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Chapter 1: Sustainable Encapsulation  
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1.1 Micro-encapsulation 

In general, encapsulation is a technology in which benefit agents are surrounded by a coating in order to 

optimize the stability and the release of the active materia. Microcapsules have usually a spherical size, 

with a diameter which can range from 1 μm to 1000 μm. Figure 1.1 highlights the microcapsule core 

material (benefit agent) which is surrounded by the shell. 

 

 

 

Figure 1.1: Capsule shell which surrounds the core material. 

Alike mostly all human inventions, microencapsulation is the result of man’s attempt to copy nature. 

Indeed, examples of microencapsulation can be found in the plants or animals’ cells. These natural 

capsule membranes have the key function of protecting the interior material (core) and control of the flow 

of materials (permeation) across the cell membrane.  

In the late 30’s Barret Green started to exploit the encapsulation for carbonless paper. Figure 1.2 

represents Green’s ink oil phase within a gelatin coacervate: the printing system is then triggered by the 

pressure of the pen on the paper [1]. When the dye is released, it reacts with the acidic layer on the 

underside of the sheet.  

Core material 

Shell 
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Figure 1.2: Pressure-activated release of encapsulated dye-precursor to give a colour reaction on paper coated with acidic clay, 

Figure taken from [1]. 

Generally, the wall material can comprise melamine-formaldehyde [2] to polyurethane [3] and polyurea  

however the material is strictly correlated to the encapsulation technique. Different materials will be 

optimal for a specific encapsulation methodology as described in Section 1.1.4. 

An alternative to microcapsules are Nanocapsules, which are smaller in size compared to 

microencapsules. Nanocapsules consist of a core that contains active ingredients and is surrounded by a 

shell material. The active ingredients are confined within an interior cavity of the nanocapsule, while the 

shell material encapsulates and protects them. Nanocapsules typically have sizes ranging from 10 to 1000 

nanometers [4]. Nanocapsules are extensively used in the pharmaceutical field, they are usually preferred 

to microcapsules when their subcellular size is needed to enable higher intracellular uptake [5]. 

1.1.1 Morphology Microcapsules 

Microcapsules can be classified into three basic categories as monocore, polycore and matrix types [6] as 

shown in Figure 1.3.  
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Figure 1.3: Different types of Microcapsules: Monocore, polycore and Matrix [6]. 

Monocore microcapsules are characterized by the presence of a single hollow chamber enclosed within 

the capsule's structure. This unique feature allows for the containment and protection of a specific 

substance within the confines of the capsule.  

On the other hand, polycore microcapsules present a more intricate internal architecture. Unlike their 

monocore counterparts, polycore microcapsules consist of multiple chambers nestled within the shell. 

These chambers can vary in size, providing opportunities for the encapsulation of different substances or 

enabling the creation of complex encapsulation systems. The presence of multiple chambers within a 

single microcapsule opens up possibilities for a range of applications, such as multi-component drug 

delivery or controlled release of various active compounds. 

In contrast to both monocore and polycore microcapsules, matrix type microparticles offer a different 

approach to encapsulation. In this case, the active ingredients are not confined within chambers, but 

rather integrated within the matrix of the shell material. This integration results in a homogenous 

distribution of the encapsulated materials throughout the structure of the microparticle [7]. 

It is important to emphasize that the design of the microcapsules morphology is heavily influenced by the 

shell materials and the end-use applications.  

1.1.2 Benefit of Microencapsulation 

Encapsulation enables the segregation of a core material from its environment for preservation, safety, 

controlled release, or the enhanced processing, mixing, and handling of a material [8]. 

Amongst the principal reasons for encapsulation are: 

1. Separation of incompatible components  
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2. Increased stability (e.g. protection of the encapsulated materials against oxidation or deactivation 

due to reaction in the environment)  

3. Masking of odour, taste and activity of encapsulated materials  

4. Protection of the immediate environment  

5. Controlled release of active compounds (sustained or delayed release)  

6. Targeted release of encapsulated materials 

Encapsulation offers numerous benefits across various industries and applications. One of the key 

advantages of encapsulation is the separation of incompatible components. By encapsulating materials, 

especially those that are reactive or incompatible with each other, their direct contact can be prevented. 

This separation ensures the preservation of each component's functionality allowing them to coexist in a 

controlled environment without undesirable reactions or degradation. 

Another significant benefit of encapsulation is the increased stability it provides. Encapsulating materials 

can protect them from oxidation, moisture, light, and other environmental factors that may cause 

degradation or deactivation. This protective barrier prolonging the active shelf life. 

Encapsulation also offers the advantage of masking odors, tastes, and activities of encapsulated materials. 

This is particularly useful in the food and pharmaceutical industries, where certain ingredients may have 

strong or undesirable sensory characteristics.  

Furthermore, encapsulation contributes to the protection of the immediate environment. Some materials, 

such as hazardous chemicals or volatile substances, may pose risks to human health or the environment if 

released or exposed. Encapsulation provides a containment system that prevents release of such 

materials, minimizing the potential for environmental contamination. 

Controlled release of active compounds is another crucial benefit of encapsulation. Through 

encapsulation techniques, active compounds can be released in a sustained or delayed manner, allowing 

for targeted delivery and prolonged effects. This controlled release mechanism is particularly valuable in 

drug delivery systems, where the encapsulated substances can be gradually released in the desired 

dosage and at the desired rate, ensuring optimal therapeutic outcomes. 

Moreover, encapsulation enables targeted release of encapsulated materials. By designing encapsulation 

systems with specific properties, such as pH-sensitivity or temperature-responsiveness, the release of 

encapsulated materials can be triggered under specific conditions. This targeted release capability is 
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particularly advantageous in applications such as drug delivery, where the encapsulated substances can 

be released at the site of action, enhancing their effectiveness while minimizing side effects. For example, 

the use of microcapsules allows for the prolonged efficacy of the medication in patients. This, in turn, 

leads to reduced frequency of administration and enhanced medication compliance [9]. 

In summary, encapsulation offers a range of benefits, these advantages make encapsulation a valuable 

tool in various industries as highlighted in Section 1.1.5. 

1.1.3 Release Mechanism  

Microcapsules offer the ability to release their encapsulated materials in response to specific triggers [10].  

These triggers can be carefully designed to enable controlled and targeted release, enhancing the 

effectiveness of the microcapsules in various applications.  

One common trigger for the release of active materials from microcapsules is mechanical forces. By 

subjecting the capsules to external mechanical forces, such as compression, shear, or agitation, the 

capsules can rupture, leading to the release of the encapsulated content [11]. Specifically, Yeo et al. 

elucidated how, for drug delivery micro-capsules, the rupture load should be optimized for prolonged 

release of the capsules content, showing how a poor mechanical properties microcapsule results in poor 

drug release [12]. The mechanical strength of the capsules can be adjusted by modifying the process 

conditions during production. Mechanical properties will be discussed extensively discussed in Chapter 

2:. 

Similarly, Diffusion-based release mechanisms can be highly effective in certain applications [13]. By 

tuning the morphology of the capsules it is possible to tune the diffusion coefficients too [14]. For 

example the pharmaceutical sector frequently relies on the capability to regulate the controlled release of 

active substances by permeating through the microcapsule shell [15]. This process is contingent upon the 

diffusion coefficient and solubility of the active ingredient within the barrier [16]. Diffusion can be 

controlled by tuning parameters such as wall thickness, size of the capsule, porosity and properties of the 

polymeric network. A thicker shell can help limit leakage by providing a more robust barrier, reducing 

the chances of the active ingredient escaping prematurely [17]. However, as excessively thick walls can 

hinder the on-demand release of the active material, finding the optimal shell thickness is crucial to 

achieve both effective containment and controlled release [18]. 

The size of the capsule is an important factor that significantly influences the release of encapsulated 

active [19]. The influence of particle size on the diffusion can be comprehended by considering two 
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interconnected factors: surface area and shell thickness. When the shell material weight remains constant, 

smaller microcapsules exhibit a greater surface area. Furthermore, as the particle size decreases, the shell 

thickness also decreases for a constant core/shell ratio [20]. Moreover, particle size directly impacts the 

surface area-to-volume ratio, which in turn affects the release kinetics of the microcapsules. When it 

comes to smaller capsule sizes, the surface area-to-volume ratio increases. So from a theoretical point of 

view, this higher ratio leads to a larger contact area between the shell and the external environment or the 

surrounding medium. Consequently, the release process can occur more rapidly due to the increased 

exposure of the encapsulated material to the external factors. Therefore, smaller capsules generally 

exhibit faster release rates compared to larger ones, making them suitable for applications where a rapid 

release is desired. The effect of particle size was assessed by Visscher et al. to understand the degradation 

rates of poly(D1-lactide-co-glycolide) microcapsules, however no remarkable difference was observed 

between the size groups examined [21]. Similarly controlling the porosity of the shell helps regulate the 

diffusion rates of the encapsulated materials [22]. Higher porosity can lead to increased permeability, 

allowing the active ingredient to escape more easily. Finally, the properties of the polymeric network, 

such as, chain length, flexibility and mobility, water-uptake and swelling behavior will affect the 

diffusion rate across the polymeric matrix [23]. 

pH-sensitive wall materials are frequently employed in pharmaceutical applications. These materials can 

undergo changes in solubility or permeability in response to variations in pH. For example, the wall may 

be solid and impermeable at one pH range and become soluble or permeable at another pH range. This 

pH-dependent behavior allows for precise control over the release of active ingredients based on the 

specific pH conditions encountered in different environments. pH-sensitive microcapsules have found 

applications in targeted drug delivery systems, where the release is triggered in specific regions of the 

body with distinct pH levels. For example, Werner et al synthesized hydrogel membrane microcapsules 

with reversibly tunable permeation, meaning permeability can be changed by altering pH due to a 

change in the degree swelling of the membrane [24]. 

Dissolution is another trigger mechanism commonly used in microencapsulation. It involves the use of 

coatings that are designed to dissolve under specific conditions, such as immersion in water or exposure 

to a particular solvent [25]. For example, effervescent tablets often utilize dissolution triggers, where the 

encapsulated active ingredients remain stable and protected until the capsule dissolves upon contact with 

the appropriate medium, such as water. 
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In recent years, significant research efforts have focused on the development of photosensitive 

microcapsules. These microcapsules contain photosensitive moieties that can undergo various photo-

induced reactions upon exposure to light. For example, photo-isomerization can cause a change in 

configuration within the photosensitive moiety, while photo-cleavage can result in the cleavage of the 

moiety. These light-induced reactions serve as triggers for the release of the encapsulated materials, 

offering precise control and tunability, such as in the work of Pirone et al [26]. 

In summary, to achieve the desired release upon specific trigger mechanisms, it is necessary to tailor 

parameters such as shell thickness, compaction, and capsule size [27]. 

1.1.4 Microencapsulation techniques 

Generally, microencapsulation is characterized by the dissolution of the core and the wall material in 

specific solvents. The process is divided in two steps: (i) droplet formation and (ii) droplet stabilization. 

The formation of the droplet is always obtained via dispersion of a liquid in another liquid or in air; the 

stabilization can be due to chemical reactions (polymerization, crosslinking, coacervation, etc..), solvent 

evaporation, solvent removal and polymer precipitation, etc. and mainly consists in the formation of the 

solid external layer. 

The droplet formation is characterized by the emulsification process, where an emulsion is a mixture of 

two or more liquids that are normally immiscible owing to liquid-liquid phase separation. Emulsions are 

colloidal systems composed of two immiscible liquids. These liquids are dispersed as tiny droplets 

throughout the system. The dispersed phase refers to the droplets of one liquid suspended within the 

other liquid, known as the continuous phase. The interface, in this context, refers to the region where the 

dispersed and continuous phases meet and interact with each other [28]. 

Microencapsulation techniques have been extensively studied and can be broadly categorized into two 

main groups: Chemical methods and Physical/mechanical methods [29]. Chemical methods encompass 

methods that employ monomers/prepolymers as starting materials, involving chemical reactions. 

Conversely, Physical/mechanical methods comprise methods that utilize polymers as starting materials, 

where shape fabrication occurs without any chemical reactions taking place. 
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1.1.4.1 Physical Mechanical methods 

1.1.4.1.1 Spraydrying 

Spray drying, is a technique employed to transform a liquid product into an instantly obtainable powder 

by atomizing it in a stream of hot gas [30]. As shown in Figure 1.4, Spray-drying starts with the emulsion 

of the active component in water or an organic solvent followed by a drying process. 

 

Figure 1.4: Schematic representation of encapsulation of oil core via Spray drying. 

Figure 1.4 illustrates the process where the oil-in-water emulsion enters the drying chamber, which is 

heated either by air or, in some cases, an inert gas. The emulsion undergoes atomization as the solvent 

evaporates, leading to the solidification of the shell material around the core material droplets. Once 

dried the particles are separated and collected into the cyclone powder collector. 

Depending on the starting feed material and operating conditions, spray-drying can yield either a very 

fine powder (10–50 μm) or larger particles (2–3 mm) [31]. 

Spray-drying is widely utilized in engineering practices to remove water from solutions. In the food 

industry, it is commonly employed to achieve microbiological stability, mitigate the risk of chemical or 

biological degradation, reduce storage and transportation costs, and obtain products with specific 

properties, such as instantaneous solubility [31].  One drawback associated with this method, particularly 
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when encapsulating volatile substances like fragrances, is the requirement for the chamber to be heated in 

order to facilitate water evaporation. Unfortunately, this heating process inadvertently leads to the 

evaporation of a portion of the fragrance as well, resulting in suboptimal encapsulation efficiency [31].   

Carbohydrates, including starch and maltodextrins (starch hydrolysates) [32], proteins such as whey 

protein and sodium caseinate [33], lecithin, and gums like Gum Arabic, are extensively investigated as 

wall materials for spray-drying [34, 35]. 

1.1.4.1 Chemical methods 

Chemical microencapsulation methods leverage various techniques, such as interfacial polymerisation 

[36], in situ polymerisation [37].  

1.1.4.1.1 Coacervation  

The method of coacervation comprises the phase separation of a polymer-rich phase (coacervate) and a 

polymer-poor phase (the coacervation medium). The term "coacervation" derives from the Latin word 

"acervus," meaning aggregation, and the prefix "co" signifies the fusion of colloid particles [38]. This 

process involves the hydrocolloid separating from the primary solution and subsequently aggregating 

into a distinct, liquid phase known as "coacervate" [39]. 

Microcapsule formation via coacervation can be categorized into two types: simple and complex 

coacervation. Simple coacervation utilizes a single polymer in either aqueous or organic media, 

respectively. In contrast, complex coacervation involves the interaction between two oppositely charged 

polymeric materials. Simple and Complex coacervation are represented in Figure 1.5. 
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Figure 1.5: Representation of encapsulation of oil core via simple and complex coacervation [40]. 

As shown in Figure 1.5, coacervation commences with the emulsification of the core material into the 

continuous phase, which contains the wall material. The encapsulating material is then induced to 

precipitate as a coacervate onto the encapsulated material through various methods. 

In the context of simple coacervation, a singular polymer is precipitated around the core material. This is 

accomplished by thermodynamic change of state that prompts the desolvation of the shell wall material. 

This change of state, such as alterations in pH or temperature, cause deposition of the coacervate phase 

around the droplets of the active ingredient. These modifications may be induced by the introduction of 

electrolytes (e.g., sodium sulfate), the addition of a water-miscible solvent (like ethanol), or temperature 

adjustments, either raising or lowering it [41, 42]. 

On the other hand, complex coacervation is triggered by the neutralization of two polymers bearing 

opposite charges. The primary driving force behind complex coacervation lies in the reduction of the free 

electrostatic energy, resulting from the interaction between ions of opposing charges [43]. This process is 

further influenced by a multitude of parameters, including pH, ionic strength, the nature of the core 

material, and the ratio of core to wall constituents [44]. In both variants of coacervation, be it simple or 

complex, the ultimate step can involve the reaction between the cross-linking agent and the coacervate. 

The type of wall material can comprise cellulose materials (ethylcellulose, hydroxyl propylmethyl 

cellulose, sodium carboxy methyl cellulose), sodium alginate, PLGA, gelatine, polyesters, chitosans, etc 

[45]. Notably, gelatin-Arabic gum proves to be the most commonly employed system for complex 

coacervation [46]. 
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1.1.4.1.2 Interfacial polymerization  

In interfacial polymerization, the polymer microcapsule shell is formed through the polymerization of 

monomers at the interface of two immiscible phases (mostly liquid-liquid). The continuous aqueous 

phase contains the hydrophilic monomer, while the dispersed phase within the oil droplets 

accommodates the hydrophobic monomer. 

As shown in Figure 1.6, one of the monomers is combined with the benefit agent prior to emulsification. 

The shell is then formed by the reaction of monomers at the interface. 

 

Figure 1.6: Schematic representation of encapsulation method via interfacial polymerization. 

Precisely at the interface of the two phases, polymerization is initiated by the interaction of the monomers 

with the initiators. Polymer chains start to form and grow, leading to the formation of a polymer shell 

around the core droplets. Firtstly polymerization takes place at the interface, governed by chemical 

kinetics. This rapid polymerization forms a thin film. Once the polymer reaches a certain molecular 

weight it migrates to the interface to thicken the polymer wall from inside the microcapsule [47]. As time 

passes, the increasing thickness of the polymer film leads to slower polymerization controlled by 

monomer diffusion. Eventually, the reaction stops due to diffusion barriers. Therefore, the film thickness 

initially grows rapidly, but the rate diminishes over time, reaching a maximum [48]. 

A drawback of interfacial polymerization lies in the fact that the restricted solubility of specific fragrance 

constituents in water has the potential to disturb the course of interfacial polymerization, thereby leading 

to the possibility of these perfume elements reacting with monomers and ultimately causing 

modifications in the fragrance composition [49]. 

The wall materials generated by interfacial polymerization include polyamides, polyimides, polyesters, 

polyamines, polyurethanes [48]. For example, a polyurethane shell is achieved such as in the work of 
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Saihi which produced microcapsules by the interfacial polymerizatoin of diphenyl methylene 

diisocyanate, MDI (dissolved in toluene) and water at the interface of drops of the aqueous phase 

(containing DAHP) dispersed in the organic phase [50]. 

1.1.4.1.3 In-Situ polymerization 

The in-situ polymerization process consists of the dispersion of one phase containing a reactive 

monomer into a second immiscible phase [7]. The main difference with the interfacial polymerization is 

that all reactants are included in one single phase of the emulsion, continuous or discontinuous. 

Therefore the polymerization takes place in the phase which contains the monomers. 

As represented by Figure 1.7 there can be two cases of insitu polymerization: either monomer is located 

in the discontinuous phase (box A of Figure 1.7) or the monomer is in the continuous phase (box B of 

Figure 1.7). 

 

 

Figure 1.7: Schematic representation of encapsulation via in situ polymerization method, Example of in-situ polymerization 

where the monomer is located in the discontinuous phase (box a), monomer is in the continuous phase (b). 
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Following the emulsification process, the polymerization takes place, the monomers first forms a low 

molecular weight prepolymer and, as the prepolymer grows, it migrates and deposits on the interface of 

dispersed phase, resulting in formation of microcapsules. 

In-situ technique is often preferred for being easier to perform, relatively simpler to scale up, though the 

synthesis is often longer compared to other procedures [51]. 

Among the most common materials for in-situ polymerization are urea formaldehyde and melamine 

formaldehyde [2]. 

Lastly PAC (Poly Acrylate Capsules), the microcapsules market reference of this work, which will be 

described extensively in Section 2.2.2.1, are made by leveraging in-situ polymerization. 

 

1.1.5 Applications 

Encapsulation technology has been widely utilized in various industrial applications in recent years due 

to its ability to provide controlled release. In each of these fields, different types of capsules have been 

developed to meet the specific requirements of each application. The following section aims to provide an 

overview of these developments. 

Firstly microcapsules have gained significant attention in pharmaceutical research due to their ability to 

provide controlled release, enabling precise and targeted drug delivery. Moreover, microcapsules serve 

as a protective barrier for active pharmaceutical ingredients, shielding them from external factors. 

However, biocompatibility remains a significant concern, as interactions between microcapsules and 

biological systems could give rise to immune responses or toxicity issues. Therefore, thorough measures 

must be taken to address these concerns and ensure patient safety. Several scientific teams have directed 

their attention toward harnessing the potential of encapsulation in acting as carriers for drug delivery. As 

an exemplification, Vishnu et al. [52] employed alginate-based capsules to encapsulate Verapamil 

hydrochloride, a medication utilized for managing hypertension. In a similar manner, Wang et al. [53] 

formulated microcapsules loaded with carvacrol, which were specifically designed to target the intestines 

and enhance antimicrobial efficacy while also boosting bioavailability. Their investigation revealed that 

less than 20% of the active was released in the stomach, with the remaining portion being completely 

discharged in the intestines. 
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Secondly encapsulation serves as a valuable technology within the food industry, offering a range of 

benefits. It provides a protective barrier for sensitive ingredients, such as vitamins, antioxidants, while 

also it can mask unpleasant odors and tastes. For instance, in a scientific study by Majeed et al. [54], the 

encapsulation of essential oils was explored for the purpose of protecting and precisely releasing them in 

food applications.  Similarly, Gomes et al. [55] conducted research on Poly (DL-lactide-co-glycolide) 

Nanoparticles loaded with trans-Cinnamaldehyde and Eugenol. The aim was to employ these 

encapsulated compounds for antimicrobial delivery to inhibit the growth of foodborne pathogens such as 

Salmonella and Listeria. 

Furthermore, black seed oil possesses therapeutic benefits, albeit accompanied by an unpleasant taste. To 

address this, Alkhatib et al. [56] devised a method of encapsulating black seed oil in alginate 

microcapsules, effectively masking the taste and enhancing palatability. 

Moreover, encapsulation technology plays a pivotal role in the agriculture industry. It provides a 

protective shield for sensitive agricultural inputs, such as pesticides, fertilizers. Moreover, by 

encapsulating nutrients or bioactive compounds, their release can be regulated, allowing for a sustained 

and targeted delivery to plants or soil. Various studies highlighted the successful utilization of 

encapsulation in the agricultural industry. In a study conducted by Yu et al. [57] capsules were 

synthesized using chitosan and methylene diphenyl diisocyanate (MDI) via interfacial polymerization, 

where the encapsulation of a pesticide agent achieved an encapsulation efficiency of 93.3%. Similarly, 

Cote et al. [58] employed biopolymers such as potato starch combined with rice flour, rye, barley, and 

soybean powders to create capsules. These capsules were utilized to encapsulate an insecticidal agent, 

resulting in an extended duration of mortality for Choristoneura rosaceana, an insect that inflicts damage 

on fruit crops. The application of the encapsulation formulation demonstrated promising results in 

controlling the population of this pest. 

Lastly, In the field of cosmetic formulations, microencapsulation serves as a valuable strategy to 

safeguard fragrances and active agents against detrimental effects caused by heat, light, moisture, and 

interactions with other substances over an extended shelf life. Additionally, microencapsulation precise 

control of the release rate [59]. For reference, in a study conducted by Kim et al. [60], capsules were 

fabricated using polylactic acid to encapsulate retinyl retinoate, a compound renowned for its anti-

wrinkle properties. The encapsulated agent exhibited a higher efficacy in reducing facial wrinkles 

compared to the non-encapsulated formula, highlighting the enhanced performance achieved through 

microencapsulation. 
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In summary perfume microcapsules have been developed in numerous consumer good products such as 

Shampoo compositions [61], conditioners [62] and deodorants [63] in order to increase the deposition and 

retention of benefit agent, however .The focus of these work would be in developing microcapsules for 

detergents applications. 

1.1.5.1 Fragrance encapsulation in Laundry detergents  

Fragrances are complex mixtures containing blends of aroma compounds such as essential oils or 

synthetic molecules [64]. When these fragrance molecules are released, they engage with olfactory 

receptors in the human sensory system, initiating the subsequent processing of this sensory input as 

perception within the cerebral domain of the brain [65]. The perception and detectability of fragrant 

molecules rely on the activation thresholds of their corresponding olfactory receptors, situated on 

specialized neurons responsible for olfaction. These activation thresholds represent the minimum 

concentration of a fragrant compound required to evoke a noticeable response under standardized 

conditions [65]. 

Notably, even a slight alteration in the chemical composition of a compound can result in a complete 

change of its scent profile [34]. 

Fragrance chemicals find their way into various consumer products, such as laundry detergents, fabric 

softeners, soaps, and personal care items like shampoos, body washes, deodorants, and numerous others. 

The inclusion of aroma in these products serves to provide a pleasing scent and contribute to uplifting 

emotional states [66]. 

Specifically, perfumes are created by blending aromatic ingredients to create a desired scent profile. 

These scents are categorized into top notes, middle notes, and base notes. Top notes make the initial 

impression, with high volatility and a strong impact. Middle notes add body and fullness with 

intermediate volatility. Base notes, having low volatility, evaporate slowly, ensuring a long-lasting scent. 

As it can be seen from Figure 1.8 the balance between top, middle and bottom notes depend on the 

specific application of the perfume fragrance.  
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Figure 1.8: Structure of perfumes in terms of Top, middle, base notes based on the application of the perfume. 

The purpose of perfume in laundry detergent is to deliver a lasting scent to fabrics, ensuring that it 

lingers even after use. To achieve this, the perfume is formulated with a higher concentration of base 

notes and lower volatility, ensuring a longer-lasting fragrance. On the other hand, dish detergent 

fragrances are designed to bloom while washing dishes but not remain long on the dishes. Therefore, 

these fragrances contain a higher proportion of top notes, providing a burst of scent during use. In 

contrast, fine fragrances strike a balance between top, middle, and base notes for a harmonious 

composition. 

However, incorporating fragrances directly into laundry products presents several challenges. Firstly, a 

significant amount of perfume is lost during the washing cycles instead of depositing on fabrics. 

Additionally, the high volatility of the fragrances results in limited longevity of the scent on treated 

fabrics [67]. Lastly, the chemical instability within product formulations [67] [68] greatly reduces the 

effectiveness of the active ingredients, especially when considering that the product may be stored for up 

to 18 months before usage [69]. 

To address abovementioned challenges, microencapsulation of fragrances has emerged as a promising 

technique. By isolating the fragrance core from its surroundings, microencapsulation enhances fragrance 

stability and enables controlled release [70]. 

In Figure 1.9 examples of fabric care products utilizing perfume microcapsules to enhance consumer 

satisfaction are showcased. These microcapsules contribute to an elevated sensory experience. 
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Figure 1.9: Household Products comprising microcapsules. 
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Chapter 2:  Capsule performance  

Abstract 

In the field of encapsulation, microcapsules containing perfume have emerged as effective vehicles for 

delivering active ingredients across various applications. The present study employed a multivariate 

analysis framework to examine polyacrylate microcapsules for household products synthesized using 

different acrylate monomers. 

Leveraging the Wall Film model system, the micro-capsules were synthesized via in-situ polymerization, 

using varying concentrations of three acrylate monomers: CN975(Aromatic Hexafunctional Urethane 

Acrylate),CM6 (Dipentaerythritol penta-/hexa-acrylate) and M8 (1,2-(triglycolate diacrylate)ethylene 

glycol)). 

The advanced multivariate approach allowed us to quantify critical features such as the Molecular 

Weight between Crosslinks (MWc), mechanical properties, Encapsulation Efficiency (EE), and On-fabric 

Delivery. It is worth noting that mechanical properties were gauged using a novel Nanoindentation 

technique, which measures the Rupture Force per unit diameter (RFD). Both Encapsulation Efficiency 

and On-fabric Delivery were assessed using GC-MS. Our results identified the optimal microcapsule 

system as the one synthesized with 100% Aromatic Hexafunctional Urethane Acrylate, show-casing a 

94.3% Encapsulation Efficiency and an optimal RFD of 85 N/mm. This system achieved an exemplary On-

Fabric delivery rate of 307.5 nmol/L. 

This research provides crucial insights for customizing microcapsule design to achieve peak delivery 

efficiency. Furthermore, by designing acrylic monomers appropriately, one can potentially reduce the 

amount of active ingredients used, owing to enhanced delivery efficiency and the optimization of other 

microcapsule properties. Such advancements pave the way for more environmentally friendly and 

sustainable production processes in the fast-moving consumer goods industry. 

 

 

2.1 Introduction  

Efficient perfume microcapsules rely on optimal mechanical properties since the content is released given 

a mechanical trigger, resulting in capsule rupture [110]. Hence optimal mechanical properties are 
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necessary to facilitate the release of the core material precisely at the desired target. The capsules must 

strike a balance: they must be robust enough to withstand processing and the spinning cycle of a washing 

machine, yet not excessively strong to prevent the rupture and release of the perfume once the capsules 

are deposited into the fabrics.  

The objective of core–shell systems is the protection of the encapsulated substance from the environment, 

and its controlled and targeted release. Among the different factors that induce the release in this case the 

focus is on the mechanical pressure.  

Generally, research in microencapsulation has focused on developing novel encapsulation techniques 

and materials, such as vitamins or cells, while other research focuses primarily on mechanical 

characterization. 

The wall material’s molecular structure influences mechanical properties and encapsulation efficiency. 

Joythi et al. reviewed the various factors affecting the encapsulation efficiency, showing that this 

performance index depends upon different factors like concentration of the polymer, solubility of the 

polymer in solvent, rate of solvent removal, solubility of organic solvent in water, etc. [111]. Several 

literature studies focused on the role of the wall material and its microstructure on the mechanical 

performances of the system. To the latter, Vinogradova demonstrated how filled microcapsule systems 

reveal a more decadent mechanical behavior than hollow capsules, showing the crucial role of the 

osmotic coefficient for the filler [112]. Radtchenko confirmed the finding of Vinogradova, adding that the 

shell properties entirely control the investigated elastic behavior of filled polymer micro-capsule and 

highlighting how filled capsules are always softer than hollow ones [113]. 

Other studies controlled the composition of the wall of the microcapsule: specifically, Rata et al. showed 

how the cross-linking density of (PVA)-based microcapsules ultimately influences the Swelling Capacity 

and the encapsulation efficiency, being the capsules with the highest cross-linking density having the 

lowest Swelling Capacity and encapsulation efficiency [114]; Adding to Rata’s work, higher cross-linking 

is found to improve the stiffness of the capsules [115, 116, 117, 118]. Specifically, Yeo et al. elucidated 

how, for drug delivery micro-capsules, the rupture load should be optimized for prolonged release of the 

capsules content, showing how a low polymer concentration results in high internal porosity, poor 

mechanical properties and thus poor burst for drug release [12]. With this considered, the successful 

deployment of microencapsulated perfumes strongly relies on their mechanical properties, significantly 

impacting their delivery efficiency. 
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Therefore, understanding the mechanical properties of microcapsules is crucial for their behavior in 

manufacturing and end-use applications. Gray et al. reviewed most of the state-of-the-art experimental 

techniques for analyzing properties of microcapsules [119], which namely consist of (i) optical tweezers, 

(ii) shear flow (spinning drop apparatus), (iii) micropipette aspiration, (iv) micromanipulation [118] and 

(v) atomic force microscopy (AFM) [120]. These methodologies generally use complex compression 

geometries to obtain information about the microcapsules’ elastic (upon contact), elastoplastic 

(deformation energy), and failure behaviors, providing the rupture force and fractional deformation at 

rupture. Moreover, mathematical solutions, including finite element modeling (FEM) aided via 

experimental validation, have been used to extrapolate stress-strain relationships for the membranes in 

core-shell structures and extract intrinsic material properties.  

In a notable work, R. Mercadé-Prieto et al. proposed a methodology for calculating the rupture stresses of 

microcapsules under compression testing [122]. By employing finite element modeling and analyzing the 

critical stresses within the microcapsule wall at various levels of deformation, failure stresses for 

tetraethoxyorthosilane-methyltrimethoxysilane (TEOS-MTMS) microcapsules with a model core oil were 

determined. The obtained failure stress values, ranging from 11 to 14±10 MPa, were further analyzed 

using Weibull distributions. Additionally, insights into the creation of microcapsules and the 

experimental setup for compression testing were provided, presenting a comprehensive approach to 

mechanical characterization and failure stress estimation. 

Some authors, moreover, investigated the coupled effects of encapsulation and mechanical properties for 

specific polymeric core-shell systems. Valuable examples include, for instance, the work from Fernandes 

et al., who highlighted how the release of encapsulated perfume dye was demonstrated to be a function 

of deformation [124], and Su et al., who investigated Young’s modulus and hardness of microcapsules 

within loading ranges that did not e ceed the ‘yield point’ or ‘rupture point’ [125]. 

While this plethora of studies are available, the connection between the chemical structure and the 

mechanical properties of the capsule wall has received comparatively less attention. Indeed, a 

comprehensive understanding of the relationships between the molecular structure of the capsules and 

their mechanical properties and performance remains a crucial research gap. 

To achieve this objective, various acrylate monomers were utilized individually and in combination to 

achieve capsule walls differing in chemical structure. The mechanical properties, encapsulation efficiency, 

and performance characteristics of the newly developed capsule systems are thoroughly examined. In the 
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article, we aim to establish correlations between the molecular structure and the mechanical properties of 

the microcapsules, particularly in terms of their release efficiency in consumer goods products such as 

Liquid Fabric Enhancers.  

Regarding the mechanical properties characterization, traditional compression methods developed for 

microcapsule are characterized by intrinsic limits that comprehend both a limited statistical reliability, a 

poor sensitivity to stiffer micro-capsule systems (the compliance of the actuation cantilever traditionally 

limits AFM systems), and, ultimately, by the lesser capability to simultaneously span through various 

particle sizes, providing insights into the multi-scale response of the material systems. Therefore, in the 

present study, we report an innovative characterization workflow employing nanoindentation at the 

microscale to fill the abovementioned gap for acrylate-based capsules precisely. Nanoindentation is a 

powerful technique for characterizing the mechanical properties of polymers at small length scales [127]. 

Moreover, it can offer a fast and reliable one-degree-of-freedom (d.o.f.) system that allows measurement 

of rupture properties of single capsules at high throughput toward the industrial exploitation of 

methodologies [150]. This technique allows applying highly resolved loads to hollow polymeric systems 

and measuring the force required to break the capsules. The high throughput ultimately enables the 

testing of several chemically optimized systems. 

To the best of the authors’ knowledge, very few literatures works employed nanoindentation to study the 

mechanical behavior of micro-capsules and their rupture under compression—among them, Ghaemi et. 

Al [151] characterized the deformation of single-filled micro-capsules made of melamine-formaldehyde 

to study the mechanisms of failure under compression (with the help of FEM simulations) and the release 

of perfume oil for powder detergents. 

 

2.2 Materials & Methods  

 

2.2.1 Materials  

In the context of the synthesis of microcapsules, the commercially available monomers CN975, 

Dipentaerythritol penta-/hexa-acrylate and 1,2-(oligoglycolate diacrylate)ethylene glycol (herein referred 

to as CM6 and M8, respectively), were used as purchased without any further purification. Sarton 

Americas provided monomer A; Sigma-Aldrich provided Monomer CM6, while Monomer C was 
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synthesized by Ecosynth ( elgium). 2,2′-Azobis(2-methylbutyronitrile)(Vazo™ 52), 2,2′-Azobis(2-

methylpropionitrile) (Vazo™ 67), 4,4′-Azobis(4-cyanovaleric acid), isopropyl myristate (IPM), polyvinyl 

alcohol (PVA) (85,000-124,000 g/mol) were provided by Sigma Aldrich. 

Fragrance mixture A, consisting of a mixture of perfume raw materials with a volume-weighted average 

logP of 3.4 were provided by The Procter &Gamble Company (Strombeek Bever, Belgium).  

 

2.2.2 Methods  

2.2.2.1 Microcapsule preparation via in-situ polymerization  

The acrylate monomers employed are listed in Table 2.1 together with their MW and the average number 

of acrylate moiety per molecule. As previously explained, Monomer CN975 consists of an aromatic 

hexafunctional urethane acrylate, Monomer CM6 is Dipentaerythri-tol pentaacrylate, while Monomer M8 

is 1,2-(triglycolate diacrylate)ethylene glycol. 

Table 2.1: Chemical structures and MW of Acrylate Monomer employed. 

 

The capsules were synthesized via an in-situ polymerization process [81], which consists of the dispersion 

of one phase containing a reactive monomer into a second immiscible phase [7]. Hence, two immiscible 

phases were prepared: a Water Phase and an Oil Phase, as shown in Figure 2.1, which represents an 

overview for the encapsulation process. 

A preliminary oil phase, consisting of 42.9 g of fragrance mixture A and 5.84 g of the acrylate monomer 

mixture reported in Table 2.3, which are mixed until the monomer is fully dissolved. A second oil phase 
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consisting of 26.9 of Fragrance mixture A, 50.21 g isopropyl myristate (IPM), 1.8 g of oil soluble initiators 

(precisely 1.0 g 2,2′-azobis[2-methylbutyronitrile], and 0.8 g 4,4′-2,2′-Azobis[2-methylpropionitrile]) is 

prepared separately and mixed until complete homogenization. The two oil phases are then mixed with 

an overhead stirrer Eurostar 200 digital from IKA (500 rpm) via 90 degrees 4 blades stirrer [81]. 

The water phase, containing 178.6 g of a 2% water PVOH solution, 0.67 g of the water-soluble initiator 

(4,4′-azobis[4-cyanovaleric acid]), and 0.79 g of 21.5% NaOH, was prepared and mixed via IKA Eurostar 

power control visc E20-MX-1 at 3000 rpm until the 4,4′-azobis[4-cyanovaleric acid]dissolves.  

The water phase was added to the oil phase, and high shear agitation was applied to produce an Oil in 

Water (O/W) emulsion via an overhead stirrer Eurostar 200 digital from IKA (1200 rpm) via 90 degrees 4 

blades stirrer for 30 minutes. The emulsion was included in a Glass Jacketed Flask Reactor Vessel of 500 

ml equipped with a reflux condenser and overhead anchor stirrer. The temperature was increased to 75° 

C in 30 minutes, held at 75° C for 4 hours, increased to 95° C in 30 minutes, and held at 95° C for 6 hours. 

Finally, the batch was allowed to cool to room temperature. As a result, a population of microcapsules 

dispersed into the aqueous phase was obtained which is herein defined as capsule slurry. 

 

 

Figure 2.1: Workflow for the synthesis of Microcapsules via in-situ polymerization. 

Differently from the procedure described in Procter&Gamble patent [81], no monofunctional monomers 

were employed. Monofunctional monomers such as (tert-Butylamino)ethyl methacrylate and 2-
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Carboxyethyl acrylate are useful to limit the number of unreacted acrylates at the end of the preparation: 

in fact, the lower Molecular Weight (MW) enables them to diffuse more easily during the formation of the 

wall, enhancing the overall wall reactivity. Another effect of employing the moofunctional monomers is 

that the monofunctional monomers can alter the mechanical properties of the wall. In general, by 

reducing the chain length between crosslinks the deformability of the polymer reduces [152]. This is 

mostly true, unless the presence of additional factors may modify the overall effect and contribute to 

variations in the material's behavior such as differences in hydrogen bonding and ring–ring coplanarity. 

However, to limit the number of variables, monofunctional monomers were not employed in order to 

simplify the correlation between the chemical structure of the wall and its performance. 

As represented in Figure 2.2, the wall growth occurs within the oil phase, as the monomer is a component 

of the oil phase. The in-situ polymerization approach provides a unique and potentially more effective 

means of achieving desired encapsulation outcomes than traditional interfacial polymerization 

commonly documented in the scientific literature, where the monomer is typically present in the water 

phase [9]. Within this specific process, the mass transfer of the acrylate monomers to the water/oil 

interphase is essential for successful encapsulation. Hence the role of IPM is vital to optimize the partition 

coefficient of the core materials and, as a result, improve the mass transfer of monomer to the interphase. 

 

UNIVERSITAT ROVIRA I VIRGILI 
NEW METHODOLOGIES FOR ENVIRONMENTALLY FRIENDLY MICROCAPSULE DESIGN 
Mattia Collu 



 

Figure 2.2 Schematic of the in-situ polymerization step. 

Polymerization is controlled by the reaction kinetics, which is faster compared to diffusion of monomer 

into the interphase. The growth of the membrane is assumed to take place in the organic phase as the 

monomer is part of the oil phase and as it is described in existing literature on interfacial polymerization 

[153]. In order to help the wall formation, IPM is employed to change the solubility of the monomer or 

formed oligomers/polymer in the oil phase, as shown in Figure 2.3. IPM, represented with a red diamond, 

is fairly distant in the Hansen solubility space from to the majority of the PRMs (Figure 2.3). Hence, it 

reduces the solubility of the monomer and makes the monomer or formed polymer more likely to diffuse 

towards the interphase. Since the solubility of oligomers in the dispersed droplet phase is correlated to 

the rate of polymer precipitation at the interphase [9]. The role of IPM as partitioning modifier is key 

during radical polymerizations since by increasing the ability of the polymer to migrate to the interphase, 

it ensures enough monomer for the continuing the chain propagation and avoiding the chain termination 

[154]. As a result, high speed in the progressive in-solubilization of the polymer generally leads to denser 

membranes [155].  
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Figure 2.3 HSP of perfume raw material in the HSP space 

Moreover, the Water phase contains a certain amount of polyvinyl alcohol (PVA) which is an emulsifier 

agent.  

The temperature profile was established using the half-life in solution for each initiator at specific 

temperatures: 52°C for 2,2'-azobis(2,4-dimethylpentanenitrile - Vazo™ 52), 67°C for 2,-Azobis(2-

methylpropionitrile - Vazo™ 67), and 70°C for 4,4′-Azobis(4-cyanovaleric acid). As it can be seen in 

Figure 2.4 the temperature profile contatins a constant temperature set point for each initiator half life 

temperature. 
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Figure 2.4: Temperature profile for the capsule synthesis 

For measuring the On-Fabric Delivery, IEC A Base detergent was supplied from WFK Testgewebe GmbH. 

LFE (Liquid Fabric Enhacer) was provided by The Procter &Gamble Company( Strombeek Bever, 

Belgium). 

2.2.2.2 Micro-mechanical compression testing of capsules  

The microcapsule slurry was diluted in 5 ml of deionized water with a dilution ratio 1:1000. Small 

droplets of the diluted solution were deposited on laboratory slides priorly glued on top of 

nanoindentation stubs with hot mounting compounds. The solvent evaporated before testing. 

Nanoindentation measurements were performed using a Nanoindenter iNano (KLA Corp.) equipped 

with an inForce50 actuator (KLA Corp.), to measure the compressive strength of the hollow polymeric 

microspheres. The experimental setup utilizes the Nanoindenter actuator with a flat punch diamond tip 

with a diameter of 100 μm, which applies controlled compression to the microspheres until rupture 

occurs.  

The compression process consists of two distinct phases. In the initial phase, the displacement of the 

punch is controlled, ensuring precise measurement and control of the applied force. 
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The surface identification procedure begins with the initial determination of the substrate position in an 

area adjacent to the microsphere of interest. Once the substrate position is identified, the system is 

positioned above the microsphere, and the indenter tip oscillates at the resonant frequency specific to the 

nanoindentation system being used. These oscillations are performed under force control, with an 

amplitude of approximately ±10 nm around zero position.  

The compression phase is conducted without imposed oscillation, and rupture is identified through the 

derivative of the load signal. Rupture manifests as a sudden change in the load-depth curve. In load-

controlled instruments, this sudden variation corresponds to a rapid change in displacement, while in 

displacement-controlled instruments, it corresponds to an immediate change in the applied load. The 

employed instrument implements a pseudo-displacement-controlled protocol between the two 

characteristics above.  

 

 

Figure 2.5: Load vs. Depth compression test of single Microcapsule. 

Figure 2.5 illustrates the relationship between Load and Depth as the compression of a single 

Microcapsule progresses. The different point labels are linked to the time-lapse of the compression, which 

is presented in Figure 2.6. Initially, at point (a), the Nanoindenter tip approaches the microcapsule. At 

point (b), the tip comes into contact with the microcapsule, leading to a subsequent increase in Load as 

the microcapsule is compressed. At point (c), the microcapsule ruptures. Subsequently, at point (d), the 

tip compresses the substrate, resulting in an exponential rise in Load. 
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Figure 2.6: in-SITU nanoindentation time-lapse of the compression of the capsule. 

The rupture force corresponds to the maximum load applied just before rupture, which in the Load vs 

Depth graph of Figure 2.5 corresponds to point (c). 

To determine the diameter of the microsphere, a mechanical approach is utilized. The displacement 

position at which the surface is identified is compared to the displacement position at which the substrate 

is initially detected.  

Compression tests are conducted at a constant velocity of 2 µm/s in all cases. This uniform velocity 

ensures that any potential effects related to strain rate on the behavior of the polymeric membranes, 

which are sensitive to such factors, are decoupled and minimized. The compressive strength of the 

microspheres is ultimately determined by various factors, including the force exerted by the contents 

encapsulated within the microsphere, the chemistry and microstructure of the polymer membrane, and 

the thickness of the membrane. 

2.2.2.3 Formulation into Household products 

The microcapsules are formulated in a Liquid Fabric Enhancer (LFE) to evaluate the delivery efficiency. 

Microcapsules are added to the LFE to achieve a final perfume concentration of 0.3% through the use of 

microcapsules. The concentration of perfume in the microcapsules is defined as the percentage in weight 
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of active (perfume) to the total weight of the microcapsules slurry. The composition of the LFE is shown 

in Table 2.2. 

 

Table 2.2: LFE formulation comprising microcapsules. 

Ingredient wt.% 

Softening active 7.0 

Formic acid 4.5∙10-2 

Sodium hydroxyethane diphosphonic acid 7.1∙10-3 

Silicone antifoam 2.0∙10-3 

Perfume via MicroCapsules 3.0∙10-1 

Water Balance to 100% 

 

The Softening active is a Diester quaternary ammonium compound (Ci-DEEDMAC=Ditallowoyl Ethoxy 

Ester Dimethyl Ammonium Chloride [MDEA based, Methyl Di-Ethanol amine based quat, available from 

Evonik]). 

2.2.2.4 Encapsulation Efficiency determination 

The percentage of Encapsulation Efficiency in the microcapsule slurry was determined via Gas 

Chromatographic Mass Spectrometric Analysis. Solid-phase microextraction (SPME) (50/30µm 

DVB/Carboxen/PDMS) was employed. 

Following the procedure outlined in Formulation into Household product section, two LFE products were 

made: Microcapsules in LFE and Reference Oil in LFE. 

The Microcapsules in the LFE product was made by adding the capsule slurry to LFE, resulting in a perfume 

weight fraction of 0.3%. The Reference Oil in LFE was prepared by substituting the microcapsules with 

0.3% of the same perfume oil used for the encapsulation. This ensures that the quantity of perfume is 

equal in both products. Two replicates of each product (Microcapsules in LFE and Reference Oil in LFE) 

were injected into sealed Headspace vials and then allowed to equilibrate for 3 hours at room 

temperature before being analyzed by GC-MS. The GC-MS analyses were performed by sampling the 

headspace of each vial via SPME with a vial penetration of 25 mm and an extraction time of 1 minute at 
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room temperature. Ion extraction of the specific mass for each component was obtained. The SPME fiber 

was subsequently on-line and thermally desorbed into the GC using a ramp from 40°C (0.5 min) to 270°C 

(0.25 min) at 17°C/min. The perfume raw materials with a molecular weight between 35 and 300 m/z were 

analyzed by GC/MS in full scan mode.  

The sum of all the areas under the chromatogram peaks corresponding to the perfume in Microcapsules in 

LFE and Reference Oil in LFE were calculated as 𝐴𝑟𝑒𝑎𝑀𝑖𝑐𝑟𝑜𝑐𝑎𝑝𝑠𝑢𝑙𝑒𝑠 𝑖𝑛 𝐿𝐹𝐸  and 𝐴𝑟𝑒𝑎𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑂𝑖𝑙 𝑖𝑛 𝐿𝐹𝐸 , 

respectively. 

The Free Oil % was then calculated by Equation (2.1): 

 
𝐹𝑟𝑒𝑒 𝑂𝑖𝑙 % =  

𝐴𝑟𝑒𝑎𝑀𝑖𝑐𝑟𝑜𝑐𝑎𝑝𝑠𝑢𝑙𝑒𝑠 𝑖𝑛 𝐿𝐹𝐸 

𝐴𝑟𝑒𝑎𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑂𝑖𝑙 𝑖𝑛 𝐿𝐹𝐸
∙ 100 (2.1) 

The Free Oil % is defined as the perfume outside the capsule core. Hence it indicates the amount of 

perfume that either was not successfully encapsulated or that has already leaked out in the outer slurry 

formulation at the time of analysis. The Free Oil % values are then calculated in terms of Encapsulation 

Efficiency (𝐸𝐸 %) by Equation (2.2) 

 
𝐸𝐸 % =

100 − 𝐹𝑟𝑒𝑒 𝑂𝑖𝑙% 

100
∙ 100 (2.2) 

 

2.2.2.5 GC-MS On-Fabric Delivery Assessment 

The On-Fabric Delivery assessment was carried out via P&G standard method TMD01389. Miele 

w1714washing machines were used to treat the fabrics. For each treatment, the washing machine was 

loaded with 3kg of fabrics, comprising terry towel cotton fabric tracers and a mixed load of fabrics. The 

terry towel cotton fabrics weights about 870g, while the mixed load of fabrics contains about 1065g 

knitted cotton fabric and about 1065g polyester-cotton fabrics, to follow a ratio of 50/50 between cotton 

and polyester fabrics. Additionally, the fabric load comprises twenty terry towel tracers. 

Before the wash, the machine was cleaned out. In total, four ethanol wipes were used: one for the first 

half of the inox drum; another one for the second half of the inox drum; the third wipe for the rubber of 

the washing machine; the fourth for the washing machine drawer. The washing machine was left open 

for a minimum of one minute. Then one washing cycle was run at 95°C. Moreover, before the test 

treatment, the load was preconditioned twice, each time using the 95°C short cotton cycle with 79g of 
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unperfumed IEC A Base detergent from WFK Testgewebe GmbH, followed by two additional 95°C 

washes without detergent. 

For the test treatment, the fabric load was washed using a 30°C short cotton cycle, 1200rpm spin speed 

with 79g IEC A Base detergent, added at the start of the wash cycle in the appropriate dispenser. A 

dosage of 40 ml of the LFE fabric treatment composition described in Table 2.2 was added to the suitable 

dispenser. 

At the end of the wash cycle, the fabric tracers were removed from the washing machine and were line-

dried overnight for around 12 hours in a closed room. Two 4x4cm fabric aliquots are cut from two terry 

towel cotton tracers and are transferred to 25 mL Headspace vials. The headspace above the fabric tracers 

was analyzed using the SPME headspace GC/MS (gas chromatography/mass spectrometry) approach 

described in the Encapsulation Efficiency determination section. 

The amount of perfume in the headspace is expressed as nmol/L. 

2.3 Results & Discussions 

2.3.1 Capsule Characterization  

The detailed composition of the batches under investigation is shown in Table 3. The monomer mixture 

employed is the sole parameter that differed in making the various samples. The monomer composition 

and weight proportions variations are introduced to establish a structure-performance correlation.  

For the sake of clarity, the names of the samples are defined as follows: CAP|CN975|CM6|M8|, where 

CN975, CM6, M8 correspond to the weight ratio of Monomer CN975, Monomer CM6, and Monomer M8, 

while X is equal to the value of shell to core ratio. The shell/core ratio for all the samples equals 5:95, 

where the Core is defined as the weighted sum of the fragrance and IPM, while the shell is defined as the 

sum of acrylic monomers. 

Table 2.3: Monomer composition of capsules synthesized. 

Sample Name 

Monomer mixture composition (wt.%) Shell:Core 

ratio(wt.%) %CN975 %CM6 %M8 

CAP|1|0|0-5|-5 100 0 0 5:95 

CAP|0|1|0|-5 0 100 0 5:95 
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CAP|0.3|0.7|0|-5 30 70 0 5:95 

CAP|0.5|0.5|0-5 50 50 0 5:95 

CAP|0|0|1|-5 0 0 100 5:95 

CAP|0.3|0|0.7|-5 30 0 70 5:95 

CAP|0.5|0|0.5|-5 50 0 50 5:95 

To provide a quantification parameter to characterize the molecular structure of the capsule wall, the 

Molecular weight between cross-links (𝑀𝑊𝑐) is defined. The MW between cross-links is a parameter that 

characterizes the average distance between cross-linking points in the polymer network. Since acrylic 

monomer conversion is reported to reach practically 100% value [103, 104], it was reasonably assumed 

that the acrylic conversion is complete. Under this hypothesis, the molecular weight between cross-links 

can be calculated by dividing the average molecular weight of the monomers (𝑀𝑎𝑣) by the number of 

acrylic groups per molecule (𝑐) [105] as shown in Equation (2.3): 

 

𝑀𝑊𝑐 =
𝑀𝑎𝑣

𝑐
 (2.3) 

In Table 2.4, the batches of capsules are characterized in terms of their molecular structures, such by 

MW_c and HSP Distance. The Volume-weighted mean diameter (VW Mean Diameter) is reported as 

calculated via AccuSizer 780 AD, which leverages single-particle optical sensing (SPOS) [27][28]. 

Table 2.4: Characterization of capsule batches in terms of 𝑀𝑊𝑐 and Hansen Solubility Distance 

Sample Name 

Monomer mixture (wt.%) MW 

between 

cross-links 

HSP 

Distance 

VW Mean 

D         μ   %CN975 %CM6 %M8 

CAP|1|0|0-5|-5 100 0 0 128 1 20 

CAP|0|1|0|-5 0 100 0 172 0.46 18 

CAP|0.3|0.7|0|-5 30 70 0 147 0.58 24 

CAP|0.5|0.5|0-5|-5 50 50 0 139 0.69 24 

CAP|0|0|1|-5 0 0 100 105 0.34 21 
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CAP|0.3|0|0.7|-5 30 0 70 112 0.52 22 

CAP|0.5|0|0.5|-5 50 0 50 117 0.65 21 

The morphology of the prepared batches was characterized by scanning electron microscopy (SEM) 

Hitachi FlexSEM 1000. The images for the batches of Table 2.4 are shown in Figure 5.  

When the capsules with the highest 𝑀𝑊𝑐  (CAP|0|1|0|-5) were included in the SEM environment, they 

completely collapsed, presenting a highly distorted morphology. In contrast, the other capsules with 

lower 𝑀𝑊𝑐 exhibited a more intact appearance. This visual discrepancy suggests that CAP|0|1|0|-5 is 

characterized by poor encapsulation quality. The reason for this poor structural integrity will be 

discussed in the Discussion section. 

 

Figure 2.7: SEM micrographs of the microcapsules slurries: (a) CAP|1|0|0-5, (b) CAP|0|1|0|-5, (c) 

CAP|0.3|0.7|0|-5, (d) CAP|0.5|0.5|0-5|-5, (e) CAP|0|0|1|-5, (f) CAP|0.3|0|0.7|-5, (g) CAP|0.5|0|0.5|-5 

100  m 40  m50  m

50  m 50  m

50  m

50  m
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The batch samples were then mechanically characterized with the abovementioned Nanoindentation 

protocol. The Rupture Force of the individual capsules versus their diameters was then plotted in Figure 

2.8. 

 

 

Figure 2.8: Rupture Force for each sample population plotted in function of the diameter. Linear regression and 95% 

confidence intervals are reported for each sample. 

A linear relationship between the force required to break a capsule and its diameter can be evidenced, as 

highlighted in Figure 2.8. In other words, the size of the capsule has a direct impact on its mechanical 

properties. Larger capsules have a greater surface area and volume compared to smaller ones. This 

increased surface area allows for a more extensive stress distribution when external forces are applied. As 

a result, the load is distributed over a larger area, reducing the stress concentration on any particular 

point within the capsule. 
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Consequently, the force required to cause rupture increases in proportion to the diameter of the capsule. 

Furthermore, the internal volume of the capsule also influences its mechanical properties. This higher 

internal volume for larger capsules can contribute to the capsule’s overall structural stability and 

strength, requiring a higher force to break the capsule.  

A first-order linear regression analysis with a zero intercept was conducted to predict the value of 

Rupture Force as a function of the capsule diameter. As a result, the relationship between Rupture Force 

and diameter is highlighted by Equation (2.4): 

 
𝑅𝑢𝑝𝑡𝑢𝑟𝑒 𝐹𝑜𝑟𝑐𝑒 = 𝐾 ∗ 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (2.4) 

The zero intercept was chosen to interpolate the boundary condition for an infinitely small capsule, 

equivalent to a capsule with a diameter of zero, which would theoretically have an infinitely small 

Rupture Force. In Equation 4, the variable K represents the linear regression slope, establishing the 

relationship between Rupture Force and diameter. As such, this ratio is the average Rupture Force per unit 

Diameter (RFD), representing the change in Rupture Force per unit diameter. The term average refers to 

the interpolation over the distribution of diameters, making RFD a material characteristic property of 

each tested wall composition.  

RFD is believed to provide a more realistic measure of a microcapsule’s ability to withstand compressive 

stress before rupturing, compared to Rupture Stress, as defined by Long et al. [156]. The Rupture Stress 

depends on specific geometric elements, such as the surface area before deformation, while RFD remains 

constant within the same capsule population, regardless of the microcapsule size. Moreover, using the 

Rupture Stress (given its bulk-equivalent parameter nature) might lead to incomplete interpretations: 

• The stress distribution within the membrane might not be uniform [157]. Due to geometry and 

material properties, different membrane regions might experience different stress levels. Using 

simple average stress might not accurately capture this non-uniform distribution. 

• Polymeric materials often have complex microstructures that can influence their mechanical 

behavior [158]. A bulk-based calculation might overlook microstructural effects that significantly 

affect fracture toughness at the micro-scale. 

• At the micro-scale, the size of the membrane becomes comparable to the characteristic length 

scales of the material microstructure. This can lead to size-dependent mechanical behavior, such 
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as enhanced increased brittleness. Simply scaling down bulk properties might not account for 

these size effects. 

In summary, using the Rupture Stress alone might oversimplify the polymeric membrane’s mechanical 

behaviour during compression testing at the micro-scale. The RFD parameter, instead, is not related to 

the computation of the stress distribution in the membrane at incipient failure; it can provide several 

advantages for this specific application: 

• Calculating stress distribution within a complex micro-scale membrane can be challenging. 

It might require advanced techniques like finite element analysis, which can be 

computationally intensive and require accurate material property data [159, 160, 161]. Using 

the rupture load is simpler, making it a practical choice when detailed stress analysis is 

complex. 

• The RFD provides a conservative estimate of the material’s strength. It represents the 

maximum load the population of micro-capsules can withstand before failing. 

• Comparative Analysis: The RFD provides a direct and easy-to-understand metric when 

comparing different populations. It allows, indeed, to quickly assess which compositional 

population is stronger or more resistant to rupture. 

An example illustrating the significance of RFD can be demonstrated through the influence of wall 

thickness. As the capsule consists of a core/wall structure, the wall thickness plays a crucial role in 

determining the overall strength of the capsule. 

RFD, being a holistic material characteristic property, considers the contribution of the wall thickness to 

the capsule’s overall strength. This allows RFD to effectively capture the variations in wall thickness 

within the population of capsules. 

In summary, RFD comprehensively characterizes the material’s behavior under the incipient loading 

limit relative to the diameter. 

In Table 2.5 the RFD is reported for each sample along with the Standard Error associated with the 

calculation of RFD via the regression slope between Rupture Force and diameter. 

Table 2.5: Mechanical characterization of the different Capsule batches. 
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Sample Name MW between cross-links [g/mol] R D     μ   

CAP|1|0|0-5|-5 128 8.5∙10-2 ± 6.1∙10-4 

CAP|0|1|0|-5 172 7.7∙10-3 ± 5.1 ∙10-4 

CAP|0.3|0.7|0|-5 147 6.0∙10-2 ± 4.8∙10-4 

CAP|0.5|0.5|0-5|-5 139 7.5∙10-2 ± 5.2 ∙10-4 

CAP|0|0|1|-5 105 1.1∙10-1 ± 9.7 ∙10-4 

CAP|0.3|0|0.7|-5 112 9.1∙10-2 ± 7.4∙10-4 

CAP||0.5|0|0.5| 117 9.9∙10-2 ± 7.8∙10-4 

 

The capsule batches were analyzed for their performance regarding Encapsulation Efficiency and On-Fabric 

Delivery. 

The results are reported in Table 2.6. 

Table 2.6: Performance characterization of the capsules in terms of Encapsulation Efficiency and On-Fabric 

Delivery 

Sample Name Encapsulation Efficiency [%] On-Fabric Delivery [nmol/L] 

CAP|1|0|0-5|-5 94.3 ± 0.2 307.5 ± 45.7 

CAP|0|1|0|-5 0 50.02 ± 12 

CAP|0.3|0.7|0|-5 83.8 ± 0.3 319.6 ± 19.5 

CAP|0.5|0.5|0-5|-5 89.6 ± 0.2 322.1 ± 47.9 

CAP|0|0|1|-5 95.1 ± 0.3 201.3 ± 51.3 

CAP|0.3|0|0.7|-5 94.8 ± 0.2 248.1 ± 49.8 

CAP|0.5|0|0.5|-5 94.3 ± 0.3 260.7 ± 9.6 
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2.3.2 Multivariate analysis  

In Figure 2.9, a Multi-variate Analysis was conducted by generating a scatterplot matrix to assess the 

correlation between the parameters related to the chemical structures of the monomer mixture employed 

(𝑀𝑊𝑐, HSP distance), and the parameters related to the performance of the capsules (RFD, Encapsulation 

Efficiency %, On-Fabric Delivery). A logarithm transformation is applied for the Encapsulation Efficiency % 

values to address the data’s non-normality, as explained in the Supporting Information document. 

 

 

Figure 2.9: Scatter plot matrix between the chemical structure variables (𝑀𝑊𝑐, HSP Distance) and performance 

variables (RFD, Encapsulation Efficiency % and On-Fabric Delivery). The Structure-Performance correlations are 

presented as follows: 

• Row 1 and Column 1 represent the correlations comprising the molecular weight between Cross-links 

(𝑀𝑊𝑐) 

• Row 2 and Column 2 represents the correlations comprising the HSP distance 

• Row 3 and Column 3 represent the correlations comprising the RFD 
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• Row 4 and Column 4 represent the correlations comprising the Encapsulation Efficiency% 

• Row 5 and Column 5 represent the correlations comprising On Fabric Delivery 

 

The relationship between 𝑀𝑊𝑐 and RFD highlights that increasing 𝑀𝑊𝑐 leads to a decrease in the force 

required to break each capsule. This correlation is supported by a R2 value of 0.9. 

Low values in 𝑀𝑊𝑐 indicate a higher density of cross-links within the encapsulating shell’s given volume. 

Consequently, this tightly interconnected structure enhances the capsule resistance against external 

mechanical forces, resulting in a higher force required to break the capsules. Conversely, high values of 

𝑀𝑊𝑐 indicate a more loosely interconnected wall structure, which reduces the capsule resistance to 

applied forces. The influence of polymer activity and cross-linking density on the elastic modulus and 

hardness can be significant and understood through the underlying microstructural changes that occur 

with these parameters. Polymer activity, often related to the glass transition temperature (Tg), affects the 

mobility of polymer chains. Polymer activity increases at higher temperatures or with more flexible 

chains, increasing segmental mobility. This leads to decreased elastic modulus and hardness since the 

polymer chains can more easily deform under the applied load during nanoindentation [162, 163]. 

On the other hand, cross-linking density has a pronounced effect on the mechanical properties of 

polymers. Cross-links act as physical constraints, limiting chain mobility and increasing the stiffness of 

the polymer network. As the cross-linking density increases, the elastic modulus and hardness of the 

polymer generally increase as well. This is because the network becomes more resistant to deformation, 

and the polymer chains are constrained in motion, resulting in a stiffer and harder material [164, 165, 

166]. 

Overall, 𝑀𝑊𝑐 serves as a reliable predictor for both RFD and Encapsulation Efficiency (EE), highlighting 

their collinearity. This can be explained by the fact that higher values of EE indicate better quality of 

encapsulation and, consequently, improved mechanical strength. The collinearity between RFD and EE 

suggests they can be interchangeable, as demonstrated by samples like CAP|0|1|0|-5, which exhibited 

EE equal to 0 % and the lowest RFD value in the experimental campaign. Similarly, CAP|0.5|0.5|0-5|-5 

displayed a high EE and the highest RFD. However, it is essential to note that EE and RFD cannot be 

substituted entirely for each other. For instance, in the range of EE% from 94% to 96%, the collinearity is 

not fully met, as CAP|0|0|1|-5, CAP|0.3|0|0.7|-5 and CAP|0.5|0.5|0-5|-5 did not significantly differ in 
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terms of EE, while there was a noticeable variation in RFD. This discrepancy arises due to the distinct 

physical meanings of these parameters, emphasizing the importance of considering RFD and EE 

separately. 

The HSP Distance provides valuable information on the solubility of the monomer mixture in the perfume 

mixture, which is expected to be a relevant parameter in the encapsulation process since it affects the 

transfer of the monomer to the interphase during encapsulation. However, in this specific case, solubility 

does not seem to be a parameter strongly influencing the performance of these samples since the 

correlation between EE and HSP Distance was not statistically significant, as highlighted by a low R2. 

Since all the samples, except CAP|0|1|0|-5, exhibited good morphological characteristics, according to 

the SEM pictures, and relatively high EE, it appears that for all these samples, the HSP Distance between 

the monomer mixture and the perfume mixture is enough to enable a satisfactory transfer of monomer to 

the interphase, hence a successful encapsulation.  

Overall, the higher correlation between RFD and EE indicates that 𝑀𝑊𝑐  is the predominant chemical 

parameter in determining the encapsulation outcome, rather than the HSP Distance. This suggests that 

controlling the 𝑀𝑊𝑐 is crucial for achieving desired encapsulation results within the molecular structures 

included in this study. 

To further understand the influence of monomer solubility on the capsule, it would be valuable to test 

monomer differences with higher differences in HSP Distance. Similarly, in future studies, it would be 

worth evaluating perfume leakage over time, as the HSP Distance can strongly influence this parameter 

since the more the perfume is soluble in the wall membrane, the effortlessly it would permeate through. 

Lastly, solubility parameters beyond the HSP Distance, such as solubility computed via Cosmotherm 

[167], should be considered for further research to broaden the understanding of monomer-perfume 

interactions beyond HSP Distance. 

Interestingly, the relationship between all variables and On-Fabric Delivery is not linear; instead, a 

quadratic prediction was employed. This is due to the complex nature of the delivery of perfume 

microcapsules into fabrics during a wash cycle, which involves random events such as capsule deposition 

and retention [168]. The deposition and retention of capsules are influenced by the surface affinity 

between the capsule wall and the fabric, which involves steps not thoroughly investigated in this study. 

Hence, the correlation appears more intricate than a linear relationship. 
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Figure 7 highlights that the most correlated parameter with On-Fabric Delivery is RFD. This suggests that 

the wash cycle, involving both low-speed and high-speed rotations [169], significantly affects the 

mechanical integrity of the capsules and, consequently, the mechanical strength of the capsules affects the 

On-Fabric Delivery.  

The scatter plot highlights a parabolic trend between RFD and On-Fabric Delivery, indicating an optimal 

balance between capsule strength and perfume release. An increasing relationship for RFD values lower 

than 6.0∙10-2 mN/μm is observed, while beyond the 6.0∙10-2 mN/μm threshold, the relationship changes to 

decreasing. Stronger capsules are believed to resist better to rupture and remain intact under the 

mechanical stress of the washing machine. Their increased strength enables them to withstand rigorous 

conditions, avoiding premature rupture and maintaining structural integrity. As a result, more capsules 

can be deposited onto the fabric surface without breaking, leading to a linear rise in On-Fabric Delivery. 

 owever, beyond the optimal balance point of 6.0∙10-2 mN/μm, further increases in rupture force may not 

necessarily result in a proportional increase in the number of deposited capsules. Excessive increases in 

capsule strength can hinder perfume release: indeed, when the capsules become excessively strong, they 

may be less prone to rupture even under normal usage conditions, thus limiting the release of the 

encapsulated perfume. 
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2.4 Conclusions  

Understanding the influence of the chemical structure of the wall composition on mechanical properties 

and delivery efficiency is crucial for enhancing encapsulation efficiency.  

For acrylic-based microcapsules, upon decreasing the 𝑀𝑊𝑐 of the monomer mixture from 175 g/mol to 

100 g/mol, an improvement was observed both in terms of RFD (increase from 0.01 ± 5.1 ∙10-4 to 0.1 ± 9.7 

∙10-4 mN/μm) and in terms of Encapsulation Efficiency (increase from 0% to 95.1 ± 0.3%). This trend is 

believed to be primarily related to a higher cross-linking density which acts as a physical constraint, 

limiting chain mobility and increasing the stiffness of the polymer network. 

In the context of this study, CAP|1|0|0-5|-5, CAP|0.3|0|0.7|-5 and CAP|0.5|0.5|0-5|-5, composed of 

combinations of (oligoglycolate diacrylate)ethylene glycol and CN975, achieved the highest On-Fabric 

delivery (approximately 300 nmol/L) in a Liquid Fabric Enhancers (LFE) context. Ultimately, the system 

with 100% CN975 was preferred due to its optimal 𝑀𝑊𝑐 of 128 g/mol, resulting in the ideal On-Fabric 

delivery (307.5 ± 45.7 nmol/L) driven by an RFD of 8.5∙10-2 ± 6.1∙10-4 mN/μm and an Encapsulation Efficiency 

of 94.3 ± 0.2 %. 

By selecting the molecular structure of the capsule wall, mainly via choosing the optimal range of 𝑀𝑊𝑐 it 

becomes possible to modulate the cross-linking density and, consequently, the mechanical properties of 

the encapsulating shell. This modulation is essential for optimizing the delivery efficiency in each specific 

application.  

As a result, more efficient microcapsules enable a reduction in the use of perfume and actives in the 

formulation, thereby providing sustainability benefits through the more efficient use of chemistry. 

Moreover, properly selecting acrylic monomers could also optimize other microcapsule properties, such 

as environmental impact and affinity to the core materials. 
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