on its : Substrate used for peeling experiments under moderate water flux.

The kinetics of water based adhesive was measured during seven hours after contact dry CMC-based adhesive ), previously weighed, were distributed on the surface of The samples were removed from the substrate at regular times, weighed and stuck back to the substrate. This ique enabled to quantify the water flux delivered by the substrate, but a depends on the used hours of contact between the lower disk of sintered glass and water, the upper disk was not totally wet, but rather humid. This observation confirms that the dialysis membrane indeed limits the water flux, total wetting of the

The homogeneity of the water flux is essential to significantly relate the absorption of bases adhesive. If the delivered flux is not homogeneous, the absorption of not be homogeneous either and the relation between the amount of absorbed water and the adhesion of the strip will not be accurate. The homogeneity of the The standard deviation of the water flux is also about 10%, which indicates a suitable reproducibility of the water flux delivered by the substrate. The fabrication of the substrate and the membrane used to limit the flux do not introduce any source of uncertainty.

The moderate water flux delivered by the substrate was compared with the water absorption measured for the immersion tests and the water vapor permeability experiments (cf. Figure 5.12).

Figure 5.12: Comparison of water absorption of CMC-based adhesives at 37°C for immersion experiments in pure water (dark blue) and physiological saline (green), for water vapor permeability experiments (red) and peeling experiments (light blue).

The flux delivered by this substrate is close to the flux observed in water vapor permeability experiments, and thus from the imperceptible water loss. Yet, it is a factor of 2-3 higher than a simple contact with water vapor. Thus, an intermediate water flux between a contact with water vapor and a direct contact with liquid water was obtained with this substrate.

High flux

In this case, no limitation of the water flux in the sintered glass was used. The configuration of the substrate was kept constant: two disks of sintered glass were superposed and sealed in the same conditions as for the previous case (cf. Figure 5.9). But here, no dialysis membrane was inserted between the two disks. In order to reproduce the secretion of sweat, the aqueous medium used for this testing configuration was physiological saline. This swelling medium delays the absorption and the potential elution of the hydrophilic particles (cf. chapter 4, section 1) and is mimicking real conditions in a more realistic way.

No quantification of the flux was performed for this substrate since the elution of the CMC particles occurs very rapidly and affects the swelling ratio of adhesive, which can then no longer be used as a quantification of the flux. After contact with the liquid water, the surface of this substrate was totally wet in about 30s. Thus, the water flux delivered by this substrate was assumed to be close to the sudoral flux, as suggested by the immersion experiments.

Adhesion tests

The peeling experimental setup described in the previous section was employed to reproduce the loss of adhesion of the CMC-based adhesive in different conditions of water flux and to estimate the impact of the nature of the hydrophilic particles on the detachment mechanism.

Adhesion in dry conditions

First, the adhesion of the CMC-based adhesive in dry conditions was characterized in order to set the experimental conditions and to estimate the impact of the different experimental parameters on the measurements.

Reproducibility

The reproducibility of the peeling profile was estimated on six dry CMC-based adhesive strips. The conditions of the experiments were set and carefully controlled:

• the dimensions of the adhesive strip were controlled during the sample preparation.

• the substrate is a disk of sintered glass (porosity 4).

• the application of the adhesive on the substrate was normalized: a roll-on on PDMS was applied ten times on the adhesive to stick it on the substrate. • the peeling angle was fixed by the experimental setup at: = 90°. • the temperature was regulated at 37°C by a thermostated oven, equipped with a convection system to ensure the homogeneity of the temperature in the enclosure.

• the peeling rate was chosen at: v = 60 mm/min.

• the contact time between the adhesive strip and the substrate was fixed to 30 min.

During this contact time, the substrate and the adhesive strip are placed in the oven to regulate their temperature.

For each sample, the energy release rate was calculated and plotted as a function of the displacement. The mean value of the energy release rate was calculated by averaging the energy release rate on the peeling plateau. Results are given in Figure 5.13.

Figure 5.13: Estimate of the reproducibility of the peeling experiments of the CMC-based adhesive on a porous substrate (sintered glass, porosity 4). T = 37°C, 1 2 = 90°, v = 60 mm/min, dwell time = 30 min

For all the samples, the peeling profile is irregular but stable, and the peeling plateau is well-defined. No residue was left on the substrate, indicating that the failure was adhesive in all cases and no cohesive failure occurred. Thus, the peeling regime is stable. The mechanism of detachment is reproducible. The standard deviation for the energy release rate at the plateau is about 12%. This value is slightly higher than for the other types of experiments carried out in this work but is acceptable considering the irreproducible nature of the test. For each condition, five to ten samples were tested to detect the significant variations in adhesion.

Influence of the contact time

The influence of the contact time between the adhesive and the porous substrate was investigated. Five samples were tested for each condition. Results are given in An increase in the energy release rate with the contact time was observed. After 8 hours of contact, the peeling profiles were very irregular with highly adhesive randomly localized areas. Cohesive failure was observed for two samples, with peeling forces higher than the limit of usage of the load cell (ie. 10 N corresponding to an energy release rate of 1.6 kN/m) This increase of the energy release rate may be due to the wetting of the substrate by the adhesive, facilitated by its high deformability and its capacity to flow (cf. chapter 3, section 3.1). Thus the effective contact area between the adhesive and the porous substrate increases with the contact time. Moreover, the substrate being porous and not only rough, no saturation (full contact) of the contact area is reached over the range of contact times explored: the adhesive penetrates in the pores of the substrate. Thus, an increase in the contact time leads to a continuous increase in the energy release rate and eventually a mechanical anchorage as observed for the longer contact time [18][19][20].

Influence of the peeling rate

A narrow range of peeling rates was tested to select the most suitable speed for the experiments. The usual peeling rate used in industrial laboratories (v = 100 mm/min) was first tested. Then, slower rates were explored to estimate the impact of a slight decrease in peeling rate on the energy release rate of the CMC-based adhesive at T = 37°C. The procedure was described in section 3.1. The substrate was a disk of sintered glass (porosity 4). The contact time between the adhesive strip and the substrate was fixed to 30 min. Results are given in No significant difference in adhesion was found between the peeling experiments at 100 mm/min and 60 mm/min. However, the dispersion of the measurements is larger at 100 mm/min. This decrease of reproducibility manifested by an irregular peeling plateau observed at v = 100 mm/min. The mean energy release rate significantly decreases at 10 mm/min. A compromise was found to obtain reproducible measurements and a level of adhesion sufficient to investigate a decrease in adhesion after a long contact with water. The peeling rate was chosen at v = 60 mm/min for the next experiments. This preliminary study on the adhesion in dry conditions of the CMC-based adhesive demonstrated the influence of various experimental parameters on the measurements and their dispersion. The nature of the substrate, especially the porosity, the contact time between the adhesive strip and the substrate, and the peeling rate must be controlled to avoid any undesired variability on the measurements. Besides, the temperature of the strip is expected to impact the adhesion since it affects the viscoelastic properties of the adhesive strip and its flow properties. Qualitative experiments indeed showed that the adhesion at room temperature was much lower than at 37°C, regardless of the contact time. No quantitative measurements could be carried out: the measured force was too low and irregular to be detected by the force sensor.

Therefore, the peeling experiments required a great care and thorough control of all the parameters to provide reliable and reproducible results, and avoid any experimental artifacts. This diversity of influencing parameters also implies to test a lot of samples to detect any significant variation in the adhesion. Consequently, quick qualitative preliminary experiments could not be considered to make systematic optimization of the experimental setup.

The origin of the spontaneous loss of adhesion of the standard hydrocolloid-based adhesive after a long contact with water was investigated. Peeling experiments were carried out under two ranges of water flux, mimicking the two mechanisms of water secretion of the skin.

Adhesion under moderate water flux

In order to simulate the effect of the diffusion of water through the upper layer of the skin, the evolution of the peeling properties of the CMC-based adhesive under a moderate water flux was investigated first.

Experiments were performed on the substrate described in section 3.3. The rise of water within the sintered glass was limited by a dialysis membrane, providing a water flux close to the imperceptible water loss. The peeling procedure was described in section 3.1.

The adhesive strip was applied on the substrate at room temperature. Then, the substrate was mounted on the water reservoir previously thermostated at 37°C in the oven. The contact between the substrate and water was triggered immediately, without preliminary dwell time to avoid the drying of the dialysis membrane. Indeed, at dry state, this membrane is fragile and can tear. The level of water was regularly checked and adjusted to maintain the lower sintered glass of the substrate in constant contact with water. After a given contact time, the adhesive strip was peeled at constant speed (v = 60 mm/min).

Short contact times

Peeling experiments were performed after 2 hours of contact between the adhesive and the humid substrate. A typical peeling curve for these experimental conditions is given in Figure 5. 16. The peeling profile is much more irregular than in dry conditions. The aspect of the surface of the sample after peeling was correlated with the peeling curve (cf. Figure 5.16). The low adhesion areas are whitened, whereas the higher adhesion areas are almost intact (yellow). The whitening of the CMC-based adhesive is characteristics of water absorption. Thus, this observation suggests that the water absorption of the adhesive strip is not homogeneous. However, the homogeneity of the water flux delivered by the substrate was checked. It is probable that this inhomogeneity of swelling comes from the inhomogeneity of the surface of the sample itself. More specifically, it could be due to the inhomogeneity of the dispersion of the CMC particles at the surface. Indeed, it was observed that the pressing process used to shape the adhesive strip could favor the accumulation of particles at the edges of the sample and affect the dispersion of the particles at the interface. This effect may be less perceptible for smaller pieces of adhesives, as used for the quantification of the water flux. Experiments on four other samples confirmed the spatially inhomogeneous level of absorption of water by the adhesive strips and an average decrease of the energy release rate (cf. Figure 5.17). Yet, no spontaneous removal of the adhesive was observed for this contact time. No elution of the CMC particles was observed on any of the samples. Therefore, longer contact times were explored to detect the characteristic time of spontaneous detachment or elution of the particles.

Longer contact times

Peeling experiments were performed after 5 and 8 adhesive and the humid substrate. compared to the experiments carried out in dry conditions, with the same dwell time. Results are given in Figure 5.17 Peeling experiments were performed after 5 and 8 hours of contact between the adhesive and the humid substrate. The average energy release rate was calculated and nts carried out in dry conditions, with the same dwell time. Results

energy release rate of the CMC-based adhesive between dry and wet contact with the substrate, at different contact times. 90°, v = 60 mm/min, substrate = sintered glass (porosity 4)

hours of contact with a humid substrate, the adhesive homogeneously absorbed water, which explains the improved reproducibility of the energy release rate No elution of the particles was observed and the decrease of the hours was not confirmed. After 8 hours, no impact of the water absorption on adhesion was found. The measurements were irreproducible, due to occasional cohesive failure of the samples as observed for the dry conditions.

In both cases, no effect of the water absorption was detected at long contact time. No occurred and the elution of the particles was not observed. Only the whitening of the samples confirmed the absorption of water by the samples. hours of contact between the was calculated and nts carried out in dry conditions, with the same dwell time. Results

: Manual peeling of a CMC-based adhesive strip after two weeks of contact with the porous substrate under moderate water flux at 37°C.

Contact time

between dry and wet contact sintered glass (porosity 4)

, the adhesive homogeneously absorbed energy release rate compared to that rticles was observed and the decrease of the hours, no impact of the water absorption on adhesion was found. The measurements were irreproducible, due to occasional In both cases, no effect of the water absorption was detected at long contact time. No and the elution of the particles was not observed. Only the sorption of water by the samples. One experiment at much a longer time was carried out to confirm this tendency. One CMCbased adhesive strip was applied and left for two weeks on the humid substrate at 37°C. Attention was paid to ensure a continuous contact between liquid water and the lower disk of the substrate. After two weeks, no spontaneous detachment of the adhesive was observed. The manual peeling of the strip revealed a cohesive failure (cf. Figure 5.18) and no elution of the CMC particles was observed.

In conclusion, no spontaneous detachment of the CMC-base adhesive was observed under moderate water flux. These experiments suggest that the water naturally diffused through the skin is not responsible for the loss of adhesion of the adhesive after a long period of wearing.

Adhesion under high water flux

In order to mimic the effect of sweating on the adhesion of the CMC-based adhesive, the evolution of the peeling properties of the CMC-based adhesive under a high flux of physiological saline was then investigated. Experiments were performed on the substrate described in section 3.3. In this case, no limitation of the flux within the sintered glass was imposed.

Loss of adhesion

Procedure and choice of the experimental conditions

The CMC-based adhesive strip was applied on the substrate at room temperature. Then, the substrate was mounted on the reservoir filled with physiological saline and previously thermostated at 37°C. In this testing configuration, a supplementary preliminary contact time between the adhesive strip and the substrate in fully dry conditions was imposed before turning on the water flux. Indeed, the absorption of water under such a high flux of physiological saline was fast and large. Thus, it seemed essential to ensure a reproducible and adequate contact between the adhesive and the sintered glass before introducing water at the interface. A contact time of 30 min in dry conditions was chosen.

Preliminary qualitative tests showed that the spontaneous detachment of the CMCbased adhesive occurred a few minutes after the wetting of the substrate. This interval corresponds to the time needed to peel the entire adhesive strip at 60 mm/min. Therefore, it was not possible to make experiments at different times to detect the characteristic time of adhesion loss.

Another experimental procedure was adopted to circumvent this problem. An experiment of detachment during the peeling was performed. The peeling of the adhesive strip was started on the dry substrate. Then, water was brought toward the interface during the peeling experiment, without interruption. Thus, it was possible to visualize the evolution of the energy release rate as a function of time, and to estimate the time needed for the total loss of the adhesion.

The choice of the peeling rate was a critical aspect for this procedure. Indeed, this parameter had to be sufficiently low to observe the total loss of adhesion experiment. Approximate detachment times of tests. Thus the peeling rate had to be lower than 10 during the peeling experiment. However, the decrease of the peeling rate considerably decreased the level of adhesion and peeling experiments were carried out The profile of the peeling curves at could be identified and a large dispersion of the measured peeling forces was observed. This irreproducibility is due to the resistance to strip, resulting in an irregular propagation of the peeling front, and the deformation of the sample the filled adhesive, and especially the matrix, may be responsible for this resistance to the experiments were carried out on bending resistance was observed a test. The peeling profiles were much more reproducible than that of the CMC and the peeling plateau was well The choice of the peeling rate was a critical aspect for this procedure. Indeed, this parameter had to be sufficiently low to observe the total loss of adhesion detachment times of 5 min were observed during the preliminary tests. Thus the peeling rate had to be lower than 10 mm/min to observe the adhesion loss during the peeling experiment. However, the decrease of the peeling rate considerably the level of adhesion and the reproducibility of the measurements. peeling experiments were carried out on six samples in dry conditions at 6

of the peeling experiments of the CMC-based adhesive at low peeling rate. sintered glass (porosity 4), T = 37°C, 1 2 = 90°, v = 6 mm/min, dwell time

The profile of the peeling curves at 6 mm/min is very irregular. No peeling pl could be identified and a large dispersion of the measured peeling forces was observed. This the resistance to bending of the relatively CMC irregular propagation of the peeling front, a variation of the peeling angle of the sample (see picture in Figure 5. 19). The viscoelastic properties of the filled adhesive, and especially the high storage modulus compared to the pure adh be responsible for this resistance to the bending. Indeed, carried out on the pure adhesive matrix (cf. Figure was observed and the peeling angle was constant at 90° during the whole test. The peeling profiles were much more reproducible than that of the CMC and the peeling plateau was well-defined.

dhesion in wet environment of hydrocolloid-based systems

The choice of the peeling rate was a critical aspect for this procedure. Indeed, this parameter had to be sufficiently low to observe the total loss of adhesion during the during the preliminary mm/min to observe the adhesion loss during the peeling experiment. However, the decrease of the peeling rate considerably f the measurements. Preliminary in dry conditions at 6 mm/min (cf. The lack of reproducibility resulted in the impossibility to calculate the mean energy release rate for the CMC-base adhesive at 6 mm/min. Thus, for each sample, the reference for dry adhesion was estimated by peeling about 15 mm of the adhesive strip before introducing water.

It can be noticed that further experiments with thinner adhesive strips would enable to reduce the bending resistance since it varies with the cubed thickness e 3 .

Loss of adhesion of the CMC-based adhesive

A typical curve obtained with this procedure is given in Figure 5.21. The adhesive strip was first peeled on the dry substrate over about 10 mm. Then, the level of the physiological saline in the reservoir was raised until it came into contact with the lower disk of the substrate. The adhesive strip was then peeled from the wet substrate until total detachment. These three steps were continuously performed, without interruption of the peeling.

Immediately after the wetting of the substrate, the energy release rate sharply dropped and kept on decreasing during 50s. Then, the level of adhesion stabilized for 50s and decreased again over 50s. Finally, the adhesion fell definitely to zero. Thus, the loss of adhesion of the adhesive strip occurred after about 3 min after the wetting of the substrate. This typical peeling profile was observed on three other samples, with the same characteristic time of detachment. The origin of the first sharp decrease in energy release rate measured immediately after the contact with the aqueous medium was investigated. The same in-situ detachment experiment was carried out on three samples of the pure adhesive matrix. A typical curve is given in Figure 5.22. Preliminary tests showed that the pure adhesive matrix did not detach spontaneously after contact with the physiological saline. 

Contact with physiological saline

Contact with physiological saline

Immediately after the wetting of the substrate, the same sharp decrease in energy release rate than for the CMC-based adhesive was observed. Then, the adhesion stabilized at a much lower level than for the dry substrate. The procedure used to introduce the physiological saline at the substrate/adhesive interface may be responsible for this sharp decrease: the contact was triggered by the injection of physiological saline in the reservoir by a syringe. This quick injection step may apply a water pressure on the adhesive instead of the desired capillary rise and decrease the force measured by the sensor. After the injection, the initial adhesion was not recovered, suggesting an impact of water on the adhesion of the pure adhesive matrix. This may be due a change of the physico-chemical properties of the interface after wetting, especially a change in the surface energy of the substrate. Indeed, when the substrate is wet, it becomes more hydrophilic and its surface energy increases, resulting in a decrease of the adhesion between the adhesive and the substrate. This phenomenon is also known to occur for wet or unclean skin [1][2][3]. Water could also affect the interactions between the porous substrate and the adhesive matrix by penetrating at the interface between the glass and the adhesive.

Therefore, the spontaneous loss of adhesion could not be detected by the decrease in energy release rate. This first sharp decrease was an experimental artifact. The signature of the total loss of adhesion was actually a definitive decrease of the peeling force to zero. These in-situ detachment experiments allowed to determine the characteristic time needed for the total loss of adhesion of the CMC-based adhesive after a contact with physiological saline. This time was estimated to 3 min.

Loss of adhesion of the alternative formulations

The in-situ detachment experimental procedure was applied on some alternative hydrogel-based adhesives in order to investigate the impact of the nature of the hydrophilic particles on the detachment of the adhesive. Three formulations were tested, based on NaPAA, PAMPS and PMAETAC particles. Results are given in Figure 5.23. For each formulation, three to five samples were tested.

In the three cases, the energy release rate immediately dropped after contact with the physiological saline. Then, the peeling force stabilized, without recovering the initial level of adhesion. These profiles are very similar with that of the pure adhesive matrix. No elution of the particles was noticed at the end of the experiment. The elution of the PAMPS particles was not expected (see chapter 4, section 1), but the NaPAA and PMAETAC particles were expected to eventually elute out of the adhesive. Thus, no definitive loss of adhesion was observed for these three systems. It implies that a change in the nature of the hydrophilic particles can clearly affect and delay the loss of adhesion of the hydrocolloid-based adhesive. Yet, this procedure did not enable to determine the characteristic time of detachment for these three systems. Experiments were carried out at smaller peeling rates (1 mm/min and 3 mm/min). No reliable results were obtained: the resistance to bending of the adhesive samples increased when decreasing the peeling rate, so that the force dropped rapidly to zero even for sticky adhesives. Attempts to peel the adhesive after given times gap of water contact were performed but were not successful. This experimental procedure demonstrated a rapid loss of adhesion of the standard formulation for hydrocolloid-based adhesives under a high flux of physiological saline, suggesting that sweating is responsible for the observed loss of adhesion of the system. Yet, in real life conditions, the spontaneous detachment occurs after two to three days of wearing. Here, the detachment was observed after only three minutes. Two factors can explain this difference:

• in real conditions, the secretion of sweating is pulsatory and not continuous as mimicking in this test,

PAMPS-based adhesive PMAETAC-based adhesive

NaPAA-based adhesive

• in real conditions, the wound dressing covers simultaneously dry and exuding areas.

Thus, the adhesive is partially in contact with wet skin: the dry areas maintain the adhesion of the overall wound dressing.

This test also showed that the nature of the hydrophilic particles could delay the loss of adhesion of the hydrocolloid-based adhesive, by suppressing or delaying the elution of the adhesive. However, the characteristic time for detachment could not be determined and no difference could be done between the alternative systems.

Time of spontaneous adhesion loss

The in-situ detachment experiments demonstrated an impact of the nature of the hydrophilic particles on the adhesion loss of the hydrocolloid-based adhesive under a high water flux. In order to estimate the characteristic time of spontaneous detachment of the different hydrogel-based adhesives, additional qualitative experiments were carried out.

Samples of the different hydrogel-based adhesives were made as described in section 3.1, and cut into two pieces. They were applied on the dry substrate with a normalized pressure at room temperature. A preliminary contact time of 30 min at T = 37°C was observed. Then, the substrate was put in contact with a solution of physiological saline, previously thermostated at 37°C. Manual gentle shear of the samples was performed at regular times to attempt to remove them and detect a spontaneous and total detachment. This shear step was applied perpendicularly to the adhesive sample with a spatula. For each formulation, three samples were tested. Thus, the characteristic time of spontaneous detachment = was determined. A great attention was paid to the macroscopic evolution of the samples (swelling and elution of the particles, deformation of the adhesive matrix) and the mechanism of detachment of the adhesives. A summary of the observations is given in The spontaneous detachment of the standard formulation occurred after about 10 min. This value is slightly higher than that observed in the previous "in-situ" detachment experiment. The mode and level of loading of the samples are different in the two experiments -forced peeling in a case, gentle shear in the other -which can explain this This simple qualitative experiment hydrophilic particles on the submitted to a high flux of physiological saline. A delay in the loss of adhesion was observed for most of the systems.

Discussion and analysis

The previous study showed that adhesive occurred only under a high flux of aqueous medium. They also change in the physico-chemical nature of the hydrophilic p spontaneous detachment. Some characteristic mechanisms of detachment were the correlation between the swelling behavior of the particles and the adhesive properties of the hydrocolloid-based adhesive section.

Test limitations

Spontaneous detachment of the adhesives was observed only under a high flux of physiological saline. Under moderate water flux, no loss of adhesion was observed and cohesive failure occasionally occurred substrate remains a key parameter Moreover, the interactions between the porous substrate and the adhesive matrix a especially after wetting the substrate.

Choice of the substrate

The choice of the substrate is viscoelastic properties of the pure adhesive matrix at 37°C allow the adhesive to flow at long imple qualitative experiment demonstrated the influence of the nature of the the spontaneous detachment of the hydrocolloid submitted to a high flux of physiological saline. A delay in the loss of adhesion was observed iscussion and analysis showed that the spontaneous detachment of the hydrocolloid occurred only under a high flux of aqueous medium. They also demonstrated chemical nature of the hydrophilic particles could delay the spontaneous detachment. Some characteristic mechanisms of detachment were the correlation between the swelling behavior of the particles and the adhesive properties of based adhesives seems clear. These different points will be discussed in this Spontaneous detachment of the adhesives was observed only under a high flux of physiological saline. Under moderate water flux, no loss of adhesion was observed and occurred at long contact times. Yet, the relevance of the parameter in the development of the adhesion testing device. Moreover, the interactions between the porous substrate and the adhesive matrix a wetting the substrate.

The choice of the substrate is a critical issue and can be questioned. Indeed, the viscoelastic properties of the pure adhesive matrix at 37°C allow the adhesive to flow at long the influence of the nature of the spontaneous detachment of the hydrocolloid-based adhesives submitted to a high flux of physiological saline. A delay in the loss of adhesion was observed the hydrocolloid-based demonstrated that a articles could delay the spontaneous detachment. Some characteristic mechanisms of detachment were observed and the correlation between the swelling behavior of the particles and the adhesive properties of e different points will be discussed in this Spontaneous detachment of the adhesives was observed only under a high flux of physiological saline. Under moderate water flux, no loss of adhesion was observed and . Yet, the relevance of the chosen of the adhesion testing device. Moreover, the interactions between the porous substrate and the adhesive matrix are complex, a critical issue and can be questioned. Indeed, the viscoelastic properties of the pure adhesive matrix at 37°C allow the adhesive to flow at long Adhesive + PMAETAC Adhesive + NaPAA times, ie. the adhesive is deformed in the terminal zone of the TTS master curve (see chapter 3, section 1.1.1). Thus a mechanical anchorage of the adhesive in the porous substrate could be expected at long contact time.

A strip of the pure adhesive matrix was applied and left on a disk of sintered glass (porosity 4) for 12h at 37°C in dry conditions. The manual peeling of this strip revealed a cohesive failure of the adhesive and a deep anchorage of the adhesive in the pores of the substrate (cf. Therefore, at long contact time with a humid substrate, the mechanical anchorage of the adhesive matrix in the pores of the substrate competes with the effect of the water absorption. Thus, the appropriateness of the substrate as a substitute for skin can be questioned. To circumvent this drawback, a substrate with a finer porosity could reduce this effect of mechanical anchorage. A larger water flux could also be delivered by the substrate to increase the effect of the water absorption on the mechanical properties of the adhesive and counterbalance the mechanical anchorage effect -by changing the dialysis membrane limiting the flux for instance.

Yet, it is worth noting that a pressure sensitive adhesive can in principle immediately interact with lipids at the surface of the skin and mechanically flow in the reliefs of the skin (pores, channels, wrinkles, ridges, creases) to finally adhere directly on the keratinous frame of the stratum corneum [21]. Thus, the observed mechanical anchorage can be considered as quite realistic considering the actual evolution of the PSA after application on the skin.

Impact of the water flux on the pure adhesive

Experiments on the pure adhesive matrix revealed a significant impact of the interfacial water on the peeling properties, especially at high water flux. They suggested that the wetting of the substrate affects the surface energy of the substrate, which decrease the adhesion (phenomenon also observed for skin itself). Yet, the impact of the substrate wetting was not fully understood. Further investigations could refine the understanding of this decrease in adhesion. For instance, a study of the impact of the substrate wetting on the effective contact area between the adhesive and the substrate through tack experiments could be helpful.

Mechanical response of the adhesive

Adherence of pressure sensitive adhesives strongly depends on their viscoelastic properties [22,23]. The mechanical properties of the hydrocolloid-based adhesives are thus expected to control the mode of failure observed during the peeling experiments [24]. Three modes of failure for medical devices can occur [2,3]:

• Cohesive fracture: residues of adhesive are left on the substrate. This mode was related to the terminal region of the mechanical relaxation at low frequencies (ie. when the adhesive can flow). It is generally observed at the lowest peeling rates and can lead to high levels of adhesion. • Adhesive fracture I: this mode is also called the first interfacial fracture mode. No visible residue is left on the substrate. This type of failure was linked to the rubbery plateau region of the adhesive. Adhesive failures generally lead to lower adhesion levels than the cohesive mode.

• Adhesive fracture II: this mode is also called the brittle interfacial fracture mode.

The adhesive transfers to the substrate, leaving no residue on the backing. This type of failure was associated to the glassy behavior of the adhesive. ). It is generally observed at higher peeling rates.

The experimental conditions where these different types of failure are observed depends on the viscoelastic properties of the adhesive but also on the mechanical and surface properties of the substrate [15]. Our peeling experiments were carried out at typical peeling rates of 6 to 60 mm/min, representing typical average strain rates of 0.1 s -1 to 1 s -1 . Given the viscoelastic properties of the hydrocolloid-based adhesive at these strain rates (see chapter 3, section 3), the adhesive behaved like an elastic solid and was peeled in a strain rate rage characteristic of its rubbery plateau. The first interfacial failure mode was thus expected in these peeling conditions, which is consistent with most of our observations. However, the adhesion of a PSA depends on three factors: the (mostly linear) viscoelastic properties of the bulk material, the thermodynamic interfacial properties (surface and interfacial tension) and the interfacial losses due to specific interactions between the adhesive and the substrate which depend mainly on the nonlinear viscoelastic properties of the PSA. Therefore the rheological properties are generally considered as the main factor governing the adhesion [24]. Nevertheless, our experimental results suggest that other factors can become predominant:

• The mechanical anchorage of the adhesive in the pores of the substrate at long contact times (≥ 8h) leads to a cohesive failure during peeling.

• Specific interactions and affinity between the substrate and the adhesive seem to modulate the adhesion. This effect was demonstrated by the "in-situ" detachment experiments under a high flux of physiological saline carried out on the pure adhesive matrix (cf. section 4.3.1). The pure adhesive matrix does not absorb any water: its viscoelastic properties do not change in a wet environment (cf. chapter 3, section 1.1.2). Thus, for given rheological properties and a given peeling rate, the wetting of the substrate brought about a decrease in adhesion. This drop of adhesion was explained by an increase in the hydrophilicity of the substrate, and thus a decrease of the affinity between the hydrophobic adhesive matrix and the hydrophilic substrate. Marin and Derail [25] also pointed out such an effect of the affinity between the substrate and the adhesive.

Therefore, the viscoelastic properties of the hydrocolloid-based adhesive partially govern the adhesive properties. The adhesive failure, essential for a medical device, was observed for most of the testing conditions. Yet, the physico-chemical properties of the interface were identified as a key parameter for adhesion properties

Loss of adhesion and water absorption

Considering the standard CMC-based adhesive, a stable adhesion does not seem compatible with water absorption. The elution of the hydrophilic particles which form a viscous non-adherent layer at the interface between the adhesive and the substrate was assumed to be responsible for the loss of adhesion and is a direct consequence of water absorption (cf. chapter 3, section 1.3). In this section, this assumption will be discussed. The experiments on the alternative systems demonstrated the existence of additional mechanisms for the loss of adhesion and pointed out the influence of others factors. Thus, a correlation between the water affinity and the adhesive properties of the hydrocolloid-based adhesives was suggested.

Standard system

The adhesive properties of CMC-based adhesive were investigated under high and low water fluxes.

At high water flux, fast elution of the particles was observed, due to the absorption of water at the surface of the adhesive. The macroscopic observation of the cross-section of the samples right after the test revealed that water and the eluted particles were confined close to the surface of the adhesive strip: no whitening of the mass of the adhesive (characteristic of the absorption of water) was found within the adhesive strip. Water did not seem to have penetrated into the material. Thus, at high water flux, the high absorption rate is much faster than any diffusion process through the adhesive strip: water accumulates near the interface, massively swells the hydrophilic particles, resulting in their elution.

At low water flux, no spontaneous detachment was observed and no elution of the particles occurred. Yet, the system did absorb water. Indeed, the macroscopic observation of the cross-section of the samples right after the test showed whitening within the adhesive strip. Here, water has the time to diffuse through the adhesive and penetrates deep in the material. Thus, water does not accumulate near the interface and water absorption is not sufficiently large to trigger the elution of the particles. However, this absorption impacts the rheological properties of the bulk adhesive (cf. Appendix E).

These observations support the negative correlation between the elution of the particles and a stable adhesion of the hydrocolloid-based adhesive. Nevertheless, the elution process does not only result from the absorption of water: the absorption rate also impacts the detachment.

Influence of the nature of the particles

The qualitative detachment experiments under high flux of physiological saline showed that there was a clear impact of the nature of the hydrophilic particles on the characteristic time for spontaneous detachment. They also revealed various mechanisms for the detachment of the adhesive. Indeed, depending on the nature of the particles, the swelling of the particles brought either their elution or a decohesion of the adhesive (matrix damaging), both resulting in the spontaneous removal of the adhesive. These qualitative data can be compared to the swelling behavior of the hydrogel-based adhesives immersed in physiological saline at 37°C (cf. Figure 5.29). The correlation between water absorption and the loss of adhesion is clear since the PMAA-based adhesive does not detach spontaneously during the whole experiment. Limited absorption and no elution was observed for this system. Equivalent times of adhesion loss can have different origins. For example, PAMPS and PAAm-based adhesives spontaneously detached at similar characteristic times. However, the loss of adhesion is due to the elution of the particles in the case of PAAm, and to a dramatic deformation and damage of the adhesive matrix for PAMPS. The swelling rate may also play a role in the adhesion loss. Indeed, the NaPAA and CMCbased adhesives detached much faster than the PMAETAC-base adhesive. Yet, they all are polyelectrolytes with a similar affinity with water, the only difference between these systems being the initial swelling rate of the adhesive. Thus, two main factors are responsible for the spontaneous detachment of the hydrocolloid-based adhesives:

• The elution of the particles. This factor remains predominant but can be attenuated by reducing the swelling rate of the particles.

• The swelling of the particles: high absorption deforms the adhesive matrix, which degrades the integrity of the material. Moreover, highly swollen and non-adhesive hydrophilic particles progressively replace the adhesive matrix at the interface, resulting in the total loss of adhesion. This effect is thus similar to that of the particles elution.

Loss of adhesion and permeability

The characteristic time for spontaneous detachment was also compared to the water vapor permeability of the systems (cf. A clear correlation was demonstrated: the more permeable systems are also those that detach faster. These results support the idea that a compromise is needed to obtain an adhesive with suitable water absorption and permeability, and stable adhesion. Note however that the permeability scale is linear and there is a factor ≃ 2 between the values obtained for the PAAm/PAMPS and that for the NaPAA/CMC, but the detachment time spans two orders of magnitude. The question is then what is the minimum water permeability which is acceptable.

Conclusion

The specificity of skin adhesion makes it difficult to reproduce it at the laboratory scale. The development of experimental devices, and especially the choice of the substrate for adhesion testings, was motivated by the necessity to reproduce the secretions of the skin. A hydrophilic rigid porous substrate was thus chosen to test the adhesive properties of the hydrocolloidbased adhesives in a wet environment.

An experimental peel setup was developed to study the impact of the water flux delivered to the adhesives and their adhesive properties. Two ranges of water flux were explored. First, a low water flux reproducing the water naturally diffused through the skin was studied. No spontaneous detachment of the reference adhesive and no elution of the CMC particles were observed. However, the viscoelastic properties of the adhesive which partially control the adhesive properties may vary with water uptake (see Appendix E). Further investigation of the impact of the water uptake on the relaxation processes and the rubbery plateau of the adhesive could refine the relation between the adhesive and the mechanical properties; especially it could demonstrate a competition between the observed mechanical anchorage and the decrease of the dissipative properties due to the water uptake. Then, a high water flux reproducing the secretion of sweat was studied. A quick and spontaneous detachment as well as the elution of the CMC particles were observed, suggesting that water accumulates near the interface and cannot diffuse through the adhesive. This experimental device demonstrated the effect of the water flux on the detachment of the adhesive. Nevertheless, some optimizations could be done. The porosity of the substrate could be chosen in order to better mimic the skin topology. An intermediate water flux could also be studied in order to investigate the potential competition between the effect of the water uptake and the mechanical anchorage of the adhesive.

The modification of the hydrophilic particles demonstrated that the absorption of water is systematically responsible for the loss of adhesion, either because of the elution of the particles, either because of an excessive swelling of the particles resulting in the permanent deformation and damage of the adhesive matrix. It also revealed that the spontaneous detachment of the hydrocolloid-based adhesives could be delayed by modulating the physicochemical properties of the hydrophilic particles, especially their swelling capability, their swelling kinetics and their capacity to elute.

Finally, the correlation between the adhesive properties and the water vapor permeability testings showed that the more permeable adhesives were also those that detach the most rapidly. However, acceptable levels of permeability and adhesion seem to be achievable. Moreover, the morphology of the particles (size, shape, dispersion) and their volume fraction in the adhesive could help optimizing the balance between the adhesive properties and the water vapor permeability of the final material.

The objective of this thesis was to identify the origin of the spontaneous detachment of hydrocolloid wound dressings after a long contact with water and to propose leads of reformulation to avoid or slow down this phenomenon.

Preliminary studies showed that the loss of adhesion was due to the elution of the polymer contained in the hydrophilic CMC particles out of the adhesive matrix, that eventually form a viscous layer of dissolved CMC at the skin/adhesive interface. Therefore, the elution of the CMC particles was thought to be responsible for the observed loss of adhesion.

If the dissolution of the particles in water was easily predictable, the mechanical properties at large strain were investigated to understand how an elastic pressure sensitive adhesive could allow the dissolved particles to flow out. We observed that the adhesive matrix behaves like an elastic solid at high strain rate but, at very slow strain rates, corresponding to the strain rate imposed to the matrix by the swelling rate of the CMC particles, it behaves like a viscous fluid and can flow. Therefore, we found that the elution of the CMC particles was driven by the minimization of the overall interfacial energy between the hydrophilic and hydrophobic phases.

In order to prevent their elution, systematic modifications of the hydrophilic particles were carried out. The crosslinking of the particles was identified as a potential solution to stop their dissolution and to avoid their flow. Five model hydrogels were synthesized to investigate the influence of the nature of the hydrophilic particles, in particular their swelling ability, their swelling rate and their sensitivity to ionic strength. A polyelectrolyte containing the same ionic groups as the CMC (NaPAA), a cationic polyelectrolyte (PMAETAC), an anionic polyelectrolyte (PAMPS), and two neutral hydrogels (PAAm, PMAA) were thus selected. The size and the shape of the particles were set, as well as the particles content in the hydrocolloid-based adhesive.

The immersion in aqueous media of the tailor-made hydrocolloid-based adhesives revealed that, even if the crosslinking of the particles could prevent their dissolution, it did not systematically suppress their elution. Depending on the nature of the particles, two typical mechanisms of absorption can occur: a swelling/deswelling mechanism of the adhesive blend associated to the elution of the swollen particles, and a continuous swelling of the blend without elution, resulting in an eventual permanent damage of the adhesive. In the first mechanism, a dramatic and localized deformation and damage of the adhesive, due to the swelling of the particles, can explain the loss of particles. Interactions between the hydrophilic particles and the adhesive matrix are suspected to be responsible for the second mechanism. An increase in the ionic strength of the swelling media was also found to delay the elution of the particles.

A custom-made experimental device to test and quantify water vapor permeability was developed from scratch and used to investigate the mechanism of transport through the hydrocolloid-based adhesives. Non-Fickian diffusion through the membrane was demonstrated. The transport of water is limited by the relaxation of the polymer chains of the hydrophilic particles, initially glassy. Progressive swelling and plasticization of the particles increase the mobility of water in the membrane, resulting in a large increase in water permeability and in the onset of a steady-state where the sorption rate sets the permeation rate. The formation of a percolating network of hydrophilic particles is not excluded, supported by the mechanical reinforcement of the adhesive matrix by the particles. A great impact of the nature of the monomer used for the hydrophilic particles was shown, explained by the differences in sorption ability of the particles and potential interactions between the particles and the adhesive matrix. The role of the size and morphology of the particles was discussed.

An experimental peeling apparatus was developed to test the adhesive properties of the hydrocolloid-based adhesive under a controlled flux of water or physiological saline in order to reproduce the characteristic secretion of the skin. A model rigid porous substrate was chosen to deliver a flux which can be modulated. No spontaneous detachment of the hydrocolloid wound dressings was observed under a low water flux reproducing the water naturally diffused through the skin. Water does not accumulate at the interface and diffuses through the membrane before any elution can occur. At high flux of physiological saline, reproducing the sweating of the skin, a quick spontaneous detachment was observed for the reference system, suggesting that water accumulates at the interface and leads to the elution of the particles. While a stabilization of the adhesion was not reached for any of the systems, a delay in the spontaneous detachment of the adhesives was observed for all the alternative hydrocolloid-based adhesives, suggesting that the crosslinking of the particles may help to slow down their elution and the adhesion loss. Thus the loss of adhesion is due to two factors: the elution of the particles and the damage of the adhesive matrix due to the swelling of the particles. In both cases, a high level of water absorption is responsible for the loss of adhesion. Nevertheless, a decrease in swelling rate of the hydrophilic particles can extend the time where adhesion is acceptable while keeping acceptable levels of absorption and permeability.

It is now interesting to discuss some potential developments suggested by the results of the thesis. The stabilization of the adhesion was targeted through a reformulation of the adhesive blend. A choice was made to focus on the effect of the hydrophilic particles on the adhesive properties. The influence of the physico-chemical nature of the hydrophilic particles was demonstrated. The role of the crosslinking could yet be investigated in further details, by comparing the absorption behavior of adhesives based on linear and crosslinked particles. Beyond the role of the nature of the particles, it would be interesting to investigate the influence of their morphology. Our study suggests also that their size, shape and volume fraction in the adhesive are likely to greatly influence the water affinity of the hydrocolloidbased adhesives and could offer new paths to optimize the formulation.

Modification of the adhesive matrix can also be considered to limit the elution of the particles. Crosslinking of the adhesive matrix would be expected to prevent the elution of the particles but would impact processing. Matrix elasticity could also be increased to limit the movement of the hydrophilic particles. Yet, these solutions could be harmful for the adhesive properties. The introduction of physical interactions between the adhesive matrix and the hydrophilic Une étude préliminaire réalisée au laboratoire SIMM a permis d'identifier partiellement l'origine de la perte d'adhésion de ces systèmes hydrocolloïdes. Des tests d'immersion dans l'eau pure à 37°C ont été réalisés afin de suivre l'évolution de la prise d'eau des adhésifs au cours du temps (cf. Figure 1). Ces tests ont révélé une première phase de gonflement de l'adhésif durant laquelle sa masse augmente suivie d'une deuxième phase de dégonflement. Des tests complémentaires en chromatographie d'exclusion stérique ont montré que de la CMC se dissolvait progressivement dans le milieu d'immersion. Ainsi, un premier mécanisme a été proposé pour expliquer la perte d'adhésion des pansements hydrocolloïdes (cf. Figure 2). Lors de la première phase de gonflement, les particules de CMC se dissolvent dans l'eau, ce qui se traduit par un gonflement du pansement. Puis, les particules sont progressivement éluées hors de la matrice, menant au dégonflement progressif de l'échantillon et à la formation d'une couche visqueuse de CMC gonflée à l'interface entre l'adhésif et la peau. C'est cette couche qui est responsable de la perte d'adhésion observée. L'affinité avec l'eau de ces nouveaux systèmes a été caractérisée. Des tests d'immersion en milieux aqueux à T = 37°C similaires à ceux réalisés sur le système de référence ont révélé l'existence de deux mécanismes caractéristiques de prise d'eau (cf. Figure 5). Un premier mécanisme, semblable à celui observé pour le système de référence, appelé gonflement/dégonflement, est associé à l'élution des particules, pourtant réticulées. Le deuxième mécanisme est un gonflement continu sans élution des particules et mène à un endommagement irréversible de la matrice adhésive.

Dans les deux cas, les premières heures de test sont caractérisées par une phase de gonflement des particules. Cependant, en fonction de la nature des particules, cette étape de gonflement peut rentrer en compétition avec l'élution des particules, malgré la réticulation qui empêche leur dissolution. L'absence d'élution du second mécanisme n'est pas totalement comprise : des interactions entre les particules hydrophiles et la phase hydrophobe, potentiellement formées lors de la fabrication des systèmes hydrocolloïdes, pourraient en être à l'origine. Des études complémentaires permettraient de mieux comprendre ce phénomène.

La perméabilité à la vapeur d'eau des différents systèmes a été mesurée à l'aide d'un montage expérimental entièrement développé au laboratoire. La nature du transport d'eau a été étudiée et analysée selon le modèle de sorption-diffusion. Le transport de l'eau se caractérise par l'existence de deux régimes : un premier régime, dit de transition, lors duquel la membrane absorbe de l'eau mais n'est pas perméable ; un deuxième régime, dit stationnaire, lors duquel le système cesse d'absorber la vapeur d'eau et est perméable. Lors du régime stationnaire, tout ce qui est absorbé par les membranes, est perméé. L'étude des phases de sorption et des flux de perméation lors du régime transitoire a montré que le processus de diffusion de l'eau dans les membranes est non-fickien, indiquant que le transport de l'eau est limité par la relaxation des chaînes de polymères vitreux composant les particules hydrophiles. Un mécanisme a ainsi pu être proposé pour expliquer le transport de l'eau dans ce système hétérogène (cf. Figure 6), et tout particulièrement l'origine de la transition entre les deux régimes.

Lors de la phase de sorption, les particules hydrophiles, initialement vitreuses, gonflent et sont progressivement plastifiées. La mobilité de l'eau dans les particules augmentent donc progressivement, ce qui résulte en une augmentation de la perméabilité à la vapeur d'eau de la membrane et à l'émergence du régime stationnaire, dont le flux de perméation est dicté par la vitesse d'absorption de l'eau par les particules. La formation d'un réseau percolant de particules gonflées menant à une forte augmentation de la perméabilité n'est pas exclue mais n'a pas été démontrée. De même, le rôle de la diffusion de l'eau dans la matrice adhésive reste à préciser.

Une forte influence de la nature des particules sur les propriétés de perméabilité à la vapeur d'eau a été observée. Les systèmes qui absorbent le plus d'eau sont également les plus perméables, notamment les adhésifs contenant des polyélectrolytes. Cependant, l'adhésif contenant les particules de PAMPS a un comportement singulier. Si l'absorption de vapeur d'eau est cohérente avec les prédictions thermodynamiques, sa vitesse d'absorption est plus faible qu'attendue, ce qui se traduit par une baisse de la perméabilité. Une interaction entre la matrice adhésive et les particules de PAMPS est susceptible d'être à l'origine de ce phénomène.

L'évolution des propriétés adhésives des différents systèmes hydrocolloïdes en milieu humide a été étudiée. La spécificité de l'adhésion cutanée la rend difficile à reproduire en laboratoire. Nous avons donc développé un dispositif expérimental de pelage à 90° qui permet d'évaluer l'adhésion de bandes adhésives soumises à un flux unidirectionnel d'eau à 37°C. Le choix du substrat a été motivé par la nécessité de reproduire les sécrétions aqueuses de la peau, sans chercher à reproduire l'élasticité ou la chimie de surface complexe de la peau qui rendent l'interprétation des résultats plus délicates. Un substrat rigide et poreux de verre fritté a été choisi pour cette étude.

Deux gammes de flux d'eau ont été étudiées. Dans un premier temps, la perte insensible d'eau (PIE) de la peau, c'est-à-dire l'eau naturellement perdue par la peau par diffusion, a été reproduite. Aucun détachement spontané du pansement hydrocolloïde de référence n'a été observé dans ces conditions après deux semaines de contact avec le substrat humide. Dans un deuxième temps, le flux sudoral de la peau a été reproduit. Dans ces conditions de flux élevé, le système de référence se détache spontané au bout de quelques minutes. Ce détachement est dû à une accumulation d'eau à l'interface entre l'adhésif et le substrat, qui entraine l'élution des particules. En flux faible, l'eau absorbée par la CMC diffuse à travers la membrane, ce qui évite cette accumulation. La corrélation entre les propriétés adhésives en milieu humide et la perméabilité à la vapeur d'eau des pansements hydrocolloïdes a été étudiée (cf. Figure 8). 
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 11 Figure 1.1: Simplified structure of the human skin.
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 12 Figure 1.2: Simplified representation of a hydrocolloid wound dressing.
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 15 Figure 1.5: Contact angle of pure water on the surface of the CMC
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 16117 Figure 1.6: Tensile curves of CMC contents {0; 10; 20; 35}
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 110 Figure 1.10: Time evolution of the volume and mass swelling ratios of CMC-based adhesives at different CMC-content during swelling experiments in pure water at T = 37°C [35]
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 111 Figure 1.11: Proposition of mechanism for the elution of the CMC particles after water exposure of hydrocolloid wound dressing[35] 
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 112 Figure 1.12: Experimental device developed by Nisita Wanakule to measure the peel force ( = 90°) of hydrocolloid-based adhesives on a water permeable substrate at T = 37°C[35] 

  Polystyrene (PS) and polyisoprene (PI) are immiscible, leading to a microphase separation. Depending on the ratio, the microphase-separated structure can be tuned as shown in Figure 2.1.
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 27 Figure 2.7: Optical microscopic observations of dry CMC powder, realized with an optical microscope Zeiss
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 28 Figure 2.8: Single adhesive matrix (left) and hydrocolloid-based adhesive (right)
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 210 Figure 2.10: Chemical structure of the monomers used for the alternative hydrophilic particles

Figure 2 . 11 :

 211 Figure 2.11: Types of inhomogeneities within hydrogels[32] 
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 212 Figure 2.12: Sealed syringe equipped with two pistons for the synthesis of the samples for the compression tests [3]
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 213 Figure 2.13: Compression tests raw data. Force as a function of displacement for PAAm hydrogel (c M = 1.6 mol/L -R/M = 1%)
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 215 Figure 2.15: Corrected true stress as a function of elongation (Eq 2.3), calculated from the compression test depicted in Figure2.13 

  2.16). The error on measurements is chosen as the standard deviation.
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 2 Figure 2.16: Dependence of the mechanical properties of the chosen hydrogels at state preparation on the crosslinker ratio. Experimental results (•) and affine regression (-).
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  Sieving conditions of the alternative hydrogel particlesChapter 2: Materials and Methods technique does not enable to control the particles size: an extra sieving step is : Optical microscopic observations of dry PAA powder, realized with an inverse
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  After grinding, powders were stored in sealed glass pills without extra drying.
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 222 Figure 2.22: Global shaping process of the alternative hydrophilic particles
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 2 23 for P(MAETAC-co-AAm) dry hydrogel. The other thermograms can be found in Appendix B.
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 2 Figure 2.23: Thermogravimetric analysis of P(MAETAC-co-AAM)
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 31 Figure 3.1: Viscoelastic properties of the pure adhesive matrix. Temperature sweep at 0.5°C/min from -100°C to 50°C at f = 1 Hz.
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 33 Finally, the horizontal and vertical shift factors were applied to ′ (cf.Figure 3.4).
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 32 Figure 3.2: First step of the construction of G' and G" master curves -calculation of the horizontal shift factors / by superposition of tan δ (T 0 = 38°C).
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 33 Figure 3.3 : Second step of the construction of G' and G" master curves -calculation of vertical shift factors/ by superposition of G" after applying / (T 0 = 38°C).
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 34 Figure 3.4: Last step of the construction of G' and G" master curves -superposition of G' after applying/ and / (T 0 = 38°C)
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 35 Figure 3.5: Tanδ master curve for the pure adhesive matrix at T 0 = 38°C.
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 38 Figure 3.8: Analysis of the horizontal shift factors according to Arrhenius' law.
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 39 Figure 3.9: Viscoelastic properties of the pure adhesive matrix as a function of the temperature at f = 1 Hz (left) and f = 0.05 Hz (right). Data extracted from the double temperature and frequency sweep.
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 3 Figure 3.10: G' and G'' master curves for the pure adhesive matrix at T 0 = 37°C in dry and wet environments. Data measured from TA Instruments ARES.
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 312 Figure 3.12: Transient extensional viscosity as a function of time for the pure adhesive matrix at T = 37°C.6́8 = [10 -3 ; 10 -2 ; 10 -1 ; 1; 5] s -1
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 313 Figure 3.13: Evolution of the samples appearance during SER experiments at different strain rates regimes for the pure adhesive matrix.
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 314 Figure 3.14: Comparison of the transient extensional viscosity taken from SER experiments (in blue)with the linear viscosity envelop (in red) for pure adhesive matrix.
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 316 Figure 3.16: Influence of the environment conditions on the swelling properties at equilibrium of PAA hydrogels (c M = 1.54 mol/L -R/M = 2%).
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 317 Figure 3.17: Equilibrium swelling properties of the alternative hydrogels at their initial partially hydrated state in pure water (blue) and physiological saline (green).
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 318 Figure 3.18: Equilibrium swelling properties of the alternative hydrogels at their dry powder state in pure water (blue) and physiological saline (green).

  3.2). Results are given inFigure 3.20.
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 320 Figure 3.20: Kinetics of swelling of hydrogels at room temperature, starting from their preparation state.
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 322 Figure 3.22: Appearance of the hydrocolloid-based adhesives after mixing.
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 324 Figure 3.24: Examples of the reproducibility of SER experiments for the CMC-based adhesive at T = 37°C ata high strain rate 1 s -1 and at a low strain rate 0.001 s -1 (five tested samples).
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 325 Figure 3.25: Transient extensional viscosity as a function of time for the pure adhesive matrix (green) and the CMC-based adhesive (orange) at T = 37°C. 6́8 = [10 -3 ; 10 -2 ; 10 -1 ; 1; 5] s -1
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 326 Figure 3.26: Comparison of the transient extensional viscosity taken from the SER experiments (orange) with the linear viscosity envelop (red) for the CMC-based adhesive.
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 329 Figure 3.29: Transient extensional viscosity as a function of time for CMC-based adhesive (orange), PMAA-based adhesive (black) and PAAm-based adhesive (blue) at T = 37°C. 6́8 = [10 -2 ; 1] s -1
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 4 Figure 4.1: Evolution of the appearance of a CMC-based adhesive sample during immersion test.
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 43 Figure 4.3: Evolution of the appearance of a NaPAA-based adhesive sample during immersion test.
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 44 Figure 4.4: Evolution of the appearance of a PAAm-based adhesive sample during immersion test.
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 45 Figure 4.5: Evolution of the appearance of a P(MAETAC-co-AAm)-based adhesive sampleduring the immersion test.
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 46 Figure 4.6: Evolution of the appearance of a PMAA-based adhesive sample during the immersion test.
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 49 Figure 4.9: Schematic representation of the swelling / deswelling mechanism for water absorption of the CMC, PAAm and NaPAA-based adhesives.
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 410 Figure 4.10: Schematic representation of the swelling / steady state / deswelling mechanism for water absorption of the P(MAETAC-co-AAm)-based adhesive.
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 411 Figure 4.11: Schematic representation
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 4 Water affinity of hydrocolloid 119 Schematic representation of the mechanism proposed for water absorption in the adhesive blends and the elution of the particles.
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 412 Figure 4.12: Schematic representation of the pure swelling mechanism for water absorption of the P(AMPS-co-AAm) and PMAA-based adhesives.
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 4 Water affinity of hydrocolloid 125 D the diffusion coefficient, defined by Fick's law.
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 414 Figure 4.14: Schematic representation of the solution
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 415 Figure 4.15: Water absorption tran
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  Water affinity of hydrocolloid-based adhesives 126 Schematic representation of the solution-diffusion mechanism for permeation through the membrane can be divided into two regimes: a transient egime characterized by a mass uptake of the membrane, and a stationary regime characterized by a constant mass of the membrane and a constant flux through : Water absorption transient regime (left) [7] and permeation stationary regime (right) is generally obtained from gravimetric measurements and is given as lysis of the transient regime is generally based on Fick's second , which implies that the transport phenomenon is driven by a diffusion process can be divided into two regimes: a transient , and a stationary regime characterized by a constant mass of the membrane and a constant flux through it.

  and permeation stationary regime (right)[10] 
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 416 Figure 4.16: Experimental setup for the water vapor permeability experiments.
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 4 Figure 4.18: Evolution the relative humidity and temperature in the oven during permeability experiments of CMC-based adhesives at 37°C, using
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 420 Figure 4.20: Evolution the relative humidity and temperature in the empty oven with and without convection RH is regulated by saturated lithium chloride solution.
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Figure 4 .

 4 Figure 4.21: Overall water absorption and permeation through five CMC-based adhesive membranes as a function of time (left) and corresponding values for Water Vapor Transmission Rate (right) at T = 37°C.

  Figure 4.22).

Figure

  Figure 4.22: Time evolution of the absorbed water A, permeated water P and overall water vapor transport A+P coefficients for CMC-based adhesive membranes at T = 37°C.

  Figure 4.23.

Figure 4 . 23 :

 423 Figure 4.23: Time evolution of the mass of permeated water vapor through adhesive membranes at T = 37°C.Comparison between the pure adhesive matrix and CMC-based adhesive.
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 424 Figure 4.25 and Figure 4.27.

Figure 4 . 24 :

 424 Figure 4.24: Time evolution of the water absorption coefficient A for the different hydrocolloid-based adhesives at T = 37°C.

Figure 4 . 25 :

 425 Figure 4.25: Time evolution of the water permeability coefficient P for the different hydrocolloid-based adhesives at T = 37°C.

Figure 4 . 27 :

 427 Figure 4.27: Time evolution of the overall water transport coefficient A+P for the different hydrocolloidbased adhesives at T = 37°C.

Figure 4 . 28 :

 428 Figure 4.28: Fits for the determination of the n-exponent of the sorption curves during the transient regime of permeability measurements through hydrocolloid-based membranes. T = 37°C

Figure 4 . 33 :

 433 Figure 4.33: Diffusion coefficient obtained with the time-lag method for the different hydrocolloid-based membranes. T = 37°C

Figure 4
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Figure 4 . 34 :

 434 Figure 4.34: Suggested mechanism for water transport in hydrocolloid-based adhesive membranes during permeation experiments.

Figure 5 . 1 :

 51 Figure 5.1: Schematic representation of the three common experimental devices used to characterize the adhesion of medical devices. a) Tack experiment -b) Shear experiment -c) Peeling experiment.

Figure 5 . 3 :

 53 Figure 5.3: Schematic representation of a typical peeling experiment. The peeling angle is kept constant bycounterbalancing its variation thanks to a sliding bench.

Figure 5 . 4 :

 54 Figure 5.4: Water absorption of the different hydrocolloid-based adhesives during immersion experiments and water vapor permeability experiments (left) and associated water fluxes (right).
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Figure 5 . 5 :

 55 Figure 5.5: Schematic representation of a peeling experiment under a controlled water flux. A tailor-made substrate is immersed in water and delivers water at the substrate/adhesive strip interface. In this configuration, the flux is uniaxial.

Figure 5 . 6 :

 56 Figure 5.6: Experimental setup for peel tests at 90° of the hydrocolloid-based adhesives. The adhesive strip is stuck onto the substrate mounted on a water reservoir (left). Then, the silk fabric is tight in the peeling jaws(right), linked to the traction sleeper, and peeled at constant peeling rate.

Figure 5 . 7 :

 57 Figure 5.7: Typical peeling curve of a dry CMC-based adhesive strip on a disk of sintered glass (porosity 4). T = 37°C, 1 2 = 90°, v = 60 mm/min, dwell time = 30 min.
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Figure 5 . 8 :

 58 Figure 5.8: Impact of the porosity of the substrate on dry adhesion of the CMC-based adhesive. T = 37°C, 1 2 = 90°, v = 60 mm/min, dwell time = 30 min

Figure 5 . 9 :

 59 Figure 5.9: Substrate used for peeling experiments under moderate water flux.

Membrane of dialysis Chapter 5 :

 5 Adhesion in wet environment of hydrocolloid173The dialysis membrane, previously dialyzed in pure water during one week, disks of sintered glass (cf. Figure5.9). The contact between the rough sintered glass and the membrane was ensured by a disk of absorbent paper at both sides of the of the side faces of this tailor-made sandwich substrate was obtained tape (generally used for plumbing works). Substrate was finally two layers of vinyl adhesive (generally used for electrical works) : Substrate used for peeling experiments under moderate water flux.

Figure 5 . 10 :

 510 Figure 5.10: Homogeneity of the moderate water flux delivered at 37°C by the substrate for peeling experiments. The absorption ratio A of CMC-based adhesive was plotted as a function of time.

Figure 5 . 11 :

 511 Figure 5.11: Reproducibility of the moderate water flux delivered at 37°C by the substrate for peeling experiments. The absorption ratio A of CMC-based adhesive was plotted as a function of time.
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Figure 5 . 14 :

 514 Figure 5.14: Influence of the dwell time at 37°C on the energy release rate of the CMC-based adhesive. 1 2 = 90°, v = 60 mm/min, substrate = sintered glass (porosity 4)
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Figure 5 . 15 :

 515 Figure 5.15: Influence of the peeling rate on the energy release rate of the CMC-based adhesive. T = 37°C, 1 2 = 90°, dwell time = 30 min, substrate = sintered glass (porosity 4)

Figure 5 . 16 :

 516 Figure 5.16: Peeling curve of a CMC-based adhesive strip after 2h of contact under moderate water flux. The corresponding picture of the strip surface after peeling is given. Substrate = sintered glass (porosity 4), T = 37°C, 1 2 = 90°, v = 60 mm/min.
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Figure 5 . 17 :

 517 Figure 5.17: Comparison of the energy release rate with the substrate, at different contact times T = 37°C, 1 2 = 90°,

Figure 5 . 18 :Chapter 5 :

 5185 Figure 5.18: Manual peeling of a CMC substrate under moderate water flux at 37°C.

  based adhesive strip after two weeks of contact with the porous
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Figure 5 . 19 :

 519 Figure 5.19: Reproducibility of the peeling experiments of the CMC Substrate = sintered glass (porosity 4),

Chapter 5 :

 5 Adhesion in wet environment of hydrocolloid 183

  based adhesive at low peeling rate. mm/min, dwell time = 30 min mm/min is very irregular. No peeling plateau could be identified and a large dispersion of the measured peeling forces was observed. This CMC-based adhesive a variation of the peeling angle The viscoelastic properties of high storage modulus compared to the pure adhesive . Indeed, similar peeling Figure 5.20). Very little 90° during the whole test. The peeling profiles were much more reproducible than that of the CMC-based adhesive

Figure 5 . 20 :

 520 Figure 5.20: Reproducibility of the peeling experiments of the pure adhesive matrix at low peeling rate. Substrate = sintered glass (porosity 4), T = 37°C, 1 2 = 90°, v = 6 mm/min, dwell time = 30 min

Figure 5 . 21 :

 521 Figure 5.21: Peeling curve of the CMC-based adhesive for an in-situ detachment experiment. Physiological saline was introduced after 10 mm of peeling. Substrate = sintered glass (porosity 4), T = 37°C, 1 2 = 90°, v = 6 mm/min, dwell time = 30 min.

Figure 5 . 22 :

 522 Figure 5.22: Peeling curve of the pure adhesive matrix for an in-situ detachment experiment. Physiological saline was introduced after 15 mm of peeling. Substrate = sintered glass (porosity 4), T = 37°C, 1 2 = 90°, v = 6 mm/min, dwell time = 30 min.

Figure 5 . 23 :

 523 Figure 5.23: Peeling curves of the alternative hydrogel-based adhesives for an in-situ detachment experiment. Physiological saline was introduced after 10 mm of peeling. Substrate = sintered glass (porosity 4), T = 37°C, 1 2 = 90°, v = 6 mm/min, dwell time = 30 min.

  Figure 5.25.

Figure 5 . 24 :

 524 Figure 5.24: Experimental device to detect the spontaneous detachment of the hydrocolloid-based adhesives under a high flux of physiological saline.

Figure 5 . 26 :

 526 Figure 5.26: Comparison of the spontaneous detachment time for the different hydrogel Aspect of the adhesive

:

  Adhesion in wet environment of hydrocolloid-based systems 190 Comparison of the spontaneous detachment time for the different hydrogel Aspect of the adhesives based on PMAETAC and NaPAA after removal.

:

  Comparison of the spontaneous detachment time for the different hydrogel-based adhesives. and NaPAA after removal.
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Figure 5 . 27 :

 527 Figure 5.27: Manual peeling of a strip of the pure adhesive matrix from sintered glass (porosity 4) after 12hof dry contact at 37°C.

Figure 5 . 28 :

 528 Figure 5.28: Modes of failure of a PSA during peeling [3].

Figure 5 . 29 :

 529 Figure 5.29: Qualitative comparison between the kinetics of swelling of the hydrocolloid-based adhesives immersed in physiological saline at 37°C (see chapter 4) and their characteristic detachment time.

Figure 5 .

 5 30). For the PMAA-based adhesive, the WVTR was overestimated and the detachment time was underestimated in this representation.

Figure 5 . 30 :

 530 Figure 5.30: Correlation between the water vapor permeability at 37°C of the hydrocolloid-based adhesivesand their characteristic detachment time.

Figure 1 :

 1 Figure 1 : Tests d'immersion dans l'eau pure à T = 37°C de pansements hydrocolloïdes.Suivi cinétique du gonflement massique.

Figure 2 :

 2 Figure 2 : Mécanisme proposé pour l'élution des particules de CMC lors d'un contact prolongé des pansements hydrocolloïdes avec l'eau.

Figure 3 :

 3 Figure 3 : Essais de rhéologie extensionnelle sur la matrice adhésive pure à T = 37°C pour différentes vitesses de déformation.

Figure 4 :

 4 Figure 4 : Systèmes hydrogels modèles choisis pour remplacer la CMC dans les pansements hydrocolloïdes.

Figure 5 :

 5 Figure 5 : Schématisation des mécanismes d'absorption d'eau des systèmes hydrocolloïdes alternatifs à T = 37°C.

  La nature des particules hydrophiles joue un rôle important dans l'évolution des propriétés adhésives des systèmes hydrocolloïdes. Les tests d'adhésion en milieu humide sous flux élevé d'eau sur les différents systèmes ont montré qu'il était possible de retarder le détachement spontané de l'adhésif, sans toutefois l'empêcher. Ces tests ont également révélé que l'élution des particules vers l'interface entre la peau et l'adhésif n'était pas seule responsable de la perte d'adhésion. L'absorption massive d'eau et son accumulation à l'interface sont fortement corrélées à la perte d'adhésion (cf.

Figure 7 )

 7 . Dans le cas où les particules sont éluées hors de la matrice hydrophobe, la perte d'adhésion est due à cette élution. En l'absence d'élution des particules hydrophiles, la perte d'adhésion est due à un gonflement excessif des particules qui entraine un endommagement irréversible de la matrice adhésive et le remplacement progressif d'une surface adhésive des systèmes hydrocolloïdes par des particules gonflées non adhésives.

Figure 7 :

 7 Figure 7 : Comparaison qualitative entre la cinétique de gonflement des adhésifs hydrocolloïdes immergés dans du sérum physiologique à T = 37°C et leur temps caractéristique de détachement sous flux élevé de sérum physiologique.

Figure 8 :

 8 Figure 8 : Corrélation entre la perméabilité à la vapeur d'eau à T = 37°C des adhésifs hydrocolloïdes et leur temps caractéristique de détachement sous flux élevé de sérum physiologique.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 2 .9: Composition of the standard adhesive matrix.

 2 

Plasticizer Resin 1 Resin 2 Antioxidant 1 Antioxidant 2 %wt 30

  

	.5	17,0	25.4	25.4	0.85	0.85

Table 2 .17: Effective degrees of crosslinking calculation for PAA, PAAm, P(MAETAC-co-AAm) and P(AMPS-co-AAm) at the concentration c M = 1.6 M.

 2 

				1.0	12 ± 2	3.6	10.5	0.34		0.34
		073	1.6	1.5 2.0	19.5 ± 0.7 25 ± 2	2.4 1.8	6.3 5.1	0.38 0.35	0.35	0.56 0.70
				2.5	30.7 ± 0.6	1.4	4.1	0.35		0.87
		Φ 0	c M (mol/L)	[B] [C]	µ 0 (kPa)	C D EF (kg/mol)	C D GHI (kg/mol)	J D C	J D K	@ [B] [C] A	GHI
	PAA			0.5	3.6 ± 1	7.2	35.3	0.20		0.10
		0.067	1.54	1.0	7.3 ± 0.4	3.6	17.4	0.21	0.18	0.21
				2.0	13.3 ± 0.3	1.8	9.6	0.19		0.38
		Φ 0	c M (mol/L)	[B] [C]	µ 0 (kPa)	C D EF (kg/mol)	C D GHI (kg/mol)	J D C	J D K	@ [B] [C] A	GHI
	P(MAETAC			0.6	11.9 ± 0.5	10.9	18.6	0.59		0.35
	-co-AAm) α = 0.44	0.14	1.6	0.7 1.0	14.3 ± 0.3 20.4 ± 0.3	9.4 6.6	15.5 10.8	0.60 0.61	0.73	0.42 0.61
				2.0	41.0 ± 0.9	3.3	5.4	0.61		1.22
				3.0	63 ± 2	2.2	3.5	0.62		1.86
		Φ 0	c M (mol/L)	[B] [C]	µ 0 (kPa)	C D EF (kg/mol)	C D GHI (kg/mol)	J D C	J D K	@ [B] [C] A	GHI
	P(AMPS-			0.7	12.7 ± 0.4	9.3	17.9	0.52		0.36
	co-AAm) α = 0.44	0.12	1.6	0.8 1.0	14.2 ± 0.5 16.0 ± 0.4	8.1 6.4	16.0 14.2	0.51 0.45	0.43	0.41 0.46
				2.0	29 ± 2	3.3	7.9	0.42		0.83
				3.0	50.4 ± 0.8	2.2	4.5	0.48		1.44

Table 2 .18: Calculation of the effective degrees of crosslinking for PMAA at the concentration c M = 4.7 M.

 2 .18. 

	Φ 0	c M (mol/L)	[B] [C]	µ 0 (kPa)	C D EF (kg/mol)	C D GHI (kg/mol)	J D C	J D K	@ [B] [C] A	GHI
	PMAA		1.0 15.8 ± 0.9	4.3	25.3	0.17		0.17
	0.24	4.7	1.5	31 ± 2	2.9	12.8	0.22	0.37	0.34
			2.0	51 ± 2	2.2	8.0	0.27		0.54

Table 2 .19: Synthesis conditions of the alternative hydrogels particles

 2 

PAA PAAm 1 st grinding time (min) 6 next grindings time (min) 3Table 2 .21: Sieving conditions of the alternative hydrogel part

 2 

	Chapter 2: Materials
	technique does not enable to control the particles size: an extra sieving step is
	47

: Optical microscopic observations of dry PAA powder, realized with an inverse optical microscope Zeiss Axio Observer A (TL mode, zoom x10)

  

Table 2 .

 2 24. 

	water content
	T decomposition

Table 2 .24: Thermal properties of hydrophilic particles. (-): not observed

 2 

Figure 2.31: Synthesis parameters, thermal and physicochemical properties of NaPAA hydrogels

  

							Weight loss after 1h at 130°C	T decomposition (°C)	d NaPAA
	0.10	0.067	1.54	2.0	0.38	10%	none	220	1.22

Table 3 .19: Impact of the neutralization step on absorbing properties reproducibility of NaPAA dry powders hydrogels (c M = 1.54 mol

 3 

/L -R/M = 1%).

Table 3 .21: Characteristic time and deformation rate of swelling of hydrogels at their preparation state.

 3 

Table 3 .

 3 27).

	§ ¨	CMC 30	NaPAA PMAETAC PAMPS 33 32 28	PAAm 30	PMAA 30

Table 3 .27: Volume fraction in hydrophilic particles of the hydrocolloid-based adhesives.

 3 

Table 4 .8: Characteristic swelling mechanisms of the hydrogel-based adhesives.

 4 

	Hydrophilic particles	Swelling mechanism Characteristic time	Elution	Deformation / / damaging	Effect of ionic strength
	CMC	Swelling / deswelling 10 to 20 hours		No	Delay of elution Increase of Q w
	NaPAA	Swelling / deswelling 1 to 3 hours			Delay of elution Increase of Q w
			Yes		
	PAAm	Swelling / deswelling 20 hours			No impact
	P(MAETAC-co-AAm)	Swelling / steady state / deswelling 1 to 4 hours		Yes	Slight delay of elution
	P(AMPS-co-AAm)	Pure swelling 2 to 15 hours			Lower and longer swelling
			No		
	PMAA	Pure swelling ~20 hours			Lower and longer swelling

Table 4 .26). WVTR (g/(24h)/m²) 1 2 (hours)

 4 

	CMC	410	14.5
	NaPAA	386	18.6
	PAAm	211	19.2
	PMAETAC	456	15.1
	PAMPS	206	28

Table 4 .26: WVTR and time-lag for the different hydrocolloid-based adhesives. Values of WVTR are given with a standard deviation of 10%.

 4 

Table 4 .

 4 .30. 

		CMC	NaPAA	PAAm	PMAETAC PAMPS	PMAA
	Q w	1.39	1.55	1.42	1.64	1.59	1.27
	w water	0.28	0.35	0.30	0.39	0.37	0.21

Figure 6 : Mécanisme proposé pour le transport de vapeur d'eau à travers les membranes de pansements hydrocolloïdes.

Besides, accidental direct contact between the membrane and liquid water occurred during some experiments, for instance on the PAAm-based adhesive (cf. The absorption coefficient immediately increased and then progressively relaxed. It can be supposed that A coefficient would recover its value at sorption steady-state. The

Direct contact with liquid water

difference. The evolution of the CMC-based adhesive is consistent with what was observed during the immersion experiments (see chapter 4, section 1).

The evolution of the NaPAA-based adhesive is also consistent with what was observed during the immersion experiments. The hydrophilic particles were eluted rapidly out of the adhesive matrix and the adhesive matrix was deformed due to the migration of the crosslinked particles. The PAMPS-based adhesive eventually detached because highly swollen and nonadhesive particles progressively replaced the adhesive matrix at the interface. No spontaneous detachment of the PMAA-based adhesive was observed after 2 days. The experiment was stopped because of experimental constraints (evaporation of the swelling medium).

The pure adhesive matrix was also tested: no spontaneous detachment occurred. These experimental observations are consistent with the immersion experiments. Elution of the particles was observed for the same hydrogels (CMC, NaPAA, PAAm and PMAETAC). The absorption rate of the particles and the deformation rate of the adhesive matrix follow the same relative ordering as observed during the immersion experiments: the adhesives based on CMC, NaPAA and PMAETAC swelled and deformed much faster than the adhesives based on PAMPS and PAAm. The PMAA-based adhesive was nearly unaffected by water. The swelling levels were consistent with the nature of the particles. Adhesives based on polyelectrolytes swelled more, resulting in a significant deformation of the adhesive matrix. The PAMPS-based adhesive was particularly deformed since the hydrophilic particles stayed trapped in the adhesive matrix.

Adhesive + CMC

General conclusion and perspectives

particles could be considered to reduce the interfacial tension between the two phases in the fluid phase and slow down the elution once the particles are swollen. Chemical reactions between the two phases would also lead to suppression of the elution by creating covalent bonds.

Nevertheless, the properties of the bulk material do not seem to entirely control the adhesion. The surface properties also seem to play a large role in the evolution of the adhesion. A better understanding of the evolution of the skin surface properties when it is confined under an adhesive hydrophobic wound dressing and secretes some biological fluid would be helpful. Similarly, characterizing the evolution of the mechanical and physico-chemical properties of the surface of the hydrocolloid-based adhesive in a wet environment would complete the study.

In a more practical way, the design of the hydrocolloid wound dressing could be revamped. Indeed, wound dressings generally cover exuding and non exuding skin areas, and skin secretion is not a continuous process. Thus, different materials could be used to adapt the property of the bandage to the covered skin. Moreover, the detachment of wound dressings is often initiated from the edges by mechanical friction, which facilitates the arrival of external water at the skin/adhesive interface. The propagation of the detachment front would thus lead to the spontaneous removal. Adapting the shape (thickness) or the composition of the bandage at edges could reduce this phenomenon.

Appendix Appendix A: Quantification of extractible species from PAA hydrogel

Quantification of the extractable species from the PAA hydrogel (c M = 1.6 mol/L -

was performed to confirm the presence of unreacted species and linear chains in the hydrogel after the synthesis. They were extracted and analyzed by gel permeation chromatography GPC.

Protocol of extraction:

2g of PAA hydrogel were immersed in 7g of a NaNO 3 aqueous solution ( = 0.5 mol/L) for four weeks -until the hydrogel equilibrium swelling was reached. The extraction was carried out in this solution since it is used as the eluent of the GPC. Two samples from two different synthesis batches were tested.

GPC analysis:

The supernatants were collected and analyzed by GPC. The device for this analysis was designed at the SIMM laboratory. The eluent is a 0.5 M aqueous NaNO 3 solution and the elution flow is 0.9 mL/min. The detector is a differentional refractometer (Shimadzu, RID 10A). The identification of the species and their quantification were performed thanks to a preliminary calibration. Calibrations in concentration and in molar mass were performed. In order to estimate the molar mass of the linear chains extracted from the PAA hydrogel, three solutions (c = 2 mg/mL) were analyzed: one solution of AA monomer and two solutions of PAA linear polymer chains (M = 5 kg/mol and M = 50 kg/mol). Attempts to detect the thermal initiator (KPS) and the crosslinker (MBA) were performed, but the signal was located at the same elution time than the solvent peak. Therefore, no detection or quantification of these two species could be done. The calibration curve and the GPC analysis of the supernatants are given in Figure A.1.

Figure A. 1: GPC calibration of the elution time of AA monomer and PAA linear polymer chains (left).

Comparison with the GPC signal of the species extracted from the PAA hydrogel (right).

The peak for the extracted species reveals the presence of small PAA linear polymer chains (M ≃ 5 kg/mol) and of residual AA monomer.

The calibration of the concentration was carried out by analyzing three solutions of PAA linear polymer chains (M = 5 kg/mol) at three different concentrations (0.5 mg/mL, 1 mg/mL and 2 mg/mL). The areas under the signal peaks were measured and drawn as a function of the concentration. A linear dependence was observed. The calibration curve is given in Thus, the amount of extractable species was calculated and expressed as a weight percentage of extraction:

The weight percentage of extractable species is about 3%wt.

Appendix B: Thermogravimetric Analysis

The degradation of the hydrogel powders was carried out under dry air at 20°C/min. An isotherm at 100°C during 10°C was performed to estimate the water content. 

Appendix D: Strain rate in a swelling hydrogel cylinder

The initial volume is:

The swollen volume is: 7( 1 + : ) = 8( + : ) 5 (ℎ + :ℎ)

Neglecting the second order terms, the volume time-derivative can be expressed as:

;7 ;

( 1 ) ≃ 7( 1 + : ) -7( 1 ) : ≃ 8 <( 5 + 2 ℎ) :ℎ : + 2 ℎ : : >

Introducing the strain rates:

?@ A = :ℎ/ℎ : ?@ = : / :

The volume variation is expressed as:

;7 ;

( 1 ) ≃ 8 ( 5 + 2 ℎ)ℎ?@ A + 2 5 ℎ?@

The volume is related to the total mass by:

with # the polymer mass, B # and B "% the polymer and solvent densities respectively.

Appendix E: Impact of water absorption on the rheology of hydrocolloids

Typical CMC-based adhesive samples designed for rheology (flat cylinders for linear rheology and rectangular strips for extensional rheology) were placed in a sealed glass container. The inner relative humidity was set to 84% with a saturated potassium chloride solution and the temperature was set to 25°C. Samples were placed vertically in order to maximize the vapor contact area and to make water absorption as homogeneous as possible.

Linear rheology

After 7 days of water vapor exposure, the water uptake was evaluated by a mass increase of 14%. Values for G' and G'' at 0.1 and 10 Hz at 25°C are compared to the corresponding values for the dry adhesive system.

A significant decrease of both G' and G'' is observed at 10 Hz.

Extensional rheology

After 7 days of water vapor exposure, the water uptake was evaluated by a mass increase of 5%. Extensional rheology experiments were performed at 37°C at {0.01; 0.1; 1} s -1 .
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Samples with 5% water uptake displayed a reduced extensional viscosity compared to dry ones. This is consistent with a decrease of G' and G'', and the work of Griffith Hu (cf. chapter 1, section 3. 3). Yet, this water uptake is low and further investigations would be needed to confirm this effect and estimate the impact of the water uptake on the strain hardening and the flow behavior of the CMC-based adhesive.

Appendix F: Diffusion coefficient of hydrocolloid-based membranes

Transport of water in the CMC-based membranes was investigated through absorption and permeation measurements. The diffusion coefficient that appears in the diffusion equation is the main theoretical descriptor of the system. Identification of this parameter combined with boundary conditions allows a complete calculation of water transport within the material. Following the approach of Marais and co-workers [1][2][3], data from permeation tests were used to provide additional information on the diffusion coefficient.

The flux at the downstream interface C( , ) and the permeated water amount E ( ) are related by:

The flux is then obtained by derivation of Eq B.1. At longer times, C reaches a nearly constant value C " defining a steady-state. The reduced curve H(I) is defined by:

Eq F.2

I = J ²

Eq F. 3 with: J the diffusion coefficient.

Assuming a constant value for J, the reduced curve is predicted by:

Two values of J were tested to try to fit the experimental H(I) curve by the calculated one (Eq B. 4). The first one, J V is calculated from the lag time V determined on permeation curves (see chapter 4).
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J V = ² 6. V Eq F. 5 The theoretical curve from Eq B.4 displays an inflexion point of coordinates I = 0.091, H = 0.24. With the time at which the experimental reduced flux is equal to 0.24, a second diffusion coefficient J can be calculated.

J = ²

Eq F. 6 Eqs B. The global evolution of the flux is quite well described by the theoretical curve, however, none of the time scales lead to a satisfying fit, especially at the onset of the steady state regime.

This analysis shows that the water diffusion process in the CMC-based membrane cannot be described considering a constant diffusion coefficient. The water concentration dependence of J cannot be neglected. This confirms the non-Fickian trend observed through 218 the evolution of absorbed water. Yet, further experiments are required in the transient regime to express the concentration and time dependency of the diffusion coefficient.

Résumé

Les pansements dits « hydrocolloïdes » sont très couramment utilisés dans le traitement des plaies à forte exsudation. Ils permettent de réguler l'hygrométrie au sein d'une plaie tout en évitant une accumulation d'eau susceptible d'entrainer la prolifération de bactéries entre le pansement et la peau. Deux propriétés antagonistes apparaissent alors nécessaires : une fonction d'adhésion pour assurer le maintien du pansement sur la peau, et de fortes propriétés d'absorption et de perméabilité à l'eau pour réguler l'humidité et favoriser la cicatrisation de la plaie. Pour satisfaire ces deux fonctions, des systèmes hétérogènes sont utilisés :

-l'adhésion est apportée par une matrice adhésive hydrophobe, composée d'un élastomère modifié par un plastifiant et des résines tackifiantes, -la régulation de l'humidité est assurée par de fines particules hydrophiles sèches de carboxymethylcellulose (CMC), dispersées dans la matrice adhésive.

Un enjeu majeur de ces pansements est le maintien de l'adhésion cutanée dans le temps. Or une perte de l'adhésion est souvent observée après un long contact avec l'eau. Ces travaux de thèse visent à mieux comprendre l'origine de cette perte d'adhésion, à travers l'étude des propriétés mécaniques de la matrice hydrophobe, de ses interactions avec les particules hydrophiles et des mécanismes de transport d'eau. La substitution de la CMC par des particules d'hydrogels synthétisés au laboratoire a permis l'étude plus systématique de l'effet des propriétés physico-chimiques de la phase hydrophile sur l'absorption, la perméabilité et l'adhésion des pansements hydrocolloïdes ainsi mis en oeuvre.

Mots clés : pansement hydrocolloïde, hydrogel, absorption, perméabilité, adhésion, rhéologie.

Abstract

Hydrocolloid wound dressings are commonly used for the care of highly exuding wounds. They allow to control the wound moisture, while avoiding the water accumulation which could lead to bacterial proliferation between the dressing and the skin. Two antagonist properties appear to be required: an adhesive function to maintain the dressing on the skin, and high water absorption and permeability to control the humidity level and promote healing. To achieve both properties, heterogeneous systems are used:

-the adhesion is ensured by an hydrophobic adhesive matrix, made of an elastomer modified by plasticizers and tackifying resins, -the regulation of the humidity relies on fine dry hydrophilic particles, made of carboxymethylcellulose (CMC), dispersed within the matrix.

A major issue of these wound dressings is to maintain a long term skin adhesion. However a loss of adhesion is often observed after a long contact with water. This PhD work aims at a better understanding the origin of this loss of adhesion through the study of the hydrophobic matrix mechanical properties, its interactions with the hydrophilic particles and water transport. Replacing the CMC by tailor-made hydrogel particles allowed to a systematic study of the impact of the physico-chemical properties of the hydrophilic phase on the absorption, the permeability and the adhesion of the hydrocolloid-based adhesives.

Key words: hydrocolloid wound dressing, hydrogel, water absorption, water vapor permeability, adhesion, rheology.