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1. Abbreviation 
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Blue-light-emitting diode (LED) 
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Abstract 

The aim of this thesis was to develop innovative and eco-friendly antimicrobial systems using natural, 

biodegradable, or renewable ingredients, with the dual objective of enhancing infection control and 

minimizing the environmental impact of industrial formulations. To achieve this, nanotechnology-based 

strategies were investigated, specifically focusing on the use of nanobubbles and nanodroplets as delivery 

systems for antimicrobial agents. This research was conducted within the framework of collaborative 

projects involving two industrial partners and other Departments of the University of Turin. In the first 

part of the work, curcumin within chitosan-shelled nanobubbles and saturated with oxygen were 

developed using biodegradable and naturally derived materials for the delivery of the natural occurring 

antimicrobial curcumin. These systems were designed to explore potential synergistic effects and 

improved therapeutic performance through the application of innovative technologies as the application 

of Photodynamic Inactivation and the co-delivery of oxygen. The results suggest that such formulations 

could contribute to addressing the global challenge of antibiotic resistance, by reducing the need for 

conventional antibiotics through enhanced antimicrobial efficacy. 

In the second part of the study, benzalkonium chloride-loaded nanodroplets were formulated as spray 

disinfectants for household cleaning. The nanodroplets were prepared using green components, including 

1% limonene, to boost antimicrobial activity and simultaneously lower the required concentration of 

benzalkonium chloride—an ingredient currently under scrutiny due to its potential toxicity. The 

benzalkonium chloride-loaded nanodroplets demonstrated superior antimicrobial properties compared 

to BKC in aqueous solution, supporting their application as sustainable alternatives in the field of surface 

disinfection. The efficiency of benzalkonium chloride-loaded nanodroplets was also evaluated from 

a physicochemical perspective, demonstrating that the resulting spray disinfectants exhibited high 

wettability, wide spray angles, and long-term stability upon storage. 

Finally, in the last part of the thesis crude glycerol as a by-product from the Biodiesel production was 

transformed to other value-added products aligns with the European circular economy objectives, which 

aim to minimize waste and optimize resource utilization. Glycerol and glycerol formal monoglycerides, 

diglycerides, and triglycerides were synthesized through reactions with various fatty acids to obtain 

interesting materials employed for the vehiculation of essential oils and personal care. 
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2. Aim of the thesis 

The aim of this thesis was to develop innovative and eco-friendly antimicrobial products with the goal of 

reducing the environmental impact of industrial activities. The first part of the work was conducted in 

collaboration with the Department of Neurosciences at the University of Turin. The main objective was to 

create a novel antimicrobial system based on natural ingredients, addressing the growing challenge of 

bacterial infection control. According to the World Health Organization, antibiotic resistance is one of the 

greatest threats to global health today. Nanotechnology holds significant potential to enhance the efficacy 

of antimicrobial therapies by improving drug stability, bioavailability, and targeted delivery. This can be 

achieved through drug encapsulation or by attaching therapeutic agents to nanocarriers, allowing for 

controlled release and precise targeting of infected tissues. Among the various nanocarriers, nanobubbles 

(NBs) have emerged in recent years as a promising drug delivery platform due to their ease of preparation, 

cost-effectiveness, and potential applications in targeted therapy and imaging. In this context, 

nanobubbles were employed as a delivery system for the natural antimicrobial agent curcumin, while 

biocompatible and biodegradable polymers such as chitosan were used for their formulation. Chitosan is 

a polysaccharide derived from the shells of crustaceans, as well as from fish, insects, and fungi, whereas 

curcumin is a bioactive compound extracted from the turmeric plant (Curcuma longa), known for its 

antimicrobial properties. However, curcumin presents several limitations, including poor solubility, low 

stability, and limited bioavailability. These challenges were addressed by encapsulating curcumin within 

nanobubbles, with the purpose of an enhanced incorporation efficiency and improved delivery. 

Furthermore, to explore potential synergistic effects, the curcumin-loaded nanobubbles (Curc-CS-NBs) 

were also saturated with oxygen (Curc-Oxy-CS-NBs), aiming to enhance the overall antimicrobial activity 

of the system.  

In the second part of the thesis, the expertise gained in the preparation of nanobubbles was 

further deepened and applied to the encapsulation of benzalkonium chloride (BKC) for the development 

of a spray disinfectant intended for household use. This work was carried out in collaboration with an 

industrial partner, Reckitt® and the Department of Sciences of Public Health and Pediatrics, seeking to 

reduce the toxicity of BKC in the formulation of their products, which is one of the most commonly used 

disinfectants in household products. Indeed, the use of BKC in disinfectants and cleaning agents is 

associated with several drawbacks, particularly its toxicity to humans—such as skin and eye irritation—

and its environmental impact. BKC residues can accumulate in water systems through domestic, 

agricultural, industrial, and clinical use, contributing to environmental pollution and the emergence of 

antimicrobial resistance. 

To address these issues, this study proposes the use of nanodroplets (NDs), a type of nanobubbles, for 

the co-encapsulation of Benzalkonium chloride and limonene, a natural essential oil with well-



 24 

documented antimicrobial properties (BKC-NDs). The goal is to reduce the required concentration of 

Benzalkonium chloride by formulating it within a nano system and incorporating limonene, a potential 

synergistic antimicrobial agent, in alignment with green chemistry and sustainable formulation principles. 

Furthermore, the efficiency of the spray disinfectants was assessed through the evaluation of their 

physical properties, including wettability, spray angle, and long-term storage stability. 

 

Finally, the last part of the thesis was conducted in collaboration with a second industrial partner, 

Fluos S.p.A., focusing on the valorization of the main industrial by-product from biodiesel production-

glycerol-for the development of carriers for essential oil vehiculation and personal care products, such as 

cleansers. During biodiesel production, approximately 10% by weight of crude glycerol is generated 

relative to the amount of biodiesel produced. The reuse of crude glycerol for the manufacture of value-

added products aligns with the European circular economy objectives, which aim to minimize waste and 

optimize resource utilization to foster economic growth and sustainability across Europe. From glycerol, 

value-added derivatives such as monoglycerides, diglycerides, and triglycerides can be synthesized 

through reactions with various fatty acids. In this work, these compounds were investigated as lipidic 

materials for microdroplets (MDs) formulations for the delivery of essential oils. In parallel, at the request 

of the industrial partner, the synthesized materials were also explored for the formulation of emulsified 

cleansers for personal care, serving both as the lipophilic phase and as emulsifying agents. 

The graphical abstract of the thesis is reported in Figure 1. 
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Figure 1:Graphical abstract of the three projects of the thesis 
(a) Encapsulation of curcumin in vesicular nanosystems called nanobubbles (Curc-CS-NBs) and loading of 
oxygen (Curc-Oxy-CS-NBs) (b) Spray disinfectants loaded with benzalkonium chloride (BKC) in the form of 
nanovescicular systems called nanodroplets (BKC-NDs) (c) Use of the main industrial by-product from 
biodiesel production -glycerol-for the development of carriers for essential oil vehiculation and personal 
care products, such as cleansers. Created with BioRender.com 
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3. Introduction 

 

3.1 PON Research and Innovation towards a green, digital and resilient recovery of the 

European economy 

The Programma Operativo Nazionale Ricerca e Innovazione 2014-2020 (PON Research and Innovation) is 

one of Italy’s most significant initiatives aimed at enhancing the quality of higher education, research, 

technological development, and innovation. With a total financial allocation of €1.189 billion, the 

program was funded through contributions from the European Regional Development Fund, 

the European Social Fund, and national co-financing, and was managed by the Ministry of University and 

Research. A key priority of the program was to foster the competitive repositioning of Italy’s 

disadvantaged regions, including both less developed and transition regions, in alignment with the 

objectives of the European Union’s (EU) Cohesion Policy. The program sought to stimulate smart, 

sustainable, and inclusive development, ensuring the production of high-quality research and innovation. 

Another major objective was to promote collaboration between industries and institutions, such as 

universities and research organizations, to achieve improved outcomes in knowledge sharing, production 

processes, commercial activities, and product development. Additionally, the program emphasized 

the development of qualified and implemented simplified, transparent procedures to streamline 

administrative processes. 

However, since the onset of the COVID-19 pandemic, Europe's economy has experienced a significant 

slowdown, rising unemployment, and economic contraction. In response, the European Commission (EC) 

introduced the REACT-EU package on May 28, 2020, aimed at repairing the damage caused by the 

pandemic, providing additional resources to 2014-2020 programs, and supplementing the cohesion 

allocations for 2021-2027. REACT-EU (Recovery Assistance for Cohesion and the Territories of Europe) is 

a major initiative under the Next Generation EU recovery plan, with a total allocation of €50.6 billion. This 

program aims to overcome the socio-economic consequences of the crisis related to COVID-19 

pandemic and to address a green, digital and resilient recovery of the economy (REACT-EU). The REACT-

EU reprogramming refers to the modification and updating of the operational programs of the EU 

structural funds to address the economic and social challenges caused by the COVID-19 pandemic.  

Italy implemented a series of ministerial decrees to allocate REACT-EU funds, which are addressed to 

reach the following objectives: 

¶ Public Health: provide additional support in addressing the health crisis (e.g., through the 

purchase of vaccines and medicines against SARS-CoV-2), while simultaneously initiating actions 

to structurally strengthen the system with the allocation of funds 

¶ Economic Support: address the social and economic repercussions of the pandemic by increasing 

employment and focusing on social inclusion and vulnerable groups 
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¶ Social Cohesion: strengthening the contribution of the cohesion policy  

¶ School, research and higher education: investment and direction of research and development 

activities 

¶ Green and digital transitions: align with the EU’s broader goals of sustainable and digital 

transformation, implementing EC recommendations on the "European Green Deal" 

¶ Energy and environment: support the transition to a low-carbon economy across all sectors and 

ensure the efficient use of natural resources  

In particular, REACT-EU resources have been channeled into several programs, including the PON 

Research and Innovation program. Indeed, with the Decision (2021) 5969 of August 6, 2021, the European 

Commission approved a reprogrammed version of the PON Research and Innovation to address the new 

thematic objective of cohesion policies, "Promoting the recovery from the crisis in the context of the 

COVID-19 pandemic and its social consequences, and preparing for a green, digital, and resilient economic 

recovery," as outlined in Regulation (EU) 2020/2221 of the European Parliament and Council of December 

23, 2020. Therefore, new actions aimed at the entire national territory were introduced fully funded by 

additional REACT-EU ESF. As part of the implemented innovations, new PhD positions were allocated on 

innovation and sustainability-related topics. 
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3.2  The Environmental Impact of Industry 

 

Industry significantly contributes to environmental degradation, primarily through emissions into the 

atmosphere and aquatic ecosystems, the generation of industrial waste and by-products, and the 

extensive consumption of raw materials and natural resources. According to estimates by the European 

Environment Agency (EEA), the economic costs associated with the negative impacts of air pollution 

caused by Europe’s industrial plants in 2021 amounted to approximately 2% of the EU’s GDP. However, 

over the past decade, these costs have decreased by nearly 35%, although in 2020 they partially increased 

after a drop due to reduced economic activity during the COVID-19 pandemic1. This improvement has at 

least partly been attributed to successful EU legislation. 

 

3.2.1 Industrial Contributions to Environmental Change 

 

Greenhouse gas emission 

One of the main industrial contributions to environmental change is the increase in greenhouse gas 

emissions, such as carbon dioxide (CO₂) and methane. At the industrial level, greenhouse gas emissions 

result from burning fossil fuels to generate energy or from specific chemical reactions involved in 

transforming raw materials into valuable products. In addition to these direct greenhouse gas emissions, 

industries also generate indirect emissions associated with their electricity consumption to generate 

goods. In 2022, U.S. Environmental Protection Agency (EPA) accounted that direct greenhouse gas 

emissions from industry represented 23% of total U.S. greenhouse gas emissions, making it the third 

largest contributor, after the transportation and electric sectors2. Notably, thanks to the efforts that have 

been undertaken, the total U.S. greenhouse gas emissions from industry decreased by 22% since 1990. 

For example, policies have encouraged the use of fuels that emit less CO₂ with the same amount of 

released energy, the preference for recycled materials over new ones, and the adoption of innovative 

technologies that reduce energy consumption. 

 

Important waste generation 

Growing global industrialization has led to an increase in waste generation, posing a significant 

environmental challenge. Indeed, each year, Europe generates around 2.5 billion tons of waste3. Although 

the European Commission has made significant efforts to reduce our environmental impact, the amount 

of waste generated has not yet begun to decline. In particular, waste generated by the chemical and 

pharmaceutical industries has sparked concerns, as toxic residues have been shown to have potential risk 

to the ecosystem. For example, many pharmaceuticals and their metabolites have been detected in 

sewage systems, primarily from human and animal excretions. After wastewater treatment, a residual 
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percentage of chemicals can be still detected in the environment. Furthermore, improper disposal of 

drugs has been related to a high source of pollution4.  

 

Toxicity of the chemicals  

 

The residual presence of chemicals in the environment -whether from industrial processes, agriculture, 

waste or consumer products - pose significant risks to both human health and ecosystems. Chemicals can 

pose significant toxicity risks to human health and the environment, including carcinogenic, mutagenic, 

or reprotoxic effects, as well as long-term environmental hazards. The REACH regulation plays a crucial 

role in controlling these risks by requiring manufacturers to evaluate and report the toxicity of chemicals, 

ensuring that harmful substances are properly regulated and restricted to protect both public health and 

the ecosystem5. For a medicinal product intended for human use, it is mandatory to include an 

Environmental Risk Assessment (ERA) in order to obtain market authorization. This assessment must be 

based on the product’s physicochemical properties, ecotoxicological profile, and environmental fate6. 

Similarly, cleaning products are routinely released into the environment during normal household use - 

either through the evaporation of volatile components or the rinsing away of residual substances. Some 

active ingredients in cleaning products are classified as hazardous due to their potential human health 

risks, including eye, skin, or respiratory irritation, as well as their toxicity to aquatic organisms. 

Moreover, many surfactants commonly found in household products degrade slowly, or break down into 

toxic and bio accumulative compounds, posing a serious threat to aquatic ecosystems. 

 

Antibiotic resistance  

The problem of persistent and toxic residues in the environment is further exacerbated by the 

accumulation of antibiotics, antimicrobials, and biocides, especially when overused, which can promote 

the emergence and spread of antibiotic resistance (AR). As previously highlighted, the most common 

pathways include human and animal excretions (urine and faeces), improper disposal of medicinal 

products, direct contamination and waste discharge. However, the environmental concentrations of 

antibiotics are low, even lower than the minimal inhibitory concentrations (MICs). At such low 

concentrations improbably, bacteria can develop AR7. Typical environmental concentrations of antibiotics 

(mg/L), as reported in Figure 2 across different water sources, are generally well below the MIC range 

observed for bacterial strains (10–10,000 mg/L).However, the concentrations suspected to select for 

resistance are exceeded in many places, such as in sewage treatment8. 
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Figure 2: Typical antibiotic concentrations (mg/L) detected in different water sources 

Antibiotic concentrations are generally lower than the typical MICs of bacteria (10-10,000 mg/L), but high 
enough to select for resistance in other places such as in sewage treatment. Reproduced from 8 
 
Moreover, the concentrations of antibiotics and antibiotic resistance genes (ARGs) often correlate in 

environmental samples, mostly due to their common origin in human excreta, which contains both 

antibiotics and resistant bacteria. These findings support the hypothesis that antibiotic pollution may 

contribute to the development and spread of antibiotic resistance in the environment. Therefore, 

preventive measures should be adopted or strengthened by policymakers to limit the release of 

antibiotics or biocides into natural ecosystems8. 

 

3.2.2 European strategies for Environmental Improvement 

 
The European Green Deal, established in the Communication of the EC of 11 December 2019, is the 

European sustainable growth strategy aims to transform the Union into a modern, competitive, climate-

neutral and toxic-free society. Central to this strategy is the establishment of a circular economy, where 

the use of materials and products is maximized, resulting in significant economic benefits (Figure 3).  
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Figure 3: The circular economy strategy of European Community to a cleaner, more sustainable and 
more competitive Europe 
Created with BioRender.com 

 
At the same time, European policy strategies aim to support industries in achieving climate neutrality and 

promote enhanced energy efficiency in products. In line with these goals, on 11 March 2020, the European 

Commission launched its new industrial strategy, which includes a new circular economy action plan for 

a cleaner and more competitive Europe, building on the success of the previous plan adopted in 20153. It 

was estimated that the adopted plan would be potentially capable to increasing EU GDP by an additional 

0.5% by 2030 and creating around 700 000 new jobs. In recent years, Europe has been implementing 

strategies to extend the life cycle of products, making it more circular. As a result, policies are focusing on 

enhancing the durability, reusability, and reparability of the products. This way, the carbon and 

environmental impact associated with its production is reduced, as it involves lower use of natural 

resources and energy. In order to help consumers extend the lifespan of a product, they should be 

provided with relevant information regarding its durability and the availability of repair options. Regarding 

the strategies adopted by EC to reduce waste production, it focused on promoting waste prevention and 

circularity on the products. Among the end-of-waste actions undertaken is the promotion of the use of 

secondary raw materials, which often present various complications compared to primary raw materials, 

particularly in terms of safety, performance, availability, and cost. European strategies are addressed to 

introduce requirements for recycled content in products in order to minimize the differences and to 

support solutions for high-quality sorting and removing contaminants from waste. Furthermore, the 

concept of 'safe and sustainable by design' is here stressed as a guide for innovation for chemicals and 

materials. Accordingly, the” safe-by-design” of chemicals is encouraged as the progressive substitution of 

hazardous substances to better protect citizens and the environment9. 
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The Regulation (EU) 2024/1781 of 13 June 2024 establishes a framework for the setting of ecodesign 

requirements aimed at improving the environmental sustainability of products placed on the EU market10. 

With “ecodesign of the product” is intended the integration of environmental sustainability 

considerations into the characteristics of the product and during the production process, making it more 

environmentally sustainable. The European Commission has identified priority products to be covered by 

ecodesign requirements, including chemicals and detergents among the listed categories. 

 

Regarding the hazardous active ingredients used in the formulation of cleaning products, the U.S. EPA has 

outlined a set of sustainability considerations that manufacturers can adopt11. These include: 

¶ Minimizing the presence of potentially harmful chemicals, such as corrosive or strongly irritating 

substances, known or suspected human carcinogens or reproductive toxicants, ozone-depleting 

and hazardous substances, and hazardous air pollutants 

¶ Utilizing renewable resources, such as citrus, seed, vegetables, and pine oils 

¶ Reducing the use of volatile compounds 

¶ Fragrance-free or meets the Safer Choice Criteria for Fragrances from EPA12de. Accordingly, 

substances classified as carcinogenic, mutagenic, or toxic to reproduction, along with those 

identified as persistent, bioaccumulative, and toxic, or known to cause respiratory sensitization, 

are not permitted. In addition, to ensure greater transparency, manufacturers must clearly 

indicate the presence of any dermal sensitizers in their formulations 

¶ Ensuring a pH closer to neutral, e.g., between 4 and 9.5 

¶ Ensuring low toxicity to aquatic organisms (e.g., fish or aquatic invertebrates), with LC50 or EC50 

values > 10 mg/L (chronic) 

¶ Ensuring low flammability, with a flash point > 200°F 

¶ Using readily biodegradable materials that break down quickly in an aerobic aquatic environment. 

Moreover, the employment of natural and green ingredients over synthetic chemicals to reduce risks 

to human health and the environment. 
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3.3 Nanodroplets and nanobubbles: promising and versatile nanoplatforms  

 

Nanobubbles (NBs) are gas-encapsulated nanoparticles with a diameter range of less than 200 nm, that 

contain an inert gaseous core, wrapped in an external shell that stabilizes the system and prevents the 

diffusion of the inner gas. Mainly, their shell is made of lipids, proteins, polymers and surfactants13.  

Figure 4 shows a schematic representation of NBs. 

 

Figure 4: Schematic representation of NBs 
NBs are composed of an inner core, an outer shell, and an interface. In the formulation of NBs safe, 
biocompatible and biodegradable materials can be addressed. Created with BioRender.com 
 

NBs are innovative materials with different applications in imaging, therapy and drug delivery. They 

originated from the development of microbubbles (MBs), which range in diameter from 1 to 10 μm and 

are currently clinically used as ultrasound contrast agents (UCAs) in echocardiography, radiology and in 

various other imaging applications14. The compressible nature of their gaseous core allows MBs to 

oscillate in response to the application of an ultrasound (US) stimuli. The use of MBs as contrast agents is 

limited to the intravascular system, since their relatively large size prevents them for extravasating out of 

the vasculature and avoids their accumulation into surrounding tissues15. These systems efficiently 

reflects and scatters in response to US with a different acoustic impedances from blood, increasing image 

contrast between the vasculature and the surrounding tissue16. Therefore, they vastly found application 

in ultrasound imaging, especially for cardiac visualization and blood flow assessment. The commercially 

available MBs include Optison® and Definity®, indicated for adult echocardiography; SonoVue® which is 

approved for adult and pediatric echocardiography, adult and pediatric focal liver lesions and pediatric 

intravesical administration for assessment of vesicoureteral reflux; Sonazoid®, approved in Japan, 

Denmark, Norway, and South Korea for use in contrast-enhanced ultrasonography of focal liver lesions 

(Table 1).  
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Table 1: Commercially available MBs used as ultrasound contrast agents 

Name Shell Core gas Producer 

FDA 

Approval 

 

Ref. 

Optison® Human albumin Octafluoropropane GE Healthcare 1995 17 

SonoVue® Lipid Sulfur hexafluoride Bracco 2014 18 

Definity® Lipid Octafluoropropane 
Lantheus Medical 

Imaging 
2001 17 

Sonazoid® Lipid Perfluorobutane GE Healthcare - 17 

 

MBs are confined to the bloodstream and cannot extravasate into the surrounding tissues due to their 

relatively large size. Moreover, their circulation time is limited to just a few minutes19. Over the last 

decades, NBs were developed to enhance system stability and improve the distribution of active 

molecules by enabling their extravasation from the vascular system into pathological regions.  

Nanobubbles prepared with a liquid perfluorocarbon (PFC) core instead of a gas core were developed as 

next generation from NBs. These innovative systems are also called nanodroplets (NDs). Liquid 

perfluorocarbons can undergo a phase transition from liquid to gas phase by activation from US 

exposition, leading droplets to become bubbles. They are also referred to as phase-change contrast 

agents. The liquid core, indented to remain liquid while in circulation, extends their half-life up to several 

hours, thereby enhancing both their contrast imaging resolution and therapeutic potential20. Therefore, 

NDs offer enhanced stability in blood circulation and can extravasate from blood vessels into surrounding 

tissues due to their nanometric size21. In addition to imaging, these systems are currently widely 

investigated as delivery systems, encapsulating active molecules either in their core or within their shell. 

Moreover, they have proven to be effective drug carriers capable of responding to external stimuli, such 

as US. Indeed, ultrasound excitation generates an alternative growing and shrinking of the bubbles, a 

phenomenon called cavitation, that produces flow of the surrounding liquid in the form of 

microstreaming22. Consequently, a shear stress is applied on the vascular and cell membrane, occurring 

in their temporary opening (sonoporation)23.  The increase of cell permeation facilitates the entry of 

therapeutics into the cytoplasm, promoting the absorption of drugs and genes. 

The composition of NBs significantly varies according to the selection of the inner gas and the outer shell. 

The correct decision of the employed substances for both layers is crucial to tailor bubbles with desired 

applications. While the inner gas strictly influences the bubbles’ acoustic responses, the shell material 

confers an adequate mechanical rigidity to reduce the rupture of the bubble and to get a more standard 

size distribution24. In the absence of the shell, excessive Laplace pressure (∆P) would significantly affect 

bubbles of such small dimensions, leading to an increased boiling point and potential rupture of the 
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system25. The Laplace pressure (Equation 1) is defined as the pressure difference between the inside and 

outside of the bubble (or droplet), and it originates from the surface tension at the interface: 

 

Equation 1: Laplace pressure equation 
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where Pinside is the pressure inside the bubble, Poutside is the pressure outside the bubble, σ is the surface 

tension, and r is the bubble radius. 

Laplace pressure is inversely proportional to the size of the bubbles, meaning smaller bubbles have higher 

boiling temperatures compared to larger ones. Therefore, NBs require stabilization provided by the outer 

shell, which typically combines lipids, polymers, and surfactants to reduce surface tension at the interface. 

The first generation of MBs (e.g. Albunex®) used air as internal gas, but they were limited by a short 

circulation time due to the rapid dissolution of air in water26. Over time, inert and high molecular weight 

gases like PFCs or sulfur hexafluoride were used in second- and third generation of MBs, resulting in UCAs 

with longer-lasting effects and improved diagnostic capabilities27. PFCs are biocompatible and inert 

materials, constituted of hydrocarbons in which fluorine replaces the hydrogen atoms28. 

Various proteins, surfactants, lipids and biocompatible polymers can be used as shell materials, as listed 

in Table 2.  

 

Table 2:  Main components of NB shell 

Shell composition of 

NBs 
Materials 

Natural 

occurring 

materials 

Ref. 

Polymers 

Polysaccharides (Dextran, Chitosan, GC, HA)  

PLGA 

Pluronics 

PVA  

yes 

no 

no 

no 

29–31 

32 

33 

34 

Lipids Phospholipids (DSPC, DPPC)  yes 35,36 

Proteins HSA/BSA, Lysozyme, Oleosin yes 37–39 

Surfactants SPAN®, TWEEN®  no 40 

 

Therefore, the shell material offers various possibilities to customize NBs for specific applications by 

altering their properties. Moreover, safe, biocompatible, biodegradable materials can be addressed in the 

preparation of NBs. The incorporation of lipids into the shell composition is a widely adopted strategy. 
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Lipids are especially favored as shell materials because they are biocompatible and naturally occurring. 

They have been largely employed for various bio-medical applications since they represent the major 

component of biological membranes and then their natural biocompatibility reduces the risk of toxicity 

and immune reaction41. Lipid shells are biodegradable, composed of fatty acids and glycerol, which are 

easily metabolized by the body. Indeed, the majority of commercially available MBs use lipids as outer 

shell (SonoVue®, Definity®, Sonazoid®, Table 1). MBs with the highest elasticity in shell are based on lipids. 

However, the elasticity can be adjusted in accordance with the length of the hydrophobic chain: longer is 

the hydrocarbon chains, higher is the rigidity42. Phospholipids spontaneously self-assemble to form 

monolayers in water thanks to their amphiphilic nature in which their hydrophobic chains face the gas 

bubble and their hydrophilic groups face the water43. Ensuring a uniform and continuous phospholipid 

monolayer is essential for maintaining the physical stability of NBs. Phosphatidylcholine head groups are 

used for NB shells since they constitute the main components of biological membranes. As a result, DPPC 

(1,2-dipalmitoyl-sn-glycero-3-phosphocholine) and DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine) 

are commonly employed35,36. 

Biodegradable, synthetic and natural polymers have been extensively employed in the shell composition 

to obtain polymer-coated NBs with greater mechanical strength over other materials such as lipid or 

proteins. Indeed, the thicker polymeric shell offers enhanced stability to the collapse and therefore a 

prolonged circulation time. Commonly, polymers used in the preparation of NBs are poly(lactic-co-glycolic 

acid) (PLGA)32,  poly(vinyl alcohol) (PVA)34, Pluronic33 and polysaccharides (chitosan and its derivatives, 

dextran) 29–31. NBs shelled with natural polysaccharides provide an optimal solution due to their natural 

origins: chitosan from chitin, which is derived from the exoskeleton of crustaceans, hyaluronic acid (HA) 

from animals, and dextran from bacteria44. These materials are characterized by their biodegradability, 

biocompatibility, and low immunogenicity. Moreover, polysaccharides contain various functional groups 

that can be chemically modified to tailor their properties for specific applications. Chitosan is a linear 

biopolymer composed of randomly distributed β-(1→4)-linked D-glucosamine and N-acetyl-D-

glucosamine (Figure 5). This polysaccharide, that exhibits a pKa value of 6.5, is highly soluble at low pH 

values, when amine groups are protonated. At pH values above 6, chitosan becomes insoluble due to the 

consequent loss of the protonation.  

  



 38 

 

 

Figure 5: Chemical structure of chitin and chitosan 

The polysaccharide chitosan has been widely used over the years in delivery systems due to its natural 

biocompatibility, low toxicity, and immunogenicity, as well as its positive charge density, which can be 

exploited for various tailored applications. Moreover, the biopolymer can be chemically modified to 

obtain various derivatives due to the presence of hydroxyl groups and amino groups. As instance, glycol 

chitosan (GC) is a derivative of chitosan which is soluble at physiological pH, obtained by conjugation with 

hydrophilic ethylene glycol branches45. In the preparation of NBs, the presence of a positive charge in the 

shell - conferred by chitosan - can be tailored to prevent destabilization mechanisms such as coalescence 

and Ostwald ripening. In fact, electrostatic repulsion and steric hindrance help inhibit the fusion of smaller 

particles with each other and the growth of larger ones. The positive charge on such as natural biopolymer 

allows chitosan to be highly recognized as delivery system for gene materials26. Hybrid systems combining 

biopolymers and phospholipids can be designed to take advantages on the benefits of both materials, 

such as the positive charge imparted by the polysaccharide chitosan and the enhanced bubble stability 

provided by the lipid shell30,31,46. Protein-shelled NBs claim good stability, biocompatibility and 

biodegradability. Indeed, proteins have the significant advantage of being naturally occurring materials, 

resulting in low toxicity. However, the use of proteins is limited due to their inability to specifically target 

tissues, their high cost, and their susceptibility to immune reactions. Various proteins have been 

employed, including bovine serum albumin (BSA), human serum albumin (HSA)38, hemoglobin, 

lysozyme39, and oleosin. Albumin, in particular, was used to develop Albunex®, the first FDA-approved 

MBs37. Surfactants can greatly reduce the surface tension of the bubbles and are commonly used in shell 

materials generating hybrids with polymers or lipids. Among the various types of surfactants, non-ionic 

surfactants like Tween and Span are the most widely studied due to their low toxicity40. 

An increasing number of studies emphasize the use of NBs as a versatile and multifunctional platform for 

drug, gas, and gene delivery. Indeed, as previously pointed out, the small size of NBs allows them to 

permeate and reach target tissue as tumors. Thereby, they accumulate in the tumor tissue via Enhanced 

Permeability and Retention effect or through active targeting47. Drug loading inside the NBs can follow 

Chitin  Chitosan  
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different ways: within the core, within or just beneath the shell or the drug can be loading into a 

nanostructure then linked to the NB surface48 (Figure 6). 

 

Figure 6: Different methods of drug loading on NBs  
(a) incorporation within or just beneath the bubble shell; (b) Incorporation within the bubble core; (c) 
loading into a nanostructure then linked to the nanobubble surface. Created with BioRender.com 
 

The first method for drug loading involves incorporating drugs within or associating them with the shell 

using electrostatic interactions. This approach is used to load hydrophilic materials directly into the shell, 

while charged therapeutics, such as doxorubicin or nucleic acids, are electrostatically bound to anionic or 

cationic shells49. This is a common strategy used for gene delivery, but premature release of the drug must 

be taken into consideration. Indeed, nanobubble technology has been exploited for gene delivery to 

overcome challenges associated with the delivery of naked nucleic acids (e.g. DNA, siRNA, microRNAs, 

antagomiRNAs)50. Genetic materials are unstable in the bloodstream: they are easily degraded 

endonucleases, and they undergo rapid renal excretion. Moreover, the internalization of nucleic acids 

through cell membranes is hampered by their ionic nature44. For this reason, anti-CD20 NBs were 

engineered for the in vivo delivery of anti-miRNAs (antagomiR17) to specifically target B-cell malignancies 

by modifying their surface with specific targeting antibodies51 . 

Another drug loading strategy is inside NBs core. The core can function as a reservoir where the drug can 

be solubilized, for example lipophilic drugs can be dissolved in a PFC core. Moreover, PFCs can dissolve 

and store oxygen, enabling NBs to function as nanocarriers for oxygen-based drug delivery in hypoxic 

diseases and anaerobic infections47. For instance, chitosan and dextran-based nanobubbles for oxygen 

delivery have been developed30,52. These nanoparticles are capable of releasing oxygen under hypoxic 

conditions and exhibit no toxicity. Prato et al. developed dextran-shelled oxygen-loaded nanodroplets 

(OLNDs) with a decafluoropentane (DFP) core, which exhibited more effective oxygen release compared 

to the previously used perfluoropentane-cored NBs53. Finally, drugs can be encapsulated into a 

nanostructure and then linked to the NB shell54. 

  



 40 

3.4 Surfactants 

Surfactants are molecules that can reduce the surface tension of a liquid (at the liquid/air interface) and 

the interfacial tension between liquid-liquid, or liquid-solid interfaces. They have typically a unique 

structure with amphiphilic properties, containing both hydrophobic and hydrophilic groups (Figure 7). 

This dual nature allows them to localize at interfaces, orienting their hydrophobic part toward the apolar 

phase (oil or air) and their hydrophilic part toward the polar phase (such as water). 

 

Therefore, surfactants reduce the surface tension of liquids by accumulating at the interface as their 

concentration increases, until reaching a saturation point known as the Critical Micelle Concentration 

(CMC). Above this point, the surface tension remains relatively constant, and surfactant molecules 

spontaneously aggregate into organized structures called “micelles”, with the polar heads facing outward 

toward the water and the hydrophobic tails oriented inward. In Figure 7 a representation of the reduction 

of surface tension until the attainment of the CMC is shown. Surfactants have a wide range of applications 

due to their ability to reduce surface tension and modify the interactions between different phases. In 

cleaning supplies and detergents, surfactants are essential because they lower the surface tension of 

water, allowing them to spread and interact more effectively with surfaces. Surfactants help to remove 

dirt by emulsifying it, enabling the dirt to mix with water and be rinsed away, as it is represented in Figure 

7. Additionally, surfactants are widely used in the formation of emulsions, where they reduce the 

interfacial tension between immiscible liquids, such as oil and water, allowing small droplets of one liquid 

Figure 7: Main characteristic of surfactants 
 (a) unique structure of surfactants with amphiphilic properties, containing both hydrophobic and 
hydrophilic groups (b) a schematic representation of the reduction in surface tension induced by surfactant 
molecules until the attainment of a saturated value (CMC) (c) Surfactants remove dirt by emulsifying it, 
allowing the dirt to be rinsed away with water; Created with BioRender.com 
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to disperse in the other. This property is crucial in industries such as food, cosmetics (e.g., creams), and 

pharmaceuticals. 

Surfactants are classified based on the characteristics of their polar head into ionic and non-ionic types.  

Ionic surfactants are further divided into: 

¶ cationic surfactants, which have a positively charged polar head, typically represented by a 

quaternary ammonium group, such as benzalkonium chloride or cetrimonium bromide 

¶ Anionic surfactants, which have a negatively charged polar head, such as sodium dodecyl sulfate 

(SDS), sodium laureth sulfate (SLES), or soaps (carboxylates). 

¶ Zwitterionic surfactants which carry both positive and negative charges, resulting in an overall 

neutral charge. They combine the properties of cationic and anionic surfactants and are generally 

mild on the skin. Examples include phosphatidylcholines and cocamidopropyl betaine. 

Non-ionic surfactants are amphiphilic molecules with hydrophobic chains linked to non-ionic polar 

groups. The polar groups can include: 

¶ Ethers  

¶ Esters: sorbitan esters, commonly known as Span®, are among the most common. They are 

defined by a number that refers to the number and the type of fatty acid chain, e.g., Span 20, 40, 

60, 80) 

¶ Ether-esters: Polysorbates are widely used and commonly referred to as Tween® (e.g., Tween 

20, Tween 80). These compounds derived from sorbitan esters, where the hydroxyl groups of the 

sorbitan molecule that are not involved in ester bonds are condensed with polyethylene glycol 

(PEG) chains, increasing the hydrophilic nature of the surfactants. 

In order to grade the hydrophilicity of surfactants, in 1950 Griffin introduced the concept of  “Hydrophilic-

Lipophilic Balance (HLB)” for emulsifier classification and selection55. The HLB is defined as 20 times the 

ratio of the molecular weight of the hydrophilic portion of the molecule to its total molecular weight 

(Equation 2):  

 

Equation 2: I[. ǾŀƭǳŜ ŀŎŎƻǊŘƛƴƎ ǘƻ DǊƛŦŦƛƴΩǎ ƳŜǘƘƻŘ 
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Where Mhydrophilic is the molecular weight of the hydrophilic part of the surfactant and Mtotal is the total 

molecular weight of the surfactant. According to the formula, HLB values range between 0 to 20, in which 

zero indicates a completely lipophilic surfactant and 20 a completely hydrophilic surfactant. Davies 

proposed another formula that accounts for the individual effects of the molecular groups, assigning 

numerical values to hydrophilic and lipophilic groups, with positive values for hydrophilic groups and 

negative values for lipophilic ones56. 
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The HLB is here defined as (Equation 3):  

 

Equation 3: I[. ǾŀƭǳŜ ŀŎŎƻǊŘƛƴƎ ǘƻ 5ŀǾƛŜǎΩǎ ƎǊƻǳǇ ŎƻƴǘǊƛōǳǘƛƻƴ ƳŜǘƘƻŘ 

Ὄὒὄχ  ÈÙÄÒÏÐÈÉÌÉÃ ÇÒÏÕÐÓ ÎÕÍÂÅÒÌÉÐÏÐÈÉÌÉÃ ÇÒÏÕÐÓ ÎÕÍÂÅÒ 

 

The applications of surfactants are determined from their HLB values. Table 3 is a list of their applications 

correlated to HLB values. 

 

Table 3: /ƭŀǎǎƛŦƛŎŀǘƛƻƴ ƻŦ ŜƳǳƭǎƛŦƛŜǊΩǎ ŀǇǇƭƛŎŀǘƛƻƴ ŀŎŎƻǊŘƛƴƎ ǘƻ I[. ǎŎŀƭŜ 
Adapted from 56 

Scale of HLB  Application 

3.5-6 

7-9 

8-18 

13-15 

15-18 

W/O emulsifier 

Wetting agent 

O/W emulsifier 

Detergent 

Solubilizer 
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3.5 Encapsulation of curcumin in chitosan-shelled nanobubbles as a “green” antimicrobial 

formulation against antibiotic resistance 

 

3.5.1  Antimicrobial resistance as major global health global threat  

 

Antimicrobial resistance (AMR) is considered by the World Health Organization (WHO) as one of the 

greatest global public threats to human health worldwide. In 2019, AMR accounted for around 1.27 

million deaths globally and was involved in 4.95 million deaths overall57. AMR arises when antimicrobials 

become ineffective against microorganisms due to their acquisition of drug resistance. Indeed, over time 

pathogens develop genetic changes that determine resistance. As a result, infections become difficult, or 

even impossible, to treat, leading to the spread of disease, illness, and death. The main reason of this 

current health threat is the overuse or misuse of antibiotics in a wide range of sectors, including human 

healthcare, agriculture, and animal husbandry58.  Antibiotics are among the most prescribed drugs for 

people and animals, and in many cases, they are unnecessary used. In recent years, the excessive and 

inappropriate use of antibiotics has markedly increased, resulting in the emergence of antibiotic-resistant 

infections as a significant public health concern not limited to hospitals or healthcare settings, but now 

widespread within the global community. Nowadays, even a healthy individual can become infected. 

To address this urgent challenge, the WHO adopted a Global Action Plan (GAP) on Antimicrobial 

Resistance in May 201559. At the core of the plan is the need to raise awareness and improve 

understanding of antimicrobial resistance, often referred to as the "Silent Pandemic"60. In addition, the 

plan aims to strengthen surveillance and research, promote investment in preventive measures, and 

ensure the responsible use of antimicrobial medicines. In 2016, the plan was endorsed by the other by 

governments worldwide, as an effective “one health” approach to tackle the global threat, including the 

role of multisectoral work at the country level. Subsequently, surveillance and management systems were 

implemented to help the GAP successes at the country level through primary AMR data collection systems 

to track progress against planned activities and expected outcomes, including the Global Antimicrobial 

Resistance Surveillance System (GLASS), the OIE global antimicrobial use (AMU) data collection initiative 

and the Tripartite AMR country self-assessment survey (TrACSS). Each country should monitor and report 

the total consumption of each antibiotic class, along with the species using them, to track trends and 

facilitate cross-country comparisons in antibiotic use and resistance61. 
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3.5.1.1 Mechanism of action in antimicrobial resistance 

 
Antimicrobial resistance to antibiotics can occur through four main mechanisms according to the 

biochemical route involved: 

(i) the antibiotic can be inactivated or modified; 

(ii) the target of antibiotics can be inactivated;  

(iii) decrease permeability of the antibiotic; 

(iv) increase efflux of the antibiotic. 

Intrinsic resistance mechanisms include limited drug uptake, antibiotic inactivation, and efflux. Acquired 

resistance mechanisms, on the other hand, typically involve target modification, antibiotic inactivation, 

and efflux62. Gram-negative bacteria can employ all four of these resistance mechanisms. In contrast, 

Gram-positive bacteria lack an outer lipopolysaccharide (LPS) membrane, which generally limits their 

ability to restrict drug uptake. Additionally, they often lack certain types of drug efflux systems. Of note, 

antimicrobial resistance can be achieved through multiple biochemical pathways. 

 

The antibiotic can be inactivated or modified 

 

Certain bacterial strains can develop the ability to produce enzymes that inactivate antibiotics either by 

destroying the antibiotic molecule or by chemically modifying it through the addition of chemical groups. 

One of the most well-known examples is the β-lactamases, a large family of enzymes that hydrolyze the 

β-lactam ring. Other biochemical reactions that lead to antibiotic inactivation through the transfer of 

chemical moieties are acetylation - commonly targeting aminoglycosides and chloramphenicol - as well 

as phosphorylation and adenylation, which are also used to inactivate aminoglycosides. This mechanism 

of resistance can be employed by both Gram-positive and Gram-negative bacteria. 

 
The target of antibiotics can be inactivated 
 
Modification of the antibiotic target site is one of the most common mechanisms of resistance. Structural 

changes at the target site can lead to a significant reduction or complete loss of antibiotic binding, 

rendering the drug ineffective.  

A well-known example is vancomycin resistance in Enterococci and Staphylococcus aureus, where 

resistance is mediated by the acquisition of vancomycin resistance genes (van genes). These genes alter 

the structure of peptidoglycan precursors, decreasing the antibiotic’s ability to bind effectively63. Similarly, 

β-lactam resistance occurs through changes in the structure and/or expression levels of penicillin-binding 

proteins (PBPs), which are essential for peptidoglycan synthesis in the bacterial cell wall. These alterations 

reduce the affinity of β-lactams for their targets and impair their antimicrobial activity64. 
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Decrease permeability of the antibiotic 
 
Many antibiotics need to reach an intracellular target or the cytoplasmic membrane to exert their 

mechanism of action. To do so, they must cross the outer membrane and/or the cytoplasmic membrane. 

This internalization is essential for their antimicrobial activity. The outer membrane acts as the first barrier 

in bacteria, particularly effective at preventing the entry of hydrophilic drugs such as β-lactams and 

tetracyclines. These antibiotics require diffusion channels – porins -to cross this barrier. As a result, porins 

represent a key target for resistance mechanisms. Pseudomonas aeruginosa develops porin-mediated 

resistance by reducing the uptake of basic amino acids and antibiotics—such as imipenem—through the 

abnormal production or loss of the OprD porin65. 

 

Increase efflux of the antibiotic 

 

In addition to decreasing antibiotic penetration, bacteria can increase the efflux of antibiotics through the 

overexpression of efflux pumps. These pumps are naturally present in bacteria and serve as a mechanism 

to extrude toxic substances. Since bacteria possess genes encoding efflux pumps, they can upregulate 

their expression, resulting in a resistance mechanism that actively removes antibiotics from the cell. 

Efflux pumps have been identified in both Gram-negative and Gram-positive bacteria, and they are 

classified into five major families: the Major Facilitator Superfamily (MFS), the ATP-Binding Cassette (ABC) 

family, the Small Multidrug Resistance (SMR) family, the Resistance-Nodulation-Cell Division (RND) family, 

and the Multidrug and Toxic Compound Extrusion (MATE) family. One of the first and most well-known 

examples of efflux-mediated resistance is tetracycline resistance, in which Tet efflux pumps—belonging 

to the MFS - actively expel tetracycline from the bacterial cell66. Efflux pumps were discovered to 

represent as a significant component resistance of Staphylococcus aureus to fluoroquinolones and 

biocides67.  
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3.5.1.2 Urgent demand for new antibiotics to treat resistant pathogens 

 

The urgent demand for new antibacterial therapies to combat multidrug-resistant (MDR) bacterial 

infections has been acknowledged as a major global health challenge by numerous governmental, non-

governmental international organizations. Since 2017, the WHO Bacterial Priority Pathogens List (BPPL) 

has guided research, development and strategies to prevent and control antimicrobial resistance. The last 

update of the BPPL was published in 202468. The extract is reported in Figure 8. The 2024 is composed of 

15 families of antibiotic-resistant pathogens, clustered on three levels of priority for R&D investment and 

for public health measures: critical, high, and medium.  In the 2024 update, Acinetobacter baumannii, 

various Enterobacterales, and rifampicin-resistant Mycobacterium tuberculosis, are listed as critical 

priority pathogens because they pose the highest threat to public health due to the severe infections they 

cause, their global disease burden, and their capacity to transfer antibiotic resistance. The high-priority 

list includes pathogens with increasing resistance to existing treatments or to last-resort antibiotics, and 

those responsible for serious infections, such as Salmonella, Shigella, Neisseria gonorrhoeae, 

Pseudomonas aeruginosa and Staphylococcus species, which can lead to pneumonia and bloodstream 

infections.  

In the medium-priority category are included Group A and B Streptococci, Streptococcus pneumoniae and 

Haemophilus influenzae. Notably, in response to the measures prompted by the 2017 WHO BPPL, eleven 

new antibiotics obtained market authorization, including nine effectives against the listed 'critical' priority 

pathogens and one effective against tuberculosis. However, resistant strains have already been identified. 

For example, Ceftazidime/Avibactam was approved in 2015 as important first-line option for Klebsiella 

pneumoniae carbapenemase -producing Enterobacterales. Although still uncommon, resistance to CAZ-

AVI was observed and it may represent an urgent issue due to increasing rate of reported cases and the 

fatality of the disease in resistant patients (almost 40%)69. Pretomanid, a nitroimidazo-oxazine, was 

approved by the U.S. Food and Drug Administration (FDA) in 2019 for use in the treatment of extremely 

drug resistant tuberculosis (XDR-TB) and for the treatment of intolerant or non-responsive MDR-TB70.  

Cefiderocol (Fetroja) is a β-lactam with the ability to penetrate the outer membrane of Gram-negative 

bacteria that approved in 2019 by FDA for complicated urinary tract infections, and by EMA for Gram-

negative bacterial infections71.  
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Figure 8: WHO Bacterial Priority Pathogens List, 2024 update  
The 2024 list update is composed of 15 families of antibiotic-resistant pathogens, clustered on three 
levels of priority, critical, high, and medium. Extract from 68 

 

3.5.1.3 Preventive measures for reducing the spreading of infections 

 
The U.S. Centers for Disease Control and Prevention (CDC)’s Antibiotic Resistance Threats in the United 

States published in 2019 showed that since the last report of 2013 the deaths related to the AMR, that 

was before underestimated, are now decreasing72. Thereby demonstrating that the U.S. efforts in 

preventing infections, developing new antibiotics, and improving the correct use of antibiotics in humans, 

animals, and the environment - are working, especially in hospitals. 

Accordingly, the employment of prevention activities to infections is slowing the spread of resistant 

germs. Prevention begins with educating the population to raise awareness about the issue, which is 

essential for effectively contrasting it. Around the world, patients often request antibiotics or other 

medications from their doctors, or purchase them, without fully understanding their appropriate use or 

the consequences of unnecessary antimicrobial consumption. Many individuals remain unaware of the 

threat posed by AMR. Studies have demonstrated that awareness campaigns to change population 
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behavior can play a key role in tackling this challenge. For instance, targeted campaigns in Belgium aimed 

at reducing antibiotic use during the winter flu season led to a 36% decrease in prescriptions. 

Another important initiative in this direction was first taken by India through the 'Red Line Campaign'. The 

measure highlighted that, in order to increase awareness and promote responsible use of antibiotics, the 

population must be first educated on what antibiotic is among the other medicaments. That was achieved 

by marking antibiotic packaging with a red line to distinguish them from others. In certain countries, 

antibiotics are sold without a prescription, with estimates around 20–30% in parts of Southern and 

Eastern Europe, and up to 100% in some regions of Africa73. Therefore, governments and regulators 

should enforce controls on the sale of antibiotics without prescriptions. Furthermore, the risk of infections 

is higher in healthcare settings, such as hospitals. Moreover, government investments in sanitation, hand 

hygiene, and water infrastructure in low- and middle-income countries are likely to reduce the spread of 

infections. For example, diarrheal diseases - which cause 1.1 million deaths annually and are the second 

leading cause of death among children - are estimated to be 60% attributable to inadequate access to 

safe water and sanitation. Universal access to improved water and sanitation could substantially reduce 

this burden74. The use of antibiotics in agriculture is globally recognized as essential for maintaining animal 

health and ensuring food security. However, as in human medicine, antibiotics are sometimes used 

unnecessarily, for growth promotion or routine disease prevention instead of applying proper ways of 

farm management. Due to the widespread application of antibiotics in livestock, a clear link has been 

established between antibiotic use in animals and the emergence of resistance in humans. Therefore, it 

is critical to stop the unnecessary antibiotic use in agriculture and to restrict the use of last-resort 

antibiotics, which are vital for human health, in animal production75.  

Moreover, preventing the development of infection with the use of vaccines has showed to be crucial in 

combatting drug resistance. Indeed, vaccine programs have resulted in different occasions highly cost-

effective, saving to the society more than 10 times their original cost. Therefore, investment on vaccine 

R&D relevant to AMR, in parallel with development of new antibiotics, are fundamental. According to the 

WHO, each year there are 14.5 million episodes of serious pneumococcal infections and 800,000 deaths 

in children under the age of five. Universal coverage with a pneumococcal conjugate vaccine could 

prevent 11.4 million days of antibiotic use annually, leading to about 47% reduction in antibiotic use for 

pneumonia cases. However, nowadays access to the vaccines is still limited in low- and middle-income 

countries due to their high cost76. 
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3.5.2 The natural molecule Curcumin as antibacterial agent 

 

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is the main natural 

polyphenol found in the rhizome of turmeric (Curcuma longa), a plant from the ginger family (Figure 9). 

Its medicinal properties have been used for thousands of years, especially in India and south Asian 

countries, and include antioxidant, anti-inflammatory, antimutagenic, antimicrobial, and anticancer 

effects. The color of turmeric is dark yellow due to the presence of polyphenolic curcuminoids 

(bisdemethoxycurcumin, and dimethoxy-curcumin). Curcuminoids are FDA classified as “Generally 

Recognized As Safe” (GRAS) when used as a food ingredient, but curcumin is not yet FDA-approved as a 

drug77.  

 

Figure 9: Structure of curcumin  
Curcumin has the molecular form of C21H20O6 and a molecular weight of 368. 38 g/mol 

 
Curcumin exhibits antibacterial activity against a broad spectrum of Gram-negative (e.g. Escherichia 

coli, Pseudomonas aeruginosa, Helicobacter pylori) and Gram-positive bacteria (e.g. Staphylococcus 

aureus, Clostridium difficile, and Listeria innocua)78. Its lipophilic structure enables curcumin to insert into 

bacterial cell membranes, disrupting their integrity by disorganizing DPPC membranes and increasing their 

permeability79. Additionally, curcumin inhibits the bacterial quorum sensing (QS) system, a 

communication mechanism between cells widely used in biofilm formation80, and also inhibits bacterial 

cell division81.Besides, curcumin induces the production of reactive oxygen species (ROS) in bacterial cells, 

leading to ROS-mediated cell death. The damaging effects of superoxide anions (O2•−), hydrogen peroxide 

(H2O2), and hydroxyl radicals (OH•) compromise vital bacterial cellular components and cause cell death82.  

Curcumin can be used as a photosensitizer, as blue light irradiation (400-500 nm wavelength), induces its 

autoxidation, generating ROS and enhancing its antibacterial activity80. Finally, curcumin is a potent 

immunomodulator, that enhance immune response in the treatment of bacterial infections83.  

However, curcumin’s delivery is hindered by its poor water solubility (around 0.6 µg/mL) and low 

bioavailability due to instability at physiological pH and rapid metabolism. To address these limitations, 

various drug delivery strategies have been developed84. Thus, curcumin can be classified as a BCS class IV 

molecule (Biopharmaceutics Classification System), with interesting pharmacodynamic properties but 

poor pharmacokinetics. Various nanoparticles loaded with curcumin have been formulated to enhance its 

bioavailability and solubility and to ensure a prolonged release. A range of nano systems has been 



 50 

investigated for these purposes, including liposomes, protein nanoparticles, polymer nanoparticles, solid-

lipid nanoparticles, nano emulsions, nanofibers, conjugates, and metal nanoparticles.85  

 

3.5.3 Photodynamic therapy for curcumin-based nanoparticles  

 

Antibacterial photodynamic therapy (APDT) is an innovative approach that combines light, oxygen and 

photosensitizer (PS) agents to damage microorganisms. APDT has demonstrated effectiveness against a 

broad spectrum of pathogens, including bacteria, viruses, and fungi. The mechanism of APDT relies on the 

production of ROS. When the photosensitizer molecule absorbs energy from LED light, it becomes excited 

to a higher singlet state. This is followed by an intersystem crossing into an excited triplet state, where 

electrons are quenched by molecular oxygen, producing toxic ROS. These ROS induce bacterial membrane 

damage, leading to the destruction of the pathogens86. 

Other photosensitizers including natural PSs (e.g. curcumin and hypericin) and tetra-pyrrole structures 

like phthalocyanines and porphyrins have also been studied. During the last decade, nanotechnology has 

had a great impact on PDT. Most of these studies have used nanoparticles to improve the efficacy of anti-

cancer PDT while a few of them have been done on the antimicrobial aspects. Nanoparticles are utilized 

in diagnostic approaches and the delivery of non-water-soluble PSs or anionic PSs. This is done through 

encapsulation and subsequent improvement in photo-interaction and photo-inactivation. Moreover, the 

antibacterial activity of drugs can be enhanced with the use of PS molecules in the nano systems. 

Moreover, the development of curcumin-based nanosystems capable of co-delivering oxygen has been 

pursued to boost ROS production, thereby enhancing bacterial membrane damage. By incorporating both 

curcumin and oxygen within the same nanocarrier, these systems aim to intensify oxidative stress upon 

LED light activation, improving antibacterial efficacy through amplified ROS-mediated damage to bacterial 

cells. 
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3.6 Formulation of a household spray disinfectant based on benzalkonium chlorides -loaded 

nanodroplets 

 

3.6.1 Benzalkonium chloride 

 
Benzalkonium chloride (BKC; CAS number: 8001-54-5) is a mixture of quaternary ammonium compounds, 

primarily composed of alkyl dimethyl benzyl ammonium chlorides (ADBAC). BKC belongs to the class of 

quaternary ammonium compounds (QACs), one of the most commonly used classes of disinfectants. QACs 

compounds are salts consisting of a positively charged central nitrogen atom and a negatively charged 

anion, typically chloride or bromide. The nitrogen atom is bonded to various R groups, which differ in type 

and carbon chain length and may include aromatic moieties. The nature of these R groups plays a crucial 

role in determining both the antimicrobial efficacy and the detergent properties of the active molecule87. 

The alkyl chain lengths typically range from C8 to C18. In BKC the C12 and C14 derivatives exhibit the 

highest biocidal activity and are also the predominant components in the mixture, firstly the C12 homolog 

and then the C14 homolog. The molecular weight of Alkyl (C12-16) dimethylbenzyl ammonium chloride 

(ADBAC C12–16) is 359.6 g/mol, while that of Alkyl (C12-18) dimethylbenzyl ammonium chloride (ADBAC 

C12-18) is 377.8 g/mol88. The chemical structure of BKC is showed in Figure 10. 

 

 

 

 

 

Figure 10: The chemical structure of BKC 
The central nitrogen cation is bonded to various R groups, which typically consist of alkyl chains ranging 
from C8 to C18 in length 

 
QACs are commonly used active molecules in disinfectants, in antiseptics, and as a preservative with a 

wide range of applications across various fields, including industrial, clinical, agricultural, and 

domestic89,90.  The production of QACs in the U.S. exceeds 1 million pounds per year, including both 

domestic manufacturing and imports91. Following the emergence of SARS-CoV-2, the use of QACs as 

antimicrobial agents significantly increased due to their effectiveness in inactivating enveloped viruses. 

The U.S. EPA List N: Disinfectants for Use Against SARS-CoV-2 includes 430 products, 216 of which contain 

QACs as the active ingredient92.  

The use of BKC as preservatives is common in pharmaceutical products, including multidose nasal and 

ophthalmic formulations. In 2009, BKC was reported to be the preservative of choice for ophthalmic 

products in the European market, accounting for 74% of formulations93. Additionally, more than 200 

authorized European pharmaceutical products include BKC as a preservative for nasal administration, 

n= 8, 10, 12, 14, 16, 18 
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while 10 products use it for inhalation94. Furthermore, BKC can also be found as an excipient in medicinal 

products administered via other routes, including inhalation, cutaneous, oromucosal, rectal, and vaginal 

routes95. Beyond pharmaceuticals, BKC is widely used in household and domestic applications, such as 

disinfectants and fabric softeners. They are also present in cosmetic products, including shampoos and 

conditioners. The recommended or allowed BKC concentrations in different products vary considerably 

according to the application. 

 

3.6.1.1 Mechanisms of action of QACs 

 
The unique chemistry of QACs endows them with detergent properties and broad-spectrum biocidal 

activity. Thanks to their amphiphilic nature - comprising a hydrophilic, positively charged head and 

hydrophobic alkyl chains - QACs act as cationic detergents, capable of reducing surface tension and 

forming micelles. QACs are widely employed for hard-surface cleaning and deodorization. 

Furthermore, QACs are well known for their broad-spectrum antimicrobial activity, including vegetative 

cells of gram-positive and gram-negative bacteria, fungi, parasites, and lipophilic (enveloped) viruses96. 

The proposed mechanism of action of QACs as membrane-active agents involves several sequential 

steps97: (a) adsorption and penetration through the cell wall; (b) interaction with the cytoplasmic 

membrane (lipid or protein components), leading to membrane disorganization; (c) leakage of 

intracellular contents; (d) degradation of proteins and nucleic acids; (e) cell wall lysis triggered by autolytic 

enzymes. The positively charged nature of QACs facilitates electrostatic interactions with negatively 

charged microbial membranes, while their lipophilic R groups disrupt membrane phospholipids and 

makes them effective against lipid-containing viruses. A schematic representation of QAC mechanism of 

action is depicted in Figure 11. 

 

Figure 11: Schematic representation of the mechanism of action of QACs 
The antimicrobial effect of QACs is mainly due to disruption of microbial membranes through electrostatic 
and hydrophobic interactions. Reproduced from98 
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3.6.1.2 Current regulation for BKC 

 
In Europe the use of BKC as a disinfectant or preservative is regulated by the European Commission under 

the Biocidal Products Regulation (EU) no. 528/2012 (the BPR)99. This regulation governs the authorization 

and placing on the market of biocidal products, of which BKC is one. Biocidal products are defined by the 

Regulation as substances or mixture consisting of, containing or generating one or more active substances 

intended to suppress or prevent the action of any harmful organisms that pose a threat to human or 

animal health, as well as those that cause deterioration of natural or manufactured materials. 

Nevertheless, biocidal products can present risks to humans, animals, and the environment. According to 

the BPR, biocidal products are classified into four main groups: disinfectants (Main Group 1), preservatives 

(Main Group 2), pest control (Main Group 3), and other biocidal products (Main Group 4). Because of its 

biocidal function, BKC generally may fall under either Main Group 1 or Main Group 2. In the case of my 

research, BKC is used as an active substance in the formulation of a spray disinfectant and thus falls under 

Main Group 1. Main Group 1 includes several product-types (PT) based on the intended area of 

application—such as on human hygiene (PT 1), or on disinfectants and algaecides not intended for direct 

application to humans or animals (PT 2), veterinary hygiene (PT 3), Food and feed area disinfectants (PT4), 

drinking water disinfectants (PT 5). The BKC-based spray disinfectant discussed here is intended for use 

on household surfaces and therefore corresponds to PT 2: Disinfectants and algaecides not intended for 

direct application to humans or animals. The purpose of the BPR is to facilitate the placement of biocidal 

products on the EU market by harmonizing the rules governing their authorization and use. It also 

establishes a Union list of approved active substances maintained by the European Chemicals Agency 

(ECHA)100. Therefore, a fundamental condition for the authorization of biocidal products is that the active 

substances it contains are listed for the relevant PT either in the Union list of approved active substances 

or in Annex I of Regulation (EU) No 528/2012. In the United States EPA regulates the registration, 

distribution, marketing, and use of pesticides under the Federal Insecticide, Fungicide, and Rodenticide 

Act (FIFRA)101. According to U.S. regulations, disinfectants are classified as pesticides, as they are 

considered substances or mixtures intended to prevent, destroy, repel, or mitigate pests - including 

microorganisms - on inanimate surfaces. On the other hand, the U.S. FDA is responsible for 

regulating disinfectants and antiseptics intended for use on the human body, such as hand sanitizers and 

surgical scrubs. In 2016, the U.S. FDA banned the use of certain biocides in "Consumer Antiseptic Washes" 

(products intended for consumer use with water) because the data provided were insufficient to 

demonstrate that these ingredients are Generally Recognized as Safe and Effective (GRAS/GRAE)102. The 

decision affected 19 specific active ingredients, including commonly used ones like triclosan and 

triclocarban. However, BKC was excluded from this ban. Additionally, the FDA issued deferral grant letters 

for BKC, isopropyl alcohol, and ethyl alcohol, giving manufacturers extra time to provide data to fill gaps 

related to safety and efficacy. In parallel, in Europe, evaluations and discussions regarding BKC's 
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compliance with EU safety standards for consumer products are ongoing. Decision (EU) 2016/1950, which 

addresses the safety and efficacy of certain biocides, has placed the approval of BKC for use in human 

hygiene products - such as consumer hand and body wash antiseptics - under review103. The use of BKC in 

cosmetic products in Europe is regulated under Regulation (EC) No. 1223/2009. When used as 

a preservative, its concentration must not exceed 0.1%(Annex V), and the warning “Avoid contact with 

eyes” must be clearly stated on the product label. When used for purposes other than preservation, such 

as in rinse-off hair products, it is permitted at concentrations of up to 3%. However, if the compound has 

an alkyl chain of C14 or shorter, the final concentration must not exceed 0.1%. In this case as well, the 

label must include the warning: “Avoid contact with eyes.” 

 

3.6.1.3 Human health-toxicity of Benzalkonium chloride 

 
According to the CLP Regulation (Classification, Labelling and Packaging – Regulation (EC) No. 1272/2008), 

BKC is classified as a substance of acute toxicity, Category 4, reporting that it is harmful if swallowed 

(H302) or harmful in contact with skin (H312). Moreover, it is classified under skin corrosion Sub-category 

1B, with the possibility of causing severe skin burns and eye damage (H314). Furthermore, BKC is 

categorized as causing serious eye damage, Category 1 (H318). The U.S. EPA reported the acute 

toxicological profile of ADBAC, classifying it as Category II for oral (LD50 (median lethal dose) = 304.5 

mg/kg) and inhalation toxicity (0.054 < LC50 < 0.51 mg/L), and Category III for dermal toxicity (LD50 =930 

mg/kg) 104. Furthermore, ADBAC is considered a Category I eye and skin irritant but is not classified as a 

dermal sensitizer. A summary of the acute toxicity data for ADBAC is reported in Table 4. 

 

Table 4: Summary of Acute Toxicity Data for ADBAC 
 Adapted from104 

 

 

Acute 

oral 

Toxicity 

(mg/kg) 

Acute 

dermal 

Toxicity 

(mg/kg) 

Acute 

inhalation 

Toxicity 

(mg/L) 

Primary 

eye 

irritation  

study 

Primary 

dermal 

irritation  

study 

Dermal 

sensitization 

study 

Animal 

model 
rats rats rats - rabbits guinea pigs 

Results 
LD50 

304.5 

LD50 

930 

0.054 < 

LD50 

< 0.51 

N/A Corrosive 
not a dermal 

sensitizer 
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Repeated-dose toxicity studies involving oral administration of ADBAC C12-16 at high doses (500 

mg/kg/day) demonstrated lethality in rats and mice, primarily due to localized effects on the 

gastrointestinal tract. The No Observed Adverse Effect Levels (NOAELs) from subchronic and chronic 

studies ranged from 14 mg/kg/day in a chronic study in dogs to 192 mg/kg/day in a subchronic study in 

mice88. A two-generation reproductive toxicity study in rats indicated no adverse effects on reproduction, 

with a NOAEL of approximately 73 mg/kg/day for both parental animals and progeny. Maternal and 

developmental oral NOAELs for ADBAC C12-16 were determined to be 10 and >100 mg/kg/day, 

respectively, in rats, and 3 and >9 mg/kg/day, respectively, in rabbits, with no evidence of teratogenicity. 

Furthermore, the EPA also concluded that ADBACs are not carcinogenic, mutagenic, or genotoxic104 88. 

Table 5 reports the repeated dose, reproductive, and developmental toxicity studies for ADBAC C12-16. 

 

Table 5: Repeated Dose, Reproductive, and Developmental Toxicity Data for ADBAC C12-16 
Adapted from88 

Study type Animal model 

NOAEL 

(mg/kg/day) 
 

Notes 

Repeated dose 
toxicity study 

rats or mice 
Lethal dose: 

500 

Mortality due to local 

GI effects at high 

doses 

Chronic toxicity 
study 

dogs 14  

Subchronic toxicity 
study 

(90-day) 
mice 192  

Reproductive toxicity  
study 

rats 73 (parents/ 
progeny) 

No adverse 

reproductive effects 

Developmental / 

Teratogenicity Study 
rats 

10 (maternal), 

>100 

(developmental) 

No teratogenic effects 

observed 

Developmental / 

Teratogenicity Study 
rabbits 

3 (maternal), >9 

(developmental) 

No teratogenic effects 

observed 
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In conclusion, acute toxicity studies indicate that the substance has slight to moderate acute toxicity, 

while repeated dose toxicity studies suggest that the chemical has direct effects on the gastrointestinal 

tract. ADBAC is not considered to be mutagenic, reproductive, or developmental. 

In accordance with Directive 2001/83/EC on medicinal products for human use and the European 

Commission’s guideline on excipients in the labelling and package leaflet of medicinal products, any 

medicine containing BKC must include mandatory information in the package leaflet, with a reporting 

threshold of zero95,105. These statements vary depending on the route of administration of the excipient 

and are informative about possible related side effects or interactions. In  

Table 6 the mandatory statements required from the Annex to the EMA guideline are listed. 

 
Table 6: List of Information for the Package Leaflet from the Annex to European Commission 
guidelines on excipients in the labelling and package leaflet of medicinal products for human use 
Adapted from95 

Route of 

administration 
Threshold 

Information for the Package 

Leaflet 
Comments 

All routes of 

administration 
Zero 

This medicine contains x mg BKC 

in each <dosage unit><unit 

volume> <which is equivalent to 

x mg/<weight><volume>> 

- 

Ocular Zero 

BKC may be absorbed by soft 

contact lenses and may change 

the color of the contact lenses. 

You should remove contact lense 

before using this medicine and 

put them back 15 minutes 

afterwards. Benzalkonium 

chloride may also cause eye 

irritation, especially if you have 

dry eyes or disorders of the 

cornea (the clear layer at the 

front of the eye). If you feel 

abnormal eye sensation, stinging 

or pain in the eye after using this 

medicine, talk to your doctor 

From the limited data available, 

there is no difference in the 

adverse event profile in children 

compared to adults. Generally, 

however, eyes in children show a 

stronger reaction for a given 

stimulus than the adult eye. 

Irritation may have an effect on 

treatment adherence in children. 

Benzalkonium chloride has been 

reported to cause eye irritation, 

symptoms of dry eyes and may 

affect the tear film and corneal 

surface. Should be used with 

caution in dry eye patients and in 

patients where the cornea may be 

compromised. Patients should be 
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The average BKC concentration in medicinal products for the different routes of administration is as 

follows105: 

¶ ocular use: 0.01-1 mg/ml 

¶ nasal use: 0.02-0.33 mg/ml 

¶ auricular use: 0.02-0.2 mg/ml 

¶ inhalation use (metered dose): 2.21 μg/dose 

¶ inhalation use (nebulizer solutions, suspensions or emulsions): 0.1-0.2 mg/ml 

¶ cutaneous use:0.05-1 mg/g 

At average concentrations, significant adverse effects have been reported for BKC. Consequently, safety 

information regarding its potential toxicity must be included in the product information regardless of the 

concentration used. However, it is not possible to define a clinically safe threshold applicable to the 

general patient population. As per the Guideline on Excipients in the Dossier, a case-by-case benefit-risk 

assessment must accompany the marketing authorization. The application for the use of a preservative 

should include a justification for its inclusion and proposed concentration, evidence of safety and efficacy, 

monitored in case of prolonged 

use 

Nasal Zero 

BKC may cause irritation or 

swelling inside the nose, 

especially if used for a long time 

Long-term use may cause oedema 

of the nasal mucosa 

Inhalation Zero 

Benzalkonium chloride may 

cause wheezing and breathing 

difficulties (bronchospasm), 

especially if you have asthma 

- 

Cutaneous Zero 

Benzalkonium chloride may 

irritate the skin. You should not 

apply this medicine to the 

breasts if you are breast feeding 

because the baby may take it in 

with your milk 

Use during pregnancy and 

lactation is not expected to be 

associated with harmful effects to 

the mother as cutaneous 

absorption of benzalkonium 

chloride is minimal. Not for 

application to mucosa 

Oromucosal, 

rectal and 

vaginal 

Zero 
Benzalkonium chloride may 

cause local irritation 
- 
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details of the control method, stability of the concentration during storage, and appropriate labelling 

information106. In disinfectants and cleaning products, the concentration of BKC generally ranges from 

0.01% to 1%, but it can go up to 5%. According to 40 CFR 156.10(g) and the EPA Label Review Manual, 

every pesticide product must include, among the other labelling requirements, the name of the QACs, 

their percentage, and the EPA registration number107,108



 

3.6.1.4 Environmental Fate and Ecotoxicity 

 
BKC is highly toxic to aquatic organisms. In accordance with the CLP Regulation, BKC is classified as having 

acute aquatic toxicity (Category 1), and is therefore labelled as very toxic to aquatic life (H400). 

Furthermore, BKC also exhibits long-term (chronic) aquatic toxicity (Category 1), and is classified as very 

toxic to aquatic life with long-lasting effects (H410). The results of acute and long-term of EPA express 

concern toxic to aquatic species, including fish, invertebrates and algae. The experimental acute toxicity 

data for ADBAC C12-16 indicate LC50 values for fish ranged from 0.28 to 1.4 mg/L, with Fathead 

minnow being the most sensitive species (LC50 = 0.28 mg/L). Sheepshead minnow, a marine species, 

showed an LC50 of 0.86 mg/L. Among aquatic invertebrates, Daphnia magna was particularly sensitive, 

with a 48-hour EC50 of 0.0058 mg/L. Mysidopsis bahia and Crassostrea virginica also showed acute toxicity 

with LC50/EC50 values of 0.092 mg/L and 0.048 mg/L, respectively. The EPA long-term toxicity assessment 

of ADBAC C12-16 on fish (Fathead minnow), invertebrates (Daphnia magna and Mysidopsis bahia), and 

sediment-dwelling organisms (Chironomus tentans) showed no effects on reproduction and growth at 

concentrations of 32.2 µg/L, 4.15 µg/L, 8.0 µg/L, and 260 mg/kg dw, respectively88. The distribution of 

ADBAC in the environment is primarily found in sediments (over 95%), with the remaining portion in 

water, and none in soil or air. The positively charged nature of these molecules allows them to form 

complexes with naturally occurring negatively charged components in soils, sediments, and dissolved 

substances in water. They adsorb to negatively charged surfaces through ionic interactions, and to non-

polar molecules via van der Waals forces. Soils consist of a complex mixture of organic and inorganic 

components, which can interact with surfactants depending on environmental conditions, particularly pH 

and ionic strength. The organic fraction includes both non-humic substances, such as proteins and natural 

macromolecules, and humic substances, which comprise fulvic acid, humic acid, and humin. Under the 

typical pH conditions of natural waters, humic and fulvic acids carry a net negative charge, enhancing their 

ability to bind cationic compounds109. Additionally, silica (SiO₂), quartz, clays (or aluminosilicates), and 

metal oxides are abundant in soils and contain both hydrophilic and hydrophobic domains that can 

interact with surfactants. Clays and silica generally exhibit negatively charged surfaces, promoting 

electrostatic interactions with cationic surfactants such as BKC. The accumulation of ADBAC is greater 

with increasing alkyl chain length110. Furthermore, residual BAC has been detected in various water 

sources worldwide  at trace levels, ng/L to mg/L, , mostly in wastewater effluents from hospital or near 

pharmaceutical plant, and in greywater and in stormwater111,112. Liao et al. conducted a study to assess 

residual BKC concentrations in various environmental sources across 13 countries, reporting maximum 

levels of 30 mg/L in water and 421 μg/g in dust113. The environmentally realistic concentrations of BKC 

were observed to pose serious ecological risks. The estimated half-life of ADBAC in water at pH 9 is 379 

days, and 150-183 days at pH 5104. Therefore, microbial biodegradation of BKC in wastewater treatment 
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plants is highly beneficial, as it helps to reduce its impact on toxicity and the potential risks it poses to 

both ecosystems and human health. Several microorganisms were reported to be capable of degrading 

QACs, including ones belonging to the genus Pseudomonas114,115, Thalassospira sp., Bacillus niabensis, 116 

and Aeromonas sp.117 They metabolize BACs producing benzyldimethylamine (BDMA), a product 500 

times less toxic than BKC, and a long-chain alkyl group by dealkylation. However, the enzymes involved 

and the dynamics of the complex microbial communities participating in the BKC detoxification process 

remain to be fully elucidated118. An improved understanding of the optimization of BKC-degrading 

processes may be crucial for reducing environmental exposure to the biocide and, consequently, for 

refining risk assessment strategies. 

 

3.6.1.5 Antimicrobial resistance and tolerance 

As previously discussed, the use of QACs - particularly BKC - is widespread across a range of applications, 

from medical to industrial settings. Consequently, residual concentrations of these biocides can inevitably 

enter freshwater systems, sediments, or the waste streams of hospitals and industries, leading to their 

persistent presence in the environment. This environmental accumulation can promote the development 

of decreased susceptibility to both disinfectants and antibiotics. The term resistance refers to the ability 

of a microorganism to grow despite exposure to high concentrations of an antibiotic, and it is typically 

quantified by the MIC. In contrast, tolerance describes the ability of microorganisms to survive transient 

exposure to high concentrations of an antimicrobial agent without a change in MIC119. A further distinction 

is decreased susceptibility, which refers specifically to an upward shift in MIC120. Because disinfectants act 

on multiple cellular targets, resistance tends to emerge less frequently than with antibiotics, and when it 

does occur, it typically results in only modest increases in MIC values. For this reason, in most cases 

involving disinfectants, the terms tolerance or decreased susceptibility may be more appropriate than 

resistance121,122.  

The microbial mechanisms of reduced susceptibility to QACs that have been reported in vitro are several 

including: 

¶ increase of efflux pumps by upregulation or via horizontal gene transfer that contribute to 

decreasing the concentration of antimicrobials123,124; 

¶ downregulation of porins considered a way for their absorption125; 

¶ changes in the overall membrane composition  (protein, fatty acids and phospholipid content)126; 

¶ biofilm formation, as a community of microorganisms attached to solid surfaces surrounded by 

their secreted exopolysaccharide matrix127; 

¶ biodegradation of BKC by dealkylation decreases its toxicity to microorganisms118  
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Whilst several in vitro investigations have been conducted to assess the role of BKC in antimicrobial 

resistance - often reporting reduced bacterial susceptibility - current evidence remains insufficient to 

support a significant contribution to resistance in clinical practice128. Moreover, most of these studies did 

not use commercial formulations or simulate in-use concentrations, which are essential for drawing 

conclusions relevant to real-world settings. This is particularly important given that concentrations used 

in commercial products are often more than 1000 times higher than the MIC. Further compounding the 

issue is the lack of standardized methodologies for measuring susceptibility, which hampers comparison 

across studies and limits clinical interpretation122. 

When BKC is incorporated into a formulated product rather than used as an aqueous solution alone, the 

presence of excipients or adjuncts appeared to significantly enhance its microbicidal activity129. Indeed, 

excipients such as surfactants, chelating agents, or fragrances may exhibit intrinsic antimicrobial 

properties and enhance the overall efficacy of the microbicidal formulation130. Furthermore, 

understanding the amount of active substance released from embedded products, as well as its 

bioavailability, is essential for evaluating their antimicrobial effectiveness130. 
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3.6.2 Limonene 

 

Limonene (C10H16, 1-methyl-4-prop-1-en-2-ylcyclohexene; also known as (+)-p-Mentha-1,8-diene; CAS 

number: 5989-27-5) is a naturally occurring terpene widely found in Citrus essential oils, typically present 

as a colorless liquid. It exists in two enantiomeric forms - D-limonene and L-limonene - as well as in a 

racemic mixture (Figure 12). Limonene has a molecular weight of 136.23 g/mol, a log Kow = 4.57 and it is 

insoluble in water and soluble in ethanol131. It is a colorless liquid with a vapor pressure of 2 hPa at 25 °C.  

 

 
Figure 12: Enantiomeric forms of D-limonene and L-limonene 

Terpenes are plant-derived compounds that exhibit significant biological activities and serve as defense 

mechanisms for plants against herbivores and pathogens. Limonene, a monocyclic monoterpene, displays 

various biological effects, including antimicrobial, anti-allergenic, antioxidant, anti-inflammatory, and 

immunomodulatory properties132.Limonene has a pleasant, lemon-like scent and is relatively inexpensive, 

making it widely used as a fragrance in cosmetics, household cleaning products, biocides, air fresheners, 

polishes and waxes. Furthermore, limonene is widely used as a flavor additive in many common foods, as 

it is considered GRAS by the U.S. FDA for use as a flavoring agent. Limonene is among the most frequently 

employed fragrance compounds. In a study analyzing the composition of 283 commercial products, 

fragrances were present in 52.3% of the samples, with limonene identified as the most used fragrance in 

76.9% of these cases. Moreover, limonene was detected in 70.7% of rinse-off products and in 73.3% of 

make-up items133.  

 

3.6.2.1 Toxicity of limonene 

 
According to the Globally Harmonized System (GHS) of the United Nations and the CLP Regulation, pure 

limonene is classified as follows: 

¶ Skin corrosion/irritation, Category 2 (H315): causes skin irritation; 

¶ Skin sensitization, Category 1B (H317): may cause an allergic skin reaction; 

¶ Aspiration hazard, Category 1 (H304): may be fatal if swallowed and enters airways. 

Regarding environmental toxicity, limonene is classified as: 

¶ Aquatic acute toxicity, Category 1 (H400): very toxic to aquatic life; 

(R)-(+)-Limonene (S)-(-)-Limonene
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¶ Aquatic chronic toxicity, Category 3 (H412): harmful to aquatic life with long-lasting effects (Table 

7). 

R-(+)-Limonene itself is not considered inherently allergenic, but is it considered a pre-hapten. Upon 

handling and storage, they form sensitizing compounds by air oxidation, such as limonene oxide, 

limonene-2-hydroperoxide, carveol and carvone (Figure 13). As a result, limonene is classified as a skin 

sensitizer134. The autoxidation of Limonene can be prevented using antioxidants in the formulation of the 

cosmetic product. Therefore, it must be carefully selected to prevent it from acting as a skin 

sensitizer. Butylated hydroxytoluene is one of the most used antioxidants, as it carries a minimal risk of 

sensitization. According to clinical data, the allergens present in oxidized limonene are considered by 

the Scientific Committee on Consumer Safety (SCCS) to be of high concern, with a significant risk of 

sensitization. Their oxidized fraction, specifically the peroxide content, should not exceed 10 ppm135. 

 

Figure 13: Chemical structure of limonene oxidation products 
Adapted from 136 

 
Limonene is not classified as classified as acutely toxic. According to the UN GHS Annex 4, it may be 

harmful if swallowed. The oral LD₅₀ in rats is greater than 2000 mg/kg, indicating low acute oral toxicity. 

Limonene was not classified as causing serious eye damage or irritation and not classified as mutagenic, 

carcinogenic or reproductive toxicant. 

 

Carvone 

Limonene oxide Limonene  

Carveol 

Limonene-2-hydroperoxide  
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Table 7: Environmental toxicity of Limonene (data from ECHA) 
Adapted from 131 

 
 

3.6.2.2 Regulation of limonene in cosmetic products 

 
In particular, fragrance substances are regulated as cosmetic ingredients under Regulation (EC) No 

1223/2009. Their presence in cosmetic products must be indicated by the terms “parfum” or “aroma.” 

Certain fragrance substances have been identified by the SCCS to cause allergic reactions or skin 

irritations, and their use in cosmetic products must be limited and regulated135. In particular, 26 fragrance 

allergens - including limonene-were identified and listed in Annex III (entries 67-92) of the Regulation. 

Fragrance contact allergy occurs when the skin is exposed to a sufficient amount of fragrance allergens. 

However, once developed, contact allergy is a lifelong condition, characterized by an altered immune 

system reactivity, which causes symptoms to recur upon re-exposure to the allergen. 

Prevention of contact allergy is possible through proper labelling, which alerts consumers to the presence 

of allergens, allowing them to avoid products that could trigger a reaction and prevent re-exposure. 

When present at concentrations higher than 0.001% in leave-on products or higher than 0.01% in rinse-

off products, these substances must be individually declared in the list of ingredients in addition to the 

general terms “parfum” or “aroma”137.  

  

Aquatic toxicity (acute) 

 
Value 

(mg/L) 
Species  Exposure time 

LC50 0.46 fish 96 hours 

EC50 0.31 aquatic invertebrates 48 hours 

ErC50 0.32 algae 72 hours 

Aquatic toxicity (chronic) 

 
Value 

(mg/L) 
Species  Exposure time 

EC50 <0.67  fish 8 days 

EC50 0.19 aquatic invertebrates 21 days 

NOEL 0.19  fish 8 days 

NOEL 0.05  aquatic invertebrates 21 days 
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3.7 Formulation of eco-friendly polyglycerol esters of fatty acid as antimicrobials or as 

emulsified agents for cosmetic products 

 

3.7.1  Glycerol as by-product from Biodiesel production  

 
Since 1800, the global population has experienced an unprecedented nearly eightfold increase, a trend 

that is expected to continue, reaching approximately 10.3 billion by the mid-2080s138,139. This rapid growth 

has resulted in tremendous energy consumption and the consequent depletion of natural energy 

reserves, such as petroleum, coal and natural gas. Currently, fossil fuels serve as the primary energy 

sources worldwide. Nevertheless, they represent an unsustainable option, being finite, non-renewable, 

and major contributors to climate change through the elevation of atmospheric CO₂ levels. If current 

consumption trends persist, fossil fuel reserves are projected to face critical depletion within the next 50 

years140. The use of bioenergy in the form of biofuels is a highly promising renewable and greener 

alternative to diesel. Biodiesel is a type of diesel fuel modified with 0% to 100% biologically derived oils, 

which can be sourced from vegetable oils or animal fats141. The EPA has reported that utilizing biodiesel 

is an effective strategy, providing the percentage reduction in diesel engine emissions for various 

pollutants based on a specific biodiesel fuel (highway, heavy-duty, 2- and 4-cycle engines)141. Biodiesel 

reduced particulate matter emissions by up to 47% - one of the top five greatest health risks worldwide142 

- nitrogen oxides by anywhere from 0% to 10%, hydrocarbons by up to 67%, and carbon monoxide by as 

much as 47%. According to data from the International Grains Council (IGC) global biodiesel production 

has been increasing in recent years, with more than 71.5 million tons produced in 2023. EU is the leading 

producer of biodiesel, with the United States, Brazil, Germany, Indonesia, and Argentina among the top 

countries driving the biodiesel market143.  

Biodiesel is fatty acid methyl esters (FAME) derived from renewable biological sources such as vegetable 

oils, animal fats, used cooking oils or waste grease. The most common edible oils used for biodiesel 

production are palm, soybean, sunflower, rapeseed and peanut oils144–148, whereas other non-edible oil 

sources are jatropha, pongamia, mahua, yellow oleander, castor, and neem149. 

Transesterification is a convenient and widely used method for biodiesel production. In this process, oils 
are trans esterified with short-chain alcohols, typically methanol (MeOH) or ethanol (EtOH), in the 
presence of either a homogeneous or heterogeneous catalyst, or enzyme catalysis, with glycerol as a 
byproduct ( 

Figure 14).  
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Figure 14: Transesterification of a triglyceride with to obtain methyl esters (Biodiesel) 

Although biodiesel is a renewable and sustainable alternative, it is affected by various challenges. The 

primary issue is the high production cost, mainly due to the transesterification process and the costs of 

conventional feedstocks, such as vegetable oils. Additionally, there are ethical concerns related to the 

displacement of food crops and deforestation. At present EU policies are encouraging the transition to 

the use of renewable energy, supporting cooperation between EU countries towards this goal such as 

Renewable Fuel Standard (RFS) in the USA and the Renewable Energy Directive (RED) in Europe 150. The 

update to the Renewable Energy Directive 2023/2413 (RED III) increases the target for the share of energy 

from renewable sources in the Union’s gross final energy consumption to at least 42.5% by 2030, with the 

aim of reaching 45%150. To reduce the high production costs of biodiesel, the efficient utilization of crude 

glycerol - a major by-product - offers a valuable opportunity to add economic value to the process on a 

large scale while supporting the development of sustainable renewable energy. Indeed, glycerol is a 

valuable by-product, generated at approximately 10% (w/w) during biodiesel production, and it has a wide 

variety of industrial applications, mainly as a raw material for pharmaceutical, cosmetic and food products 

151. In fact, glycerol can be converted into various synthetic precursors and materials, which can be used 

in a wide range of alternative uses across different fields. The increasing number of patent applications in 

recent years highlights the growing interest in exploring various strategies for the reuse of glycerol 

obtained from biodiesel production152. Therefore, purification of crude glycerol directly obtained from 

biodiesel in refineries is often essential to eliminate impurities and meet requirements of the US 

Pharmacopeia (USP) for most traditional glycerol markets. Indeed, crude glycerol obtained from biodiesel 

synthesis has a substantial yellow to dark brown coloration and contains glycerol (70-80%) with various 

impurities, that depend on various factors, such as the purity of the raw materials, the type of catalyst 

used, the efficiency of the transesterification process, and the purification of the biodiesel. As a result, 

crude glycerol typically contains impurities such as monoglycerides, diglycerides, glycerol oligomers, 

polymers, MeOH, soap, catalysts, salts, a variety of “many organics non-glycerol” (MONG) and water. 

The presence of impurities can affect glycerol physical, chemical and biological properties. The purification 

process typically begins with the neutralization of free fatty acids and any dissolved basic catalyst, 

followed by the removal of excess MeOH via distillation, and concludes with purification through vacuum 

Triglyceride Glycerol Methyl esters 
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distillation153. Notably, the FDA Notification to Industry (updated in April 2014) advised manufacturers 

that receive or use biodiesel-derived ingredients to exercise caution in preventing the inclusion of 

Jatropha-derived substances in FDA-regulated products. A recent study on the risks associated with 

Jatropha-derived ingredients concluded that toxic compounds present in Jatropha oil were retained in 

both the glycerol and protein co-products. As a result, industries were warned about the potential 

substitution or incorporation of oils, glycerol, and proteins derived from the Jatropha plant154. 

The purification process required to make glycerol suitable for use in high-value products is often highly 

expensive and, in some cases, not economically feasible. Refined glycerol is classified based on its purity 

level: technical grade glycerol contains approximately 95% purity, USP grade ranges from 96% to 99%, 

and Kosher grade glycerol reaches up to 99.7% purity. USP grade glycerol is suitable for use in the 

production of food and pharmaceutical products155. 

Figure 15 shows the various applications that glycerol presents as a raw material across different areas, 

from pharmaceutical, cosmetic and personal care to chemical and food industries. 

 

 

Figure 15: Various industrial applications of glycerol across different fields 
Created with BioRender.com 

 

3.7.2 Glycerol 

Glycerol (also known as glycerin; CAS No. 56-81-5), with the molecular formula C₃H₈O₃, is a polyol 

containing three hydroxyl groups ( 

Figure 14). The IUPAC name of glycerol is propane-1,2,3-triol. Glycerol is a clear, water-white, viscous, 

sweet-tasting hygroscopic liquid at RT that occurs naturally in both plants and animals. Glycerol can also 
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be synthesized as a byproduct during the conversion of fats and oils into fatty acids or fatty acid methyl 

esters. Glycerol is completely miscible with water, MeOH and ethanol but less soluble in acetone, diethyl 

ether, and dioxane, and is almost insoluble in hydrocarbons, long-chain aliphatic alcohols, fatty oils, and 

halogenated solvents156. 

 

3.7.2.1 Glycerol utilization 

Various valuable chemicals and products can be obtained from crude glycerol, a by-product of biodiesel 

production (Figure 16). Among the most promising approaches is biological conversion, a highly selective 

process that operates under near-ambient temperature and pressure conditions. Many bacteria and 

yeasts are capable of metabolizing crude glycerol under both aerobic and anaerobic conditions, leading 

to the formation of several value-added compounds157. These include for example 1,3-propanediol, 

ethanol, 2,3-butanediol, lactic acid, succinic acid, citric acid, dihydroxyacetone (DHA), and hydrogen. 

For instance, 1,3-propanediol   is a monomer used in the synthesis of polyethers, polyurethanes, and 

polyesters, and 2,3-butanediol is mainly applied in asymmetric syntheses and fuel additives158. Lactic acid 

finds application in the food industry as a preservative and emulsifier, and in the pharmaceutical and 

cosmetic industries as an ingredient in lotions and creams. Additionally, it serves as a chemical building 

block for the production of acrylic acid, propylene glycol, and polylactate polymer159. Citric acid is widely 

employed in the food and beverage industry160, while succinic acid is used in the manufacture of synthetic 

resins, biodegradable polymers, chemical intermediates, and additives161.  

DHA, one of the most commercially valuable products derived from glycerol, is extensively used in 

cosmetics, medicine, and pharmaceuticals - primarily as a self-tanning agent. Remarkably, DHA can fetch 

a market price up to 227 times higher than that of purified glycerol, highlighting its economic 

significance162. Finally, glycerol is a versatile raw material for hydrogen production with a favorable, high 

yield conversion. Hydrogen has plenty of applications, it can be used as energy source, or in chemical 

industry as by-product to obtain other chemicals such as cyclohexane, formic acid, hydrochloric acid, 

polyurethane and methacrylates163.  
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Currently, the use of crude glycerol as an animal feed ingredient has been extensively studied due to the 

rising price of corn and the need to find applications for the surplus glycerol resulting from increased 

biodiesel production. Glycerol purification is a laborious and costly process; therefore, crude glycerol from 

biodiesel production may be used in animal feed, provided that FDA recommended MeOH levels remain 

below 150 parts per million164. Glycerol is rapidly absorbed and is well accepted by animals due to its 

sweet taste. Once absorbed, it is converted in the liver into glucose for energy production.  

However, a purification process is required to use glycerol in most of its industrial applications. Glycerol 

is GRAS recognized by the U.S. FDA for multiple uses across pharmaceutical, food, and cosmetic and 

personal care products. According to the U.S. FDA’s Voluntary Cosmetic Registration Program (VCRP) 

glycerol was the third most used ingredient in cosmetic in 2019 with application in 23,366 products. 

Glycerol serves multiple functions in cosmetic and personal care products, including soaps, toothpaste, 

shaving cream, humectant, skin protectant, hair conditioner, denaturant, fragrance component, oral care 

agent, and viscosity- decreasing agent165. Glycerol is employed as a versatile excipient in a wide range of 

pharmaceutical formulations—including oral, topical, parenteral, and ophthalmic preparations—where it 

is used as a co-solvent, humectant, plasticizer, sweetening agent, viscosity modifier, and preservative166. 

Glycerol is furthermore employed in over-the-counter drugs, such as anorectal drug products, dermal 

protectants, in ophthalmic drug products, and in oral health care products167. 

Glycerol finds vast applications for food as a humectant, sweetening agent, solvent, bodying agent, and 

plasticizer, for example in confectionery and chewing gums. Glycerol is industrially used in coatings, 

Ethanol 

1,3-Propanediol 

Propionic acid 

Lactic acid 

3-hydroxypropanal 
Citric acid 

Diihydroxyacetone 

Succinic acid 

Glycerol 

H 

Figure 16: Some of the various valuable chemicals that can be obtained from crude glycerol 
transformation 
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polymers, tobacco products, adhesives, antifreeze, cleaning agents, explosives, pesticides, and 

softeners156. As previously discussed, the use of refined glycerol in most industrial applications typically 

requires USP-grade glycerol with a purity above 96%, but the purification process is often costly and not 

economically feasible. However, purified glycerol can be converted into value-added chemicals—such as 

solketal and glycerol carbonate—that help justify the cost of purification168. Among these, glycerides, 

particularly glyceryl monoesters, represent another category of value-added compounds with significant 

applications in the cosmetic industry, which will be discussed further in this section. Moreover, 

monoglycerides and diglycerides can be used in the manufacturing of biodiesel. Moreover, before using 

crude glycerol, another option to remove fatty acid esters as impurities would be to convert them into 

mono- and di-glycerides169. 

 

3.7.3 Glycerolysis to obtain value-added monoglycerides 

 
Glyceryl monoesters or monoglycerides are esters of glycerin with various fatty acids, including for 

example glyceryl laurate, glyceryl palmitate, glyceryl stearate and glyceryl oleate. An example of a glyceryl 

monoester is reported in Figure 17. 

 

Figure 17: Chemical structure of a monoglyceride composed of glycerol esterified with a fatty acid 
chain 

Glyceryl monoesters are not pure monoesters, but are mostly mixtures with mono-, di-, and triesters in a 

ratio of approximately 4:4:2, respectively. Differently, other sources guaranteed a minimum purity of 

commercial and conventional monoglyceride of 90% with accounting 10% impurities. Glyceryl monoesters 

are generally considered safe for use in cosmetics and have a wide, where they serve mostly as emulsifiers 

and skin conditioning agents. Glyceryl stearate has the highest usage frequency, appearing in 5,153 

formulations, and the highest maximum concentration in leave-on products (17% in deodorant). Glyceryl 

ricinolate has the second-highest maximum concentration in leave-on formulations (15.2% in lipstick). 

The Cosmetic Ingredient Review (CIR) Expert Panel assessed the safety of 44 glyceryl monoesters, 

concluding that these ingredients are safe for use in cosmetic products at the current levels of use and 

concentration described in the safety assessment170. Acute and repeated dose toxicity studies on various 

Glycerol Fatty acid chain 
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glyceryl monoesters have shown low toxicity through oral, dermal, and inhalation routes, with high LD50 

values (>2,000–20,000 mg/kg) and no significant adverse effects observed in sub chronic or chronic 

studies, with the NOAEL being up to 2,500 mg/kg/day or 1% in the diet. No reproductive, developmental 

toxicity, mutagenicity, or carcinogenicity was reported for the 44 glyceryl monoesters. Additionally, no 

irritating or sensitizing effects were observed on the skin, and no ocular irritation was noted. 

Furthermore, according to the FDA, many glyceryl monoesters are GRAS recognized in the U.S. for human 

and/or animal use, including glyceryl behenate (21CFR184.1328), laurate (21CFR184.1505), linoleate 

(21CFR184.1505), oleate (21CFR184.1323), palmitate (21CFR184.1324), and stearate (21CFR184.1324) for 

human use. Some of the monoglyceryl monoesters were recognized as penetration enhancers such as 

glyceryl laurate. In the present study, particular attention was given to glyceryl laurate (GL) and glyceryl 

palmitate (GP), which were synthesized from glycerol and lauric acid, and from glycerol and palmitic acid, 

respectively.  

Glyceryl laurate (C15H30O4, CAS Registry Number: 142-18-7) can be as cream-colored paste, white 

crystalline, white to cream colored powder or white pellets. GL is practically insoluble in water, soluble in 

MeOH and EtOH, hardly soluble to readily soluble in acetone, diethyl ether and heptane. It has a molecular 

weight of 274.4 g/mol and a faint/ fatty odor.  

Glyceryl palmitate (C19H38O4, CAS Registry Number: 542-44-9) is white, crystalline solid at RT with a 

molecular weight of 330.51 g/mol. GP is insoluble in water but soluble in organic solvents like ethanol, 

DMSO, and oils. GL and GP are commonly used in cosmetic products as skin-conditioning agents, 

emollients, surfactants, and emulsifiers. The CIR Expert Panel reported that in 2015, GL was listed in 210 

products, 101 in leave-on products, 106 in rinse-off products and 3 in products diluted for (bath) use, most 

of them used for dermal contact. Instead, GP appeared in 4 products in 2015, 3 leave-on and 1 rinse-off.  

Glyceryl monolaurate (GML) is a natural antimicrobial agent with potent activity against Gram-positive 

cocci, Bacillus anthracis, fungi and certain viruses. The growth of Staphylococcus and Streptococcus is 

inhibited at a concentration of 20 µg/ml, which corresponds to the solubility limit of GML in aqueous 

171media. However, Staphylococcus species can eventually overcome this inhibition, likely through the 

production of GML-degrading lipases, and resume growth172. GML is generally ineffective against gram-

negative bacteria with an intact outer lipopolysaccharide layer that prevents the antimicrobial agent 

penetration. Although GML is a surfactant, it does not disrupt lipopolysaccharides. GML has been shown 

to inhibit the production of several toxins from Staphylococcus aureus at a concentration that was not 

growth- inhibitory, including toxic shock syndrome toxin-1, alpha-hemolysin, and protein A, as well as 

superantigens produced by Streptococcus pyogenes173. Additionally, GML prevents the induction of 

vancomycin resistance in Enterococcus faecalis and has demonstrated inhibitory effects on anthrax toxin 

production. Lauric acid also exhibits an anti-toxin activity but at a concentration that resulted in 200-fold 

higher than GML. The proposed mechanism of action involves GML integrating into the plasma membrane 

due to its lipophilic nature, thereby disrupting signal transduction pathways. Moreover, by blocking signal 
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transduction pathways, GML has been shown to stabilize host cell membranes. This is particularly 

important because many exotoxins exert both direct and indirect cytotoxic effects, as well as stimulate 

immune cells to release cytokines and chemokines174. GML thus represents a promising dual-acting topical 

microbicide for application on human mucosal and skin surfaces. In addition to its bactericidal properties, 

it helps maintain epithelial integrity and prevents inflammation175. As a result, GML has been investigated 

for use in wound dressings and intravaginal devices, such as tampons, to suppress bacterial toxin 

production. Indeed, it was demonstrated that GML administrated as gel reduced vaginal Candida and 

Gardnerella vaginalis in women, but not normal flora lactobacilli176. The incorporation of GML as a fiber 

finish on menstrual tampons may offer significant benefits for vaginal health. During regular tampon use, 

GML has been shown to inhibit the production of exotoxins from vaginal Staphylococcus 

aureus and Streptococcus agalactiae, as well as reduce interleukin-8 secretion, thereby reducing 

inflammation177. 

Certain fatty acids, particularly polyunsaturated long-chain fatty acids and medium-chain saturated fatty 

acids such as lauric and myristic acids, as well as specific monoglycerides like GML and glyceryl caprate, 

exhibit virucidal activity against enveloped viruses178,179. They cause disintegration of viral envelopes 

through their incorporation in the lipidic membrane and destabilization of the bilayer. GML was 

demonstrated to prevent the transmission of the simian immunodeficiency virus, commonly used as a 

model for Human Immunodeficiency Virus research, when applied to vaginal mucosa as gel in non-human 

primates180. Fatty acids and monoglycerides are present in human milk, and after milk storage or upon 

reaching the infant's stomach, they exhibit antiviral properties due to the increased activity of lipoprotein 

lipase. Human milk is well known for its antimicrobial and immunomodulatory properties, as it contains 

immunoglobulins, antimicrobial peptides, and fatty acids. These beneficial effects, compared to bovine 

milk, appear to be partly due to the high content of GML in human milk181. 

Glycerolysis process esterifies glycerol with one, two or three equivalents of free fatty acids to produce 

monoglycerides, diglycerides, and triglycerides, which are widely used as surfactants and emulsifiers in 

food, cosmetics and pharmaceutical industries (Figure 18). The reaction takes place under mixing and 

involves the use of a catalyst and high temperature with water as by-product. Glycerolysis is a reversible 

reaction that must be driven forward by using an excess of glycerol or by removing the by-product, 

typically through nitrogen purging or vacuum distillation, which increases molecular collisions. Nitrogen 

purging is also employed to protect the reaction from exposure to air, as this could increase acidity and 

peroxide levels above 200°C, leading to the conversion of glycerol to acrolein, a highly toxic compound182. 

The purity of employed glycerol highly affects the outcome of the reaction, causing drop of conversion 

rates and monoglyceride selectivity. The use of a catalyst that energetically favors the pathway is 

therefore employed to enable the use of milder reaction conditions in terms of temperature and pressure. 

Indeed, the use of temperature higher than 250°C must be avoided since it could cause pyrolytic 

degradation of fats169. High temperatures are required to enhance the solubilization of glycerol in 
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common fats where the reaction takes place, thereby increasing the glycerol solubility from 4–5% to 45% 

and finally promoting the progress of the reaction. Higher is the fatty acid chain, lower is the glycerol 

solubility. The highest conversion of free fatty acids was reported at 220◦C183.  

Furthermore, catalyst increases the selectivity towards the desired products, lowering production of by-

products. Three types of catalyst are available: enzyme/bio-catalysis, heterogeneous and homogenous 

catalysis. Enzymatic catalysis is generally less employed in industries due to high cost and longer reaction 

time. Moreover, impurities or the employed solvent in the reaction can inhibits the enzymatic catalyst 

such as lipases. However, enzymes provide milder operating conditions, higher product selectivity, 

minimal side reactions and simple purification processes. Lipases are a class of esterases that can be 

employed in biodiesel production and in glycerolysis process184,185. In lipase-mediated glycerolysis, the 

catalytic triad—typically consisting of serine, histidine, and either glutamic acid or aspartate—forms a 

charge relay system which activates the nucleophilic attack by glycerol on the ester bonds of 

triacylglycerols186. 

Homogeneous catalysts exist in the same phase as the reactants and therefore provide faster reaction 

rate. They are mostly employed for the industrial production of glycerides since they are cheap and 

require moderate conditions of reaction, but they generate side products and intensive purification 

issues. Alkali homogenous catalysts such as such as NaOH, KOH, CH3ONa, CH3OK, and NaOC2H5 are widely 

used187. However, they are associated with issues related to undesired soap formation, as fatty acids react 

with alkoxides to produce alkaline soaps188. Acid homogenous catalysts avoid soap formation, and they 

are commonly employed in glycerolysis such as sulphuric acid, p-toluene sulfonic acid (p-TSA), 

hydrochloric acid and heteropolyacids187.  

Heterogeneous catalysts are in different phases compared to the liquid reaction mixture. Thanks to the 

different phase in which they are, their recovery is easy, and they can be reused, making the process 

economical. Certain of them suffer from high cost, stability problems or inhibition by impurities. Soap 

formation is reduced with alkali heterogeneous catalysts, and the toxic and corrosive issues associated 

with homogeneous acid catalysts are minimized. Some examples of acid heterogenous catalysts are metal 

oxides, sulfonated carbon materials, cation exchange resins, and zeolites. Heterogeneous alkali catalysts 

are alkaline oxides, hydrotalcite, metallic salt, anion exchange resins, and zeolites187.  
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Figure 18: Glycerolysis reaction to obtain monoglyceride, diglyceride and triglyceride 

T, catalyst 
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4. Materials 

 

4.1 Encapsulation of curcumin in chitosan-shelled nanobubbles as a “green” antimicrobial 

formulation against antibiotic resistance 

 

All the chemicals, the bacterial culture and the instrumentations are the ones reported in the article: 

Munir Z, Molinar C, Banche G, Argenziano M, Magnano G, Cavallo L, Mandras N, Cavalli R, Guiot C. 

Encapsulation in Oxygen-Loaded Nanobubbles Enhances the Antimicrobial Effectiveness of 

Photoactivated Curcumin. International Journal of Molecular Sciences. 2023; 24(21):15595. 

https://doi.org/10.3390/ijms242115595 

 

4.2 Formulation of a household disinfectant spray based on benzalkonium chloride-loaded 

nanodroplets 

 
Chemicals 

All the chemicals were purchased by Sigma-Aldrich (St. Louis, MO, USA). All chemicals utilized for HPLC 

analysis were analytical-grade and commercially accessible. 

Bacterial culture  

The bacterial strains used in this section included gram-positive bacterium S. aureus ATCC 29213, gram-

negative bacteria E. coli ATCC 25922 and P. aeruginosa ATCC 27853, and a clinical strain of A. baumannii 

MDR. Mueller Hinton broth (MHB, Sigma-Aldrich, Spain) powder and Nutrient agar (NA, Thermo Fisher, 

UK) were used according to the manufacturers’ instructions.  Tween 80, tryptone and sodium chloride 

(Sigma-Aldrich, Germany) were used to prepare the neutralizing solution for the quantitative suspension 

assay (0.5% v/v Tween 80, 0.1% w/v tryptone, 0.85% w/v cysteine, water). 

Instrumentations 

¶ Dialysis membrane (Spectra/Por cellulose membrane, cutoff 14 KDa) 

¶ Dynamic Light Scattering (Zetasizer PRO, Malvern Panalytical, UK) 

¶ DDSolver add-in of Microsoft Office Excel for drug release modelling189 

¶ GraphPad Software, version 9 (San Diego, CA, USA) 

¶ HPLC was performed using a Shimadzu system equipped with a UV/Vis detector (SPD-20AV, 

Markham, ON, Canada). For the analysis of BKC the Thermo Scientific™ Acclaim™ Surfactant Plus 
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column (150 mm × 3 mm, 3 μm pore size; Thermo Scientific, Waltham, Massachusetts, USA) was 

employed. For the analyses of limonene, a reverse phase C18 column (150 mm × 4.6 mm, 5 μm 

pore size; Agilent 5 TC-C18; Santa Clara, CA, United States) was used. 

¶ Multi-compartment rotating cell system (Heavy stirrer, LAISS Apparecchi scientifici) 

¶ pH meter (model 420A, LAISS Apparecchi scientifici) 

¶ Rotational viscometer (Brookfield LVDV-III, Brookfield Engineering Laboratories, Middleboro, 

MA, USA) 

¶ Spectrofluorometer (EnSightTM automated multimode plate reader, Perkin Elmer) 

¶ Du Noüy ring tensiometer (Krüss GmbH K 10 PST Hamburg, Germany) 

¶ Digital homogenizer Ultra-Turrax® (T18 digital, IKA®-Werke GmbH & Co. KG, Staufen, Germany) 

¶ Optical Tensiometer (Attension Theta Lite, Biolin Scientific) 

4.3 Development of emulsified formulations based on glycerol and glycerol formal fatty acid 

esters derivatives as personal care products 

 
Chemicals 

All the chemicals were purchased by Sigma-Aldrich (St. Louis, MO, USA). All chemicals utilized for HPLC 

analysis were analytical-grade and commercially accessible. 

Instrumentations 

¶ Dynamic Light Scattering (Zetasizer PRO, Malvern Panalytical, UK) 

¶ DSC/7 differential scanning calorimeter (Perkin-Elmer, Branford, CT, USA) that was equipped 

with a TAC 7/DX instrument controller and the Pyris Manager program 

¶ GraphPad Software, version 9 (San Diego, CA, USA) 

¶ Lyophilizer (LIO5P model, 5Pascal, Trezzano, Italy) 

¶ Multi-compartment rotating cell system (Heavy stirrer, LAISS Apparecchi scientifici) 

¶ pH meter (model 420A, LAISS Apparecchi scientifici) 

¶ Perkin Elmer system 2000 FTIR Spectrophotometer. Data acquisition was carried out using 

Spectrum software version 5.0.2 Perkin Elmer Corporation (Perkin Elmer Inc., Hopkinton, MA, 

USA). 

¶ Rotational viscometer (Brookfield LVDV-III, Brookfield Engineering Laboratories, Middleboro, 

MA, USA) 

¶ Shimadzu HPLC system (SPD-20AV, Markham, ON, Canada) equipped with a UV/Vis detector with 

a reverse phase C18 column (150 mm × 4.6 mm, 5 μm pore size; Agilent 5 TC-C18; Santa Clara, 

CA, United States) for limonene quantification. The quantification of the esters a PerkinElmer 
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HPLC system (PerkinElmer Inc., Waltham, MA, USA) equipped with a Flexar RID detector and a 

reverse phase C18 column (150 mm × 4.6 mm, 5 μm pore size; Agilent 5 TC-C18) was used. 

¶ Spectrofluorometer (EnSightTM automated multimode plate reader, PerkinElmer Inc., Waltham, 

MA, USA) 

¶ Du Noüy ring tensiometer (Krüss GmbH K 10 PST Hamburg, Germany) 

¶ Digital homogenizer Ultra-Turrax® (T18 digital, IKA®-Werke GmbH & Co. KG, Staufen, Germany) 
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5. Methods 

 

5.1  Encapsulation of curcumin in chitosan-shelled nanobubbles as a “green” antimicrobial 

formulation against antibiotic resistance 

 

5.1.1  Preparation of curcumin -loaded NBs 

 
Blank chitosan-shelled NBs (Blank CS-NBs), curcumin-loaded chitosan-shelled NBs (Curc-CS-NBs) and 

curcumin oxygen-loaded chitosan-shelled NBs (Curc-Oxy-CS-NBs) were formulated as described. 

¶ Blank CS-NBs: To prepare the blank CS-NBs, firstly Epikuron 200® (3% w/v) and palmitic acid (0.5% 

w/v) were dissolved in ethanol. Then, 210 μL of DFP and distilled water were added to the ethanolic 

solution. A nano emulsion was obtained by homogenization using an Ultra-Turrax® for 2 minutes. 

Finally, an aqueous solution of chitosan (2.7% w/v, pH 4.5) was added drop by drop to form the 

polymeric shell. 

 

¶ Curc-CS-NBs: Curcumin was loaded into both the core and the shell of NBs. Curcumin was 

encapsulated in the core by adding its solution in N-methyl-2-pyrrolidone (NMP) to a preformed 

mixture of Epikuron 200® and palmitic acid. Whereas, curcumin was encapsulated in the shell in the 

form of curcumin-conjugated chitosan (CCC), which was first synthesized and subsequently 

incorporated into the NBs. To prepare CCC, the Schiff base reaction was employed, as reported in 

Figure 19190,191. This way, the electrophilic carbonyl carbon of curcumin was attacked by the 

nucleophilic nitrogen atom of the amino group in chitosan, forming the imine group (Schiff base), 

resulting in the conjugation of curcumin to the chitosan. This reaction results in a stable conjugate 

called imine group or Schiff base. This method ensures efficient attachment of curcumin to the 

chitosan backbone, enabling its integration into the NB’s shell for enhanced functionality. Firstly, 

chitosan (2.7% w/v) was dissolved in acetic acid (pH 4.5), which provided a positive charge on the 

molecule, catalyzing the reaction. Then, a 0.1% w/v ethanolic solution of curcumin was added to the 

chitosan solution under stirring at 700 rpm at 50°C for 30 minutes. Afterwards, the reaction mixture 

was brought to 60 °C and left to mix overnight before being cooled down.  
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Figure 19:The Schiff base reaction between chitosan and curcumin 
A covalent bond is formed between chitosan to curcumin as imine group or Schiff base (CCC)191 

¶ Curc-Oxy-CS-NBs: For oxygen loading within NBs, the formulations were saturated with O₂ for 10 

minutes prior to the deposition of the polymer shell. CCC was then dropwise incorporated into the 

mixture under magnetic stirring, while maintaining continuous oxygen purging. 

5.1.2 Physio-chemical characterization of curcumin -loaded NBs  

Physicochemical characterization of the NBs included measurements of average diameter and 

polydispersity index (PDI) by dynamic light scattering (DLS), and zeta potential (ζ) to evaluate surface 

charge. Measurements were conducted at 25°C in triplicate. Additionally, the morphology of the NB 

formulations was studied using fluorescence microscopy, given that the NBs emit light at a peak 

wavelength of approximately 543 nm. 

 

5.1.3 HPLC quantification of curcumin  

A quantitative analytical method for curcumin was established utilizing a Shimadzu HPLC system coupled 

with a UV/Vis detector and a reverse-phase Agilent RP-C18 column (250 cm × 4.6 mm, pore size 5 μm). 

The developed detection method was as follows: the mobile phase was a mixture of acetonitrile (ACN) 
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and water (70:30 v/v), the flow rate was 1 mL/min and curcumin was detected at a wavelength of 425 nm 

with a retention time of 13 minutes.  

The curcumin concentration in the NBs was determined by extracting curcumin from the NBs using 

chloroform. After the extraction, the chloroform was evaporated under a nitrogen stream, and the 

resulting curcumin residue was resuspended in 1 mL of MeOH prior to HPLC analysis. Besides, the 

encapsulation efficiency (EE%) of curcumin-loaded NBs was determined by centrifuging 200 μL of the NBs 

at 15,000 rpm for 30 minutes using an Amicon Ultra centrifugal filter device. The free curcumin that 

remains in the ultrafiltrate was analyzed with the described HPLC method and the EE% calculated as the 

difference between the initial amount and the free curcumin, according to (Equation 4): 

Equation 4: Definition of encapsulation efficiency (EE%) for curcumin-loaded formulations 

Ϸ %ÎÃÁÐÓÕÌÁÔÉÏÎ ÅÆÆÉÃÉÅÎÃÙ %%
Ὕέὸὥὰ ὨὶόὫὊὶὩὩ ὨὶόὫ 

Ὕέὸὥὰ ὨὶόὫ
ρzππ 

The loading capacity (LC%) of NBs was calculated by measuring the absorbance of freeze-dried NBs, which 

were first resuspended in 1 mL of MeOH, sonicated for 15 minutes, and then centrifuged at 15,000 rpm 

for 5 minutes. The LC was calculated with the following equation (Equation 5): 

Equation 5: Definition of loading capacity (LC%) for curcumin-loaded formulations 

 Ϸ ,ÏÁÄÉÎÇ #ÁÐÁÃÉÔÙ ,# 
ὥάέόὲὸ έὪ ὨὶόὫ Ὥὲ ὔὄ

ὪὶὩὩᾀὩ  ὨὶὭὩὨ ὔὄ ύὩὭὫὬὸ
ρzππ 

Moreover, HPLC analysis was conducted to verify EE% and LC% with the previously described method.  

5.1.4 In vitro release study of curcumin from NBs 

The in vitro release kinetics of curcumin from NBs over time was studied using a multi-compartment 

rotating cell system with the formulations placed inside the donor chambers. A semi-permeable cellulose 

membrane with a cut-off of 14 kDa was selected to separate the donor and receiving chambers. The 

receiving phase consisted of a 5% w/v solution of beta-cyclodextrin for all formulations. The experiment 

was carried out over 48 hours, during which 1 mL samples were periodically collected from the receiving 

phase at predetermined intervals and replaced with 1 mL of the beta-cyclodextrin solution. The 

withdrawn samples were analyzed using HPLC. 

5.1.5 Minimum inhibitory concentration  

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of the 

different types of NBs were determined, with and without 3 hours LED exposure for photodynamic 
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activation. The bacterial strains were cultured, and the inoculum was standardized to 0.5 McFarland 

standard (approximately 5 × 10⁸ CFU/mL). This inoculum was then diluted in BHI medium to 10⁵ CFU/mL. 

Two 96-well microtiter plates were set up for the study. One plate was kept in the dark, while the other 

was exposed to LED light for three hours. After incubation at 37°C for 24 hours, a 10 μL sample was taken 

from wells showing no visible bacterial growth and streaked onto BHA agar plates. These plates were then 

incubated again at 37°C for an additional 24 hours. The MBC was defined as the lowest concentration of 

NBs that completely prevented bacterial growth on the agar plates. 

5.1.6 Time-kill kinetics assay 

The Time-kill Kinetics test was employed to determine the bactericidal or bacteriostatic activity of NBs on 

a specific bacterial strain, following CLSI guidelines. A bacterial inoculum (105 cells/mL) for each bacterial 

strain was prepared from an overnight culture. Six-well microtiter plates containing BHI medium were 

prepared. Each well was treated with the test compound at a concentration equal to three times the MIC 

and inoculated with bacteria. After incubating for one hour, one plate was subjected to LED light exposure, 

while the other was maintained in darkness. Data were collected at multiple time points: initial (T₀), 6, 20, 

24, 48, and 72 hours. 

5.1.7 Evaluation of NBs uptake by bacteria through Confocal Microscopy Analysis  

Bacteria (E. coli, S. aureus, and E. faecalis) were cultured in BHI broth (1 × 109 colony-forming units 

(CFU)/mL), pelleted, resuspended in PBS 1× and incubated either without (control) or with 10% v/v 6-

coumarin-labeled NBs for 3 hours and 24 hours with agitation at 160 rpm in the dark at 37 °C. Following 

incubation, 50 μL aliquots of the control and bacterial NB suspensions were placed onto poly-L-lysine-

coated microscope slides and left to air dry. The bacteria were then stained with 5 μg/mL propidium iodide 

(PI, Invitrogen) prepared in 1x phosphate buffered saline solution (PBS) and incubated in a humid chamber 

at 37 °C for 15 minutes to dry. For imaging, the samples were mounted and imaged by confocal 

microscopy. 

5.1.8 Lactate Dehydrogenase assay 

 
LDH is a stable intracellular enzyme that is rapidly released upon membrane disruption following cell lysis. 

The quantification of LDH is a well-established assay for assessing cell viability. Experimentally, LDH 

catalyzes the oxidation of lactate to pyruvate while reducing NAD+ to NADH and H+. NADH and H+ is then 

oxidized back to NAD+ with the concomitant reduction of a tetrazolium salt (INT) to formazan, that exhibits 

the absorbance at 490 nm192. Finally, the amount of formazan generated is directly proportional to the 

level of LDH released, intended as the degree of cytotoxicity. The cytotoxicity protocol was performed on 

microtiter plates previously treated with NBs at a concentration three times the MIC, with and without 
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three hours of LED light exposure. LDH assay was performed with controls for spontaneous (bacteria + 

buffer) and maximum release (bacteria + 3% Triton X-100). After centrifugation (13,000 rpm, 10 min) 

200 μL of bacterial suspension was combined with 20 μL of assay buffer. For the maximum release control, 

150 μL of bacterial suspension was mixed with 45 μL of 3% Triton X-100. 100 μL supernatant was mixed 

with 100 μL LDH Reaction Solution in 96-well plates, incubated at 37 °C for 30 min, and activity measured 

at 0, 4, and 24 hours. Cytotoxicity (%) was calculated as LDH release relative to controls (Equation 6): 

 

Equation 6: Percentage of cytotoxicity based on LDH release 

Ϸ #ÙÔÏÔÏØÉÃÉÔÙ%ØÐÅÒÉÍÅÎÔÁÌ 6ÁÌÕÅ
 

 
 3ÐÏÎÔÁÎÅÏÕÓ 2ÅÌÅÁÓÅ*100 

5.1.9 Reactive oxygen species quantification 

A fluorometric method was employed for the reactive oxygen species (ROS) determination, based on the 

oxidation of the fluorescent probe 2',7'-dichlorofluorescin (DCF). 2’,7’-Dichlorodihydrofluorescein 

diacetate (H2DCFDA) was hydrolyzed to H2DCF (400 μM) by adding 2 mL of 0.01 M sodium hydroxide 

(NaOH) to 0.5 mL of 10 mM H2DCFDA solution dissolved in ethanol. Then, H2DCF was stored at room 

temperature (RT) for 30 min before being neutralized with 10 mL of 50 mM phosphate buffer (pH 7.2). 

When exposed to ROS, H2DCF is oxidized to produce the fluorescent molecule DCF. The fluorescence 

intensity was detected with the use of a spectrofluorometer at the emission and excitation wavelengths 

of 485 and 530 nm, respectively. A volume of the prepared H2DCF solution was added to each sample to 

achieve final concentrations of 5 μM. The samples were incubated in the dark for at least 20 min at RT to 

allow the reaction to reach completion. Fluorescence intensity was measured within 60 minutes. All 

experiments were conducted in triplicate.  

5.1.10 Oxidative stress evaluation  

 
The antioxidant activity of NBs was studied using the malondialdehyde (MDA) test as an oxidative stress 

assay. MDA is formed after oxidative stress via lipid peroxidation, and its concentration in biological fluids 

can be experimentally determined by adding Thiobarbituric acid (TBA). This assay is based on a 

condensation reaction, where two molecules of TBA react with one molecule of MDA to form the MDA-

TBA adduct, an indicator for evaluating the effectiveness of various compounds in mitigating oxidative 

stress. Four types of NB formulations (Blank CS-NBs, Oxy-CS-NBs, Curc-CS-NBs, Curc-Oxy-CS-NBs) were 

tested following this procedure: 0.1 mL of distilled water, 0.2 mL of SDS, 1.5 mL of phosphoric acid, and 

100 μL of liposomes were prepared, followed by the addition of 100 μL of the respective NBs. Next, 1 mL 

of TBA solution was added. Samples were heated at 100 °C for 45 min, cooled, extracted with 1-butanol, 

and the supernatant was analyzed by UV spectrophotometry at 535 nm. The absorbance of MDA–TBA 

adducts reflected lipid peroxidation and the oxidative stability of the tested NBs. 
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5.2 Formulation of a household disinfectant spray based on benzalkonium chloride-loaded 

nanodroplets 

 

5.2.1 Determination of the Critical Micelle Concentration of Tween 20 and BKC 

 
The CMC values of Tween 20 and BKC were calculated. A series of surfactant solutions (Tween 20, BKC) 

with varying concentrations were prepared, ranging from below to above the expected CMC.  

The following concentrations were tested for BKC: 0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6, 1.8, 2, 2.2, and 2.4 

mg/mL. The following concentrations were tested for Tween 20: 0.001, 0.002, 0.005, 0.01, 0.02, 0.05, 

0.07, 0.1, 0.2, 0.5 and 1 mg/mL. Surface tension of surfactant solutions was conducted using a Du Noüy 

ring tensiometer. Measurements were conducted in triplicate. A graph of surface tension (γ) vs. surfactant 

concentration was plotted, showing a decrease in surface tension as the surfactant concentration 

increased. Once the CMC was reached, the surface tension plateaued, indicating micelle formation. The 

CMC value was determined as the concentration at the breakpoint in the curve, where a distinct change 

in slope was observed.  

 

5.2.2 Preparation of BKC-NDs formulations 

 

5.2.2.1 Preparation of the first generation of BKC-NDs 

 
A library of BKC-NDs containing 1% v/v of limonene was developed with three different BKC 

concentrations, a low BKC concentration (0.008% w/v), an intermediate BKC concentration (0.08% w/v), 

and a high BKC concentration (2.4% w/v), as reported in Table 8. The first generation of BKC-NDs exhibited 

a core of DFP in which limonene was dispersed, and a shell of BKC aqueous solution. Tween 20 was used 

as an emulsifier to stabilize the NDs by reducing surface tension and preventing phase separation.  

¶ BKC-NDs 0.008% w⁄v  

The DFP-cored NDs formulations were prepared starting from a refined manufacturing method previously 

described in section 5.1.1. Initially, 54.50 μL of limonene was incorporated into 295.5 μL of DFP in an ice 

bath. Then, drop by drop, 300 μL of a 3% v/v Tween 20 aqueous solution and 150 μL of a 3 mg/mL BKC 

aqueous solution were added under vigorous stirring. A pre-emulsion was formed by gradually adding the 

appropriate amount of ultrapure water to the mixture, continuing the stirring process. The system was then 

homogenized using an Ultra-Turrax® homogenizer for 2 minutes at 25,000 rpm until a homogeneous nano 

emulsion was achieved. 

¶ BKC-NDs 0.08% w⁄v  

To obtain BKC-NDs 0.08%, 150 μL of a 30 mg/mL BKC aqueous solution were added drop by drop to the 

mixture DFP, limonene and Tween 20 in an ice bath. Then, a pre-emulsion was formed as previous by 

gradually adding the appropriate amount of ultrapure water under stirring. The system was then 
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homogenized with Ultra-Turrax® homogenizer for 2 minutes at 25,000 rpm until a homogeneous nano 

emulsion was achieved. 

¶ BKC-NDs 2.4% w⁄v  

To obtain BKC-NDs 2.4%, 4.65 mL of a 30 mg/mL BKC aqueous solution were added drop by drop to the 

mixture DFP, limonene and Tween 20 in an ice bath. The pre-emulsion was then homogenized with Ultra-

Turrax® homogenizer for 2 minutes at 25,000 rpm until a homogeneous nano emulsion was formed. 

 

Table 8: A library of BKC-NDs with 1% v/v of limonene  
Three different BKC concentrations were used: a low BKC concentration (0.008% w/v), an intermediate 
BKC concentration (0.08% w/v), and a high BKC concentration (2.4% w/v) 

Volume composition (mL) 

Formulations DFP Limonene 
Tween 20 

(3% v/v) 

BKC aqueous  

solution 
H20 Total volume 

BKC 0.008% w/v  

(w/o DFP) 
0.295  0.055 0.300  

0.150 

(from 3 mg/mL) 
4.95  5.65  

BKC 0.08 % w/v  

(w/o DFP) 
0.295 0.055 0.300 

0.150 

(from 30 mg/mL) 
4.95  5.65  

BKC 2.4 % w/v 

(w/o DFP) 
0.295 0.055 0.300 

5 mL 
(from 30 mg/mL) 

- 5.80  
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5.2.2.2 Preparation of the second generation of BKC-NDs 

 
In the second generation of BKC-NDs, the core of DFP was replaced, maintaining only 1% v/v of the 

essential oil limonene. A library of BKC-NDs without DFP was developed at three different BKC 

concentrations (0.008% w/v, 0.08% w/v and 2.4% w/v) as listed in Table 9. 

¶ BKC-NDs 0.008% w⁄v without DFP  

Initially, 300 μL of a 3% Tween 20 aqueous solution and 150 μL of a 3 mg/mL BKC aqueous solution were 

added under vigorous stirring to 54.50 μL of limonene. A pre-emulsion was formed by gradually adding 

the appropriate amount of ultrapure water to the mixture, continuing the stirring process. The system 

was then homogenized using an Ultra-Turrax® homogenizer for 2 minutes at 25,000 rpm until a 

homogeneous nano emulsion was achieved. 

¶ BKC-NDs 0.08% w⁄v without DFP  

To obtain BKC-NDs 0.08 % without DFP, 150 μL of a 30 mg/mL BKC aqueous solution were added drop by 

drop to the mixture of limonene and Tween 20. Then, a pre-emulsion was formed as previous by gradually 

adding the appropriate amount of ultrapure water under stirring. The system was then homogenized with 

Ultra-Turrax® homogenizer for 2 minutes at 25,000 rpm until a homogeneous nano emulsion was 

achieved. 

¶ BKC-NDs 2.4% w⁄v without DFP 

To obtain BKC-NDs 2.4% without DFP, 5 mL of a 30 mg/mL BKC aqueous solution were added drop by drop 

to the mixture of limonene and Tween 20. The pre-emulsion was then homogenized with Ultra-Turrax® 

homogenizer for 2 minutes at 25,000 rpm until a homogeneous nano emulsion was formed. 

 
Table 9: A library of BKC-NDs without DFP with 1% of limonene  
Three different BKC concentrations were used, a low BKC concentration (0.008% w/v), an intermediate 
BKC concentration (0.08% w/v), and a high BKC concentration (2.4% w/v) 

Volume composition (mL) 

Formulations Limonene 
Tween 20 

(3% v/v) 

BKC aqueous 

solution 
H20 Total volume 

BKC 0.008% w/v  

(w/o DFP) 
0.055 0.300 

0.150 

(from 3 mg/mL) 
4.95 5.45 

BKC 0.08 % w/v  

(w/o DFP) 
0.055 0.300 

0.150 

(from 30 mg/mL) 
4.95 5.45 

BKC 2.4 % w/v 

(w/o DFP) 
0.055 0.300 

5 
(from 30 mg/mL) 

- 5.35 
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All the disinfectants were prepared and stored in spray bottles at RT, mimicking the real conditions of a 

cleaning product for the house. 

 

5.2.3 Physicochemical characterization of BKC-NDs 

 
The average diameter, PDI and ζ of the formulations were measured with Malvern Zetasizer Pro at RT. The 

analyses were performed at 25 °C, diluting samples in ultrapure water (1:100 v/v). Each measured value was 

the average of three. Then the pH of the formulations was measured with a pH meter.  

 

5.2.4 Rheology studies of BKC-NDs 

 

Rheological measurements were performed using a rotational viscometer equipped with an SC4-18 

rotating spindle. The samples were analyzed at a controlled temperature of 25°C control using a water 

bath. BKC-NDs spray disinfectants were stored at RT and directly used for the rheological studies. The 

formulations were transferred into the viscometer's measurement chamber in 8 mL of volume. The 

viscosity was measured at different shear rates ranging from 66 to 330 s⁻¹, with the following values used: 

66, 99, 112.2, 132, 198, 264, 330, 264, 198, 132, 99, 66 s⁻¹. The range of shear rates was selected to cover 

both low and high shear rate regions. For each shear rate value, the viscometer recorded the dynamic 

viscosity (η) and the shear stress, which were then plotted as a function of the shear rate. Three 

replicates were performed to ensure the reproducibility of the results. 

 

5.2.5 Determination of the surface tension  

 
The surface tensions of BKC-NDs (0.008%w/v, at 0.08%w/v and 2.4%w/v), with and without DFP, were 

measured using a digital tensiometer with Du Noüy ring method. Measurements were performed in 

triplicate. The reduction in surface tension relative to water was compared with the formulations and with 

BKC aqueous solution at the same concentration.  

 

5.2.6 Stability of the disinfectant over time 

 
The stability of the disinfectants was evaluated over time and at different temperatures. Chemical and 

physical stability were assessed by monitoring color and pH changes, as well as the formation of 

precipitation or phase separation. Additionally, particle average diameter and ζ (measured by Malvern 

Zetasizer Pro), and viscosity were analyzed. Formulations were exposed to different environmental 

conditions, including RT, 37°C, and extreme conditions (45-50°C), to simulate long-term storage through 

the accelerated aging assay. 
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5.2.7 Spray angle measurement  

 
The spray angles of the disinfectants were measured and compared with the ones of water and of aqueous 

solution of BKC at the same concentration. Prior to the setup of the spray angle assay, the disinfectants 

were colored to allow the visualization of their spray with two drops of a water solution of eosin 1% w/v. 

The disinfectants were sprayed on a blotting paper, maintaining a horizontal position of the spray bottle 

and 15 cm between the nozzle and the application surface. The Equation 7 was applied to measure the 

spray angles. 

Equation 7: Definition of spray angle based on spray width and distance. 

3ÐÒÁÙ ÁÎÇÌÅs ςz ὸὥὲ
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Where d is the diameter of the spray and L is the distance between the nozzle and the blotting paper. 

 

5.2.8 Contact angle measurement  

 

An optical tensiometer was employed to measure the contact angle of disinfectants to quantify the 

wetting of a solid surface (e.g., glass, plastic) by the disinfectant, providing an indication of its efficiency. 

The contact angle is geometrically defined as the angle formed by a liquid at the three-phase boundary 

point where a liquid, gas, and solid intersect. It was measured by capturing and analyzing the shape of a 

liquid droplet on a solid surface: a) a droplet of liquid was dispensed on the solid substrate using a needle; 

b) a high-resolution camera captured an image of the droplet on the surface; c) the droplet shape was 

fitted with the Young–Laplace theoretical model by the software, which calculated the contact angle by 

detecting the baseline (solid–liquid interface) and the tangent at the liquid–vapor interface.  

The contact angles of the disinfectants were measured and compared with those of water and of an 

aqueous solution of BKC at the same concentration, as an indication of the wettability of the disinfectant. 

A contact angle lower than 30° indicates a optimal wettability of the disinfectant, suggesting enhanced 

spreading and surface coverage. 

 

5.2.9 Colorimetric method for BKC detection 

 
The in situ residual BKC presence was qualitatively investigated with a colorimetric assay after mimicking 

the household cleaning action of wiping away the sprayed disinfectants193. Bromophenol blue (BPB) was 

used as an indicator, since its purple color at pH 7.4 turns blue upon complexation with quaternary 

ammonium compounds. The disinfectants based on BKC were sprayed once on a glass surface. 

Subsequently, they were dried with tissue paper. Then a solution of BPB (80 mg/mL) in phosphate buffer 

0.1 M pH 7.4 was sprayed over the area where the disinfectant was previously applied. The performed 

assay was schematized in Figure 20. The solutions turning blue demonstrated the ability of BPB to detect 
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BKC. The greater the color changes, the higher the residual presence of BKC on the surface after the 

disinfectants were wiped away. 

 

 

 

5.2.10 Quantitative determination of Benzalkonium chlorides with HPLC 

 
The quantitative determination of BKC was performed using an HPLC Shimadzu system equipped with a 

UV/Vis spectrophotometric detector. A mixed-mode chromatography column, the Thermo Scientific™ 

Acclaim™ Surfactant Plus (150 mm × 3 mm, 3 μm pore size; Thermo Scientific, Waltham, Massachusetts, 

USA), was employed, utilizing both reversed-phase and anion-exchange separation mechanisms194.  

The mobile phase consisted of a mixture of ACN and 75 mM KH₂PO₄ (pH 3, adjusted with H₃PO₄) in a 1:1 

(v/v) ratio, pumped at a flow rate of 0.425 mL/min. The injection volume was 20 μL, and the column 

temperature was maintained at 25°C. BKC quantification was carried out using the external standard 

method, based on a standard calibration curve prepared with six working standard solutions (5–200 

μg/mL). These solutions were obtained by adding defined volumes of the stock standard solution (1000 

μg/mL) and diluting with water. Before the injection, the samples were filtered through a 0.22 μm filter.  

 

5.2.11 Quantitative determination of Limonene with HPLC 

 

The concentration of limonene was quantified with an HPLC Shimadzu system equipped with a UV/Vis 

detector and a reverse phase C18 column (150 mm × 4.6 mm, 5 μm pore size; Agilent 5 TC-C18). The 

column temperature was maintained at 25°C and the samples were injected in a volume of 20 μL. The 

mobile phase was a mixture of MeOH and water in a ratio of 85:15 (v/v) and the flow rate was 1 mL/min. 

Limonene was detected with a wavelength of 204 nm. A calibration curve for limonene was plotted in the 

Figure 20: A schematic representation of the colorimetric assay for BKC 
The assay was performed after mimicking household action of wiping away the sprayed disinfectant to 
detect the residual BKC presence. Created with BioRender.com 
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range of 0.5-100 μg/mL with serial dilution in mobile phase from 1000 μg/stock solution. Prior to injection, 

samples were filtered through a 0.22 μm filter. 

 

5.2.12 Encapsulation efficiency and loading capacity 

 
EE% and LC% of BKC-NDs, with and without DFP (0.008%, 0.08% and 2.4% w/v), were determined using 

the established HPLC method194. Samples were diluted with an ACN/water solution (1:1, v/v), centrifuged 

(5 min, 60,000 rpm), and the supernatant was filtered before injection. EE% was calculated using the 

following equation, accounting for dilution factors (Equation 8): 

 

Equation 8: Definition of encapsulation efficiency (EE%) for BKC-NDs 

Ϸ %ÎÃÁÐÓÕÌÁÔÉÏÎ ÅÆÆÉÃÉÅÎÃÙ %%
!ÍÏÎÔ ÏÆ "+# ÉÎ ÔÈÅ ÆÏÒÍÕÌÁÔÉÏÎÓ 
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Instead, LC% of the formulations were calculated using the following formula (Equation 9): 

 

Equation 9: Definition of loading capacity (LC%) for BKC-NDs 

Ϸ ,ÏÁÄÉÎÇ ÃÁÐÁÃÉÔÙ ,#
!ÍÏÎÔ ÏÆ "+# ÉÎ ÔÈÅ ÆÏÒÍÕÌÁÔÉÏÎÓ 

4ÏÔÁÌ -ÁÓÓ ÏÆ ÆÏÒÍÕÌÁÔÉÏÎ #ÁÒÒÉÅÒ  "+#
ρzππ 

 

The same procedure was employed for the calculation of EE% and LC% of limonene for each formulation. 

Therefore, samples were diluted 1:1000 with the mobile phase employed for limonene HPLC 

quantification. Then, samples were centrifuged (5 min, 60,000 rpm), and the supernatant was filtered. 

 

5.2.13 In vitro release studies of BKC from the disinfectants 

 
The in vitro release of BKC from all formulations with and without DFP (0.008% w/v, 0.08% w/v, and 2.4% 

w/v) was evaluated using a dialysis method. Each formulation (3 mL) was sealed in a dialysis bag 

(Spectra/Por cellulose membrane, 14 kDa cutoff) and placed into 30 mL of water as the receiving phase. 

The BKC release from the different formulations was compared to that from aqueous solutions at the 

same concentrations (0.008% w/v, 0.08% w/v, and 2.4% w/v). At predetermined time points, 1 mL of the 

receiving phase was withdrawn and replaced with an equal volume of water to maintain sink conditions. 

The release study was conducted for up to 24 hours. The withdrawn samples were analyzed by the HPLC 

BKC quantification method and the percentage of release over time was plotted.  

Besides, the mechanism of BKC release from BKC-NDs was investigated by fitting the in vitro experimental 

results to different mathematical kinetic models (i.e., first-order kinetic model, Higuchi model, 

Korsmeyer–Peppas model, Weibull model, Peppas-Sahlin model, Hixson-Crowell, and Gompertz). The 
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release profiles of BKC were modelled with the add-in of Microsoft Office Excel DDSolver for drug release 

modelling189. 

 

5.2.14 In vitro release studies of limonene from the disinfectants 

 
The in vitro release kinetic of limonene from BKC-NDs was investigated using a multicompartment rotating 

cell at RT up to 27 hours. Each formulation was inserted in the donor compartment (1mL), which was 

separated by a dialysis membrane (Spectra/Por cellulose membrane, cutoff 14 KDa) from the receiving 

phase, consisting of 1 mL of an aqueous solution of SDS 0.1% w/v. At fixed times the receiving phase was 

withdrawn and replaced with the same amount of the aqueous solution of SDS 0.1% w/v, to maintain the 

sink conditions. Withdrawn samples were filtered 0.22 μm and analyzed with the HPLC method for 

limonene quantification. The cumulative % of release vs. time was plotted for the series of disinfectants. 

 

5.2.15 Antimicrobial assay for BKC based disinfectants 

 
MIC and MBC values were determined using a serial twofold dilution method. The disinfectants were 

diluted in a 96-well microtiter plate to final concentrations ranging from 12 to 0.006 μg/mL (12, 6, 3, 1.5, 

etc.) for the formulation at a concentration of 0.08% w/v. Each well received 100 μL of a bacterial 

suspension containing 10⁶ CFU/mL, the plates were incubated at 37 °C for 24 hours. MIC is defined as the 

lowest concentration at which no visible bacterial growth is observed. MBC is identified as the lowest 

concentration at which no CFUs were detected starting from wells in which MIC was observed. A broth 

containing bacterial cells without treatment served as the negative control. All tests were conducted in 

duplicate and repeated at least three times. 

 

5.2.15.1 Quantitative suspension test method 

 
The quantitative suspension test was conducted following the EN 1040:2005 guidelines for evaluating 

chemical disinfectants and antiseptics. Bacterial culture was grown on a MHB for 18-24 hours. The 

resulting suspension was then diluted with sterile isotonic sodium chloride to achieve a final 

concentration of 10⁸ CFU/mL. To simulate skin or wound conditions, an additional inoculum was prepared 

with the same bacterial concentration (10⁸ CFU/mL), incorporating bovine serum albumin to a final 

concentration of 0.3 mg/mL, in accordance with ISO EN 1040:2005 specifications. A volume of 0.1 mL of 

each inoculum (with and without protein contamination) was added to 0.4 ml of the test substance. The 

mixtures were incubated at 30°C for 15 minutes and 1 hour, respectively. The bactericidal action was 

stopped by the addition of 0.05 mL of water and 0.4 mL of neutralizing solution, the procedure was 

performed in a water bath at 20 °C, 5 minutes. Subsequently, serial dilutions were performed, and 0.1 mL 

https://www.sciencedirect.com/topics/immunology-and-microbiology/bacterium-culture


 93 

aliquots were plated onto NA. CFUs were counted after 24 hours of incubation at 37°C. The bactericidal 

effect was quantified using the log₁₀ reduction factor (RF), calculated by Equation 10: 

 

Equation 10: Logarithmic reduction factor (RF) used to assess bactericidal effect 

 

ὙὊ ÌÏÇὲὧ  ÌÏÇὲὨ 

 

where nc is the CFU count before treatment and nd is the CFU count after exposure to the test compound. 

Each experiment was performed in duplicate and repeated at least three times. RF values ranged from 0 

to 7, with higher values indicating greater bacterial reduction. According to established regulatory criteria, 

an antiseptic/disinfectant is considered effective if it achieves an RF between ≥3 and ≥5, depending on its 

intended application.  
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5.3 Micro droplets formulated with fatty acid esters of glycerol for the delivery of essential oils 

 

5.3.1 Synthesis of Biodiesel  

 
Biodiesel was obtained through a transesterification process using crude rapeseed oil. Rapeseed oil is a 

vegetable oil extracted from the seeds of the rapeseed plant. It is composed of triglycerides mainly of 

oleic acid (C18:1), linoleic acid (C18:2) and linolenic acid (C18:3), as reported in Figure 21.  

 

Figure 21: Molecular structure of rapeseed oil, mainly composed of oleic acid, linoleic acid and linolenic 
acid 

MeOH (221 g, 32.04 g/mol) and potassium hydroxide (KOH, 25 g, 56.11 g/mol) were added to a 2-liter 

round-bottom flask, which was heated to 65°C under reflux in a nitrogen atmosphere with continuous 

stirring. Crude rapeseed oil (997.3 g) was then added, and the mixture was stirred at the controlled 

temperature for 2 hours. The reaction was stopped and neutralized with acetic acid (26.3 g) to remove 

catalyst and prevent the formation of soaps. The temperature was increased to 100°C under reduced 

pressure (-0.9 bar) to remove MeOH. Once no more MeOH evaporated, the reaction was stopped, and 

the mixture was allowed to cool. After cooling, glycerol was separated by decantation, and the ester phase 

was washed with water (30.3 g) to remove residual impurities. The final biodiesel product was collected 

without further purification. The reaction mechanism is reported in Figure 22. 

oleic acid 

linoleic 
acid 

linolenic acid 
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Figure 22: Transesterification for the synthesis of Biodiesel from rapeseed oil  

 

5.3.2 Synthesis of a mixture of mono-, di, tri- glycerides of lauric acid and glycerol  

Glycerol (552 g, 6 mol, 92 g/mol, 1.5 eq.) was stirred at 80°C in a 2-liter round-bottom flask. Lauric acid 

(800 g, 4 mol, 200 g/mol, 1 eq.) was gradually added to the glycerol with continuous stirring until 

completely dissolved. p-TSA monohydrate (22 g, 0.12 mol, 190.22 g/mol) was then introduced as a 

catalyst. The reaction mixture was heated to 130°C under reflux in a nitrogen atmosphere and reduced 

pressure (-0.9 bar) for 4 hours. The progress of the reaction was monitored by observing the release of 

water. The reaction was stopped when no additional water was detected, indicating the completion of 

esterification. The mixture was then neutralized by slowly adding 30% v/v NaOH solution (19.3 g, 0.15 

mol, 40 g/mol), ensuring complete neutralization of the catalyst. Finally, glycerol (200 g, unreacted) was 

separated by decantation, and the ester phase was washed with water (200 g) to remove residual 

impurities. The final ester product was collected without further purification. The reaction mechanism is 

reported in Figure 23. 
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5.3.3 Synthesis of a mixture of mono-, di, tri- glycerides of palmitic acid and glycerol  

Glycerol (560 g, 6.08 mol, 92 g/mol, 2.0 eq.) was stirred at 80°C in a 2-liter round-bottom flask. Palmitic 

acid (750 g, 2.92 mol, 256 g/mol, 1.0 eq.) was gradually added to the glycerol and stirred until completely 

dissolved. p-TSA monohydrate (22 g reflux, a nitro, 0.12 mol, 190.22 g/mol) was then introduced as a 

catalyst. The reaction mixture was heated to 130°C under gen atmosphere, and reduced pressure (-0.9 

bar) for 4 hours. The reaction was monitored and stopped when no additional water was released, 

indicating completion of the esterification. The mixture was neutralized by adding 30% v/v NaOH solution 

(14.7 g, 0.12 mol, 40 g/mol), ensuring complete neutralization of the catalyst. Glycerol (250 g, unreacted) 

was separated by decantation, and the ester phase was washed with water (200 g) to remove residual 

water-soluble impurities. The final ester product was collected without further purification. The reaction 

mechanism is reported in Figure 24. 
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5.3.4 Synthesis of a mixture of mono-, di, tri- glycerides of lauric acid and glycerol formal 

 

Glycerol formal (595 g, 5.72 mol, 104 g/mol, 1.9 eq.) was stirred at 80°C in a 2-liter round-bottom flask. 

Lauric acid (600 g, 3 mol, 200 g/mol, 1.0 eq.) was gradually added to the glycerol and stirred until 

completely dissolved. p-TSA monohydrate (40 g reflux, 0.21 mol, 190.22 g/mol) was then introduced as a 

catalyst. The reaction mixture was heated to 110°C under nitrogen atmosphere, and reduced pressure (-

0.9 bar) for 4 hours The progress of the esterification was monitored, and the reaction was stopped when 

no further water was released, indicating completion. The mixture was then neutralized by the addition 

of a 30% v/v NaOH solution (28 g, 0.21 mol, 40 g/mol) to ensure complete neutralization of the catalyst. 

Subsequently, glycerol formal was removed by stripping at 170 °C under nitrogen and reduced pressure. 

After evaporation, the two phases were separated, and the organic phase was washed with water and 

then filtered under vacuum. The final ester product was collected without further purification. The 

reaction mechanism is reported in Figure 25. 

 

 
Figure 25: The Fischer Esterification like mechanism of action of the synthesis of a mixture of mono-, 
di, tri- glycerides of lauric acid and glycerol formal 

 

5.3.5 Synthesis of a mixture of mono-, di, tri- glycerides of palmitic acid and glycerol formal 

 
Glycerol formal (628 g, 6.03 mol, 104 g/mol, 2.0 eq.) was stirred at 80°C in a 2-liter round-bottom flask. 

Palmitic acid (800 g, 3.13 mol, 256 g/mol, 1.0 eq.) was gradually added to the glycerol and stirred until 

completely dissolved. p-TSA monohydrate (40 g reflux, a nitro, 0.21 mol, 190.22 g/mol) was then 

introduced as a catalyst. The reaction mixture was heated to 110°C under nitrogen atmosphere, and 

reduced pressure (-0.9 bar) for 4 hours. The progress of the esterification was monitored, and the reaction 

was stopped when no further water was released, indicating completion. The mixture was then 
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neutralized by the addition of a 30% v/v NaOH solution (28 g, 0.21 mol, 40 g/mol) to ensure complete 

neutralization of the catalyst. Subsequently, glycerol formal was removed by stripping at 170 °C under 

nitrogen and reduced pressure. After evaporation, the two phases were separated, and the organic phase 

was washed with water and then filtered under vacuum. The final ester product was collected without 

further purification. The reaction mechanism is reported in Figure 26. 

 

Figure 26: The Fischer Esterification like mechanism of action of the synthesis of a mixture of mono-, 
di, tri- glycerides of palmitic acid and glycerol formal 

 

5.3.6 Fourier Transform Infra-Red Spectroscopy (FTIR) 

 
Fourier transform infrared (FTIR) spectra of the synthesized glycerol esters with fatty acids were recorded 

using the KBr disc method on a Perkin Elmer System 2000 spectrophotometer (4000–650 cm⁻¹). Data were 

acquired with Spectrum software version 5.0.2 (Perkin Elmer Inc., Hopkinton, MA, USA). 

 

5.3.7 Differential Scanning Calorimetry (DSC) 

 
Thermal analysis of the synthesized glycerol esters with fatty acids was performed using a DSC/7 

differential scanning calorimeter (Perkin-Elmer, Branford, CT, USA), equipped with a TAC 7/DX controller 

and Pyris Manager software. The instrument was calibrated with indium. Approximately 3 mg of each 

sample were sealed in aluminum pans and heated from 25 to 280 °C at 10 °C/min under nitrogen flow, 

with an empty pan as reference. Each analysis was performed in triplicate. 
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5.3.8 HPLC quantification of the synthetized fatty acid esters based on glycerol and glycerol formal 

The synthetized ester mixtures, glyceryl laurate (GL), glyceryl palmitate (GP), glyceryl formal laurate (GFL), 

glyceryl formal palmitate (GFP), were quantified with a PerkinElmer HPLC system equipped with a Flexar 

RID detector and a reverse phase C18 column (150 mm × 4.6 mm, 5 μm pore size; Agilent 5 TC-C18). The 

column temperature was maintained at RT and the samples were injected in a volume of 20 μL. The mobile 

phase was a mixture of ACN and water in a ratio of 80:20 (v/v) with formic acid 0.1% v/v and the flow rate 

was 1 mL/min. The calibration curves for the monoesters of GL and GP, Lauroyl-rac-glycerol and D-

Palmitin, were prepared by diluting 10 mg/mL stock solutions, previously prepared in MeOH with 0.1% 

v/v formic acid, using the mobile phase. Prior to injection, samples were filtered through a 0.22 μm filter. 

 

5.3.9 Critical Micelle Concentration of fatty acid esters of glycerol and glycerol formal determination 

 
The CMC values of fatty acid esters of glycerol and glycerol formal were calculated. Different 

concentrations of fatty acid esters were dissolved in a solution of water and ethanol (80:20, v/v %). The 

working concentrations for GL and GFL solutions were: 0.5, 0.2, 0.1, 0.05, 0.02, 0.01, 0.005, 0.002, 0.001 

mg/mL. In contrast, the concentrations started from 0.1 mg/mL for GP and from 0.25 mg/mL for GFP due 

to solubility limitations. The surface tension of the solutions was measured in triplicate using a Du Noüy 

ring tensiometer. A graph of surface tension (γ) vs. log of surfactant concentration was plotted, showing 

a decrease in surface tension as the surfactant concentration increased.  

 

5.3.10 Preparation of MDs based of fatty acid esters of glycerol and glycerol formal  

 
A library of MDs based on fatty acid esters of glycerol and glycerol formal was developed with different 

ester concentrations, as summarized in Table 10 and in Table 11. The MDs were formulated with tailored 

modifications, based on established methods previously optimized for the preparation of curcumin- and 

BKC-based NDs, as described in sections 5.1.1 and 5.2.2, respectively. A tween 20 aqueous solution (3% 

v/v, 100 μL) was added drop by drop to a 350 μL of limonene core. Subsequently, 300 μL of ethanolic 

solution of esters at different concentrations was added as surfactant and lipophilic core. The 

concentrations of GL used was 50 mg/mL and 0.3 mg/mL, the concentration of GP used was 0.3 mg/mL, 

the concentrations of GFL were 100 mg/mL and 0.3 mg/mL and the concentration of GFP was 0.5 mg/mL 

and 0.3 mg/mL. 

A pre-emulsion was formed by gradually adding the appropriate amount of ultrapure water to the 

mixture, continuing the stirring process. The system was then homogenized using an Ultra-Turrax® 

homogenizer for 2 minutes at 25,000 rpm until a homogeneous nano emulsion was achieved. 
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Table 10: Composition of MDs based on glycerol esters 

Volume composition (mL) 

Formulations Description Limonene 
Tween 20 

(3% v/v) 

Ester 

ethanolic 

solution 

H20 
Total 

volume 

Glyceryl 

Laurate 

(GL) 

GL (0.28 % w/v) + 

6.4 % v/v Limonene 
0.350 0.100 

0.300 

(from 50 mg/mL) 
4.70 5.45 

GL (0.0018 % w/v) + 

6.4 % v/v Limonene 
0.350 0.100 

0.300 

(from 0.3 mg/mL) 
4.70 5.45 

Glyceryl 

Palmitate 

(GP) 

GP (0.0018 % w/v) + 

6.4 % v/v Limonene 
0.350 0.100 

0.300 
(from 0.3 mg/mL) 

4.70 5.45 

 
Table 11: Composition of MDs based on glycerol formal esters 

Volume composition (mL) 

Formulations Description Limonene 
Tween 20 

(3% v/v) 

Ester 

ethanolic 

solution 

H20 
Total 

volume 

Glyceryl 

Formal 

Laurate 

(GFL) 

GFL (0.56 % w/v) + 

6.4 % v/v Limonene 
0.350 0.100  

0.30  

 (from 100 

mg/mL) 

4.70 5.45 

GFL (0.0018 % w/v) + 

6.4 % v/v Limonene 
0.350 0.100 

0.30 

(0.3 mg/mL) 
4.70 5.45 

Glyceryl 

Formal 

Palmitate 

(GFP) 

GFP (0.0028% w/v) + 

6.4 % v/v Limonene 
0.350 0.100 

0.30 
(0.5 mg/mL) 

4.70 5.45 

GFL (0.0018 % w/v) + 

6.4 % v/v Limonene 
0.350 0.100 

0.30 

 (0.3 mg/mL) 
4.70 5.45 

 
 

5.3.11 Physicochemical characterization of micro droplets based on glycerol and glycerol formal esters 

 
The average diameter, PDI and ζ of the formulations were measured with Malvern Zetasizer Pro at RT, 

diluting samples in ultrapure water. Each measured value was the average of three. Then, the pH of the 

formulations was measured with a pHmeter.  
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5.3.12 Rheology studies of MDs based on glycerol and glycerol formal esters 

 

Rheological properties were assessed using a rotational viscometer fitted with an SC4-18 spindle. 

Measurements were conducted at a controlled temperature of 25 °C, maintained by a water bath. The 

MDs, stored at RT, were used directly without further treatment. An 8 mL aliquot of each sample was 

placed into the viscometer’s measurement chamber. Viscosity readings were taken across a range of shear 

rates from 66 to 330 s⁻¹, specifically at the following values: 66, 99, 112.2, 132, 198, 264, 330, followed by 

a descending sequence of 264, 198, 132, 99, and 66 s⁻¹ to check for any thixotropic behavior. At each 

shear rate, the dynamic viscosity (η) was recorded and plotted as a function of shear rate. All 

measurements were performed in triplicate to ensure data reliability and reproducibility. 

 

5.3.13 In vitro release kinetics of esters from MDs 

 
The in vitro release kinetics of the esters from the MDs was investigated using a multicompartment 

rotating cell at RT over 26 hours. Each formulation was inserted in the donor compartment (1mL), which 

was separated by a dialysis membrane (Spectra/Por cellulose membrane, cutoff 14 KDa) from the 

receiving phase, consisting of 1 mL of water. At fixed time points, the receiving phase was withdrawn and 

replaced with the same amount of water, to maintain the sink conditions. Samples were lyophilized and 

subsequently resuspended in MeOH with 0.1% v/v of formic acid, filtered through a 0.22 μm membrane, 

and analyzed using the respective HPLC method. The cumulative percentage of ester release over time 

was then plotted for the series of esters. 

 

5.3.14 In vitro release kinetics of limonene from MDs 

 
The in vitro release kinetics of limonene from the MDs was investigated using a multicompartment 

rotating cell at RT over 26 hours. Each formulation was inserted in the donor compartment (1 mL), which 

was separated by a dialysis membrane (Spectra/Por cellulose membrane, cutoff 14 KDa) from the 

receiving phase, consisting of 1 mL of water. At fixed times the receiving phase was withdrawn and 

replaced with the same amount of water, to maintain the sink conditions. Withdrawn samples were 

filtered 0.22 μm and analyzed with the HPLC method for limonene quantification previously reported in 

section 5.2.11 . The cumulative % of release vs. time was plotted for the series of esters. The in vitro 

release assay of the MD formulation (GFL 0.56% w/v) was also conducted in SDS 0.1% w/v under the same 

conditions to investigate potential differences between the two solvents, considering the low solubility of 

limonene in water. The cumulative percentage release of this formulation was then plotted alongside the 

results obtained using water as the receiving phase. 
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5.4 Formulation of O/W emulsions as cleansers based on fatty acids esters of glycerol and 

glycerol formal 

 

5.4.1 Formulation of the cleanser based on fatty acid esters  

 
Different cleansers based on the various synthesized fatty acid esters were prepared (GL, GP, GFL and 

GFP) in the form of emulsions. The oil-in-water (O/W) emulsions were prepared using the hot 

emulsification method, which involves separately heating the oil and water phases before combining 

them under high-shear mixing using an inverse emulsification process.   

Composition of water phase: 

¶ Deionized water (pre-boiled to eliminate microorganisms) q.s. to 100% 

¶ Sodium benzoate (0.3% w/v) 

¶ Xanthan gum (1% w/v) 

¶ Glycerol (3% w/v). 

Composition of oil phase: 

¶ Each ester mixture serves both as lipid and emulsifier: GL, GP, GFL and GFP. 

The emulsions were carried out according to the following protocol. The water phase was heated up 

to 70–80°C, followed by the addition of sodium benzoate under continuous stirring. Xanthan gum was 

then slowly dispersed into the solution and allowed to hydrate for 1 hour under mixing. Subsequently, 

glycerol was added and stirred for an additional 15 minutes. 

In parallel, the oil phase was prepared by heating the ester mixture to 70-75°C until complete fusion was 

achieved. The emulsification process was carried out by gradually adding the water phase into the oil 

phase under high shear mixing, following the inverse emulsification method. Initially, the low water 

content led to the formation of a water-in-oil (W/O) emulsion, which progressively inverted into an oil-in-

water (O/W) emulsion as more water was incorporated. A formulation study was conducted to determine 

the optimal amount of the ester mixture required to develop a stable emulsion with effective detergent 

properties and low viscosity, making it suitable for use as a cleanser. The ester mixture concentration was 

gradually increased from 5% to 12% w/v. The final emulsion compositions were selected based on the 

highest ester concentration that enabled both emulsion formation and stability. Emulsion formation was 

monitored through visual inspection and particle size measurement using optical microscopy. In 

conclusion, optimized emulsions were prepared for each ester GL, GP, GFL and GFP.  

 

5.4.2 Rheological studies of the cleansers based on fatty acid ester of glycerol and glycerol formal 

 
Rheological measurements of the final emulsions based on glycerol and glycerol formal were performed 

using a rotational viscometer equipped with an SC4-25 rotating spindle. The flow experiment was 
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performed at a constant temperature of 25° C using a water bath. The emulsions were stored at RT and 

directly used for rheological studies. The formulations were transferred into the viscometer's 

measurement chamber in 16 mL of volume and measurements over a range shear rate of 0.11 to 22 s− 1. 

The range of shear rates was selected to cover both low and high shear rate regions. For each shear rate 

value, the viscometer recorded the dynamic viscosity (η), which was then plotted as a function of the 

shear rate. Three replicates were performed to ensure the reproducibility of the results. 

 

5.4.3 Stability of the cleansers based on fatty acid ester of glycerol and glycerol formal 

 

The stability of the emulsions was assessed over time by monitoring changes in viscosity, pH and particle 

morphology using microscopic analysis. The analysis was conducted at time zero and after one month. 

In addition, the cleansers underwent an accelerated aging test at 45 °C for 72 hours to assess their stability 

under thermal stress. Following the accelerated aging test, the viscosity and particle morphology of the 

cleansers were evaluated. 

 

5.4.4 Quantification of fatty acid ester of glycerol and glycerol formal loaded in the cleansers 

 
The content of fatty acid esters of glycerol and glycerol formal loaded in the cleansers was quantified 

using the HPLC quantification method for the esters developed in section 5.3.8. For the quantification, 

100 µL of each ester was extracted three times in 300 µL of chloroform. The chloroform phase containing 

the ester content was evaporated and then the dried residue was resuspended in 1ml of a suitable solvent 

for its dissolution. Methanol with 0.1% v/v of formic acid was used for GL and GFL, while a mixture of 

Acetone and DMSO (80-20%) was used for GP and GFP. The samples were filtered 0.22 µm prior to being 

analyzed with the HPLC. 

 

5.4.5 In vitro release kinetics of the fatty acid esters from the cleansers 

 

The in vitro release kinetics of fatty acids esters of glycerol and glycerol formal from the cleansers was 

investigated using a multicompartment rotating cell over 90 minutes. Each formulation was inserted in 

the donor compartment (1mL), which was separated by a dialysis membrane (Spectra/Por cellulose 

membrane, cutoff 14 KDa) from the receiving phase, consisting of 1 mL of water. At fixed times the 

receiving phase was withdrawn and replaced with the same amount of water, to maintain the sink 

conditions. The withdrawn samples were lyophilized and resuspended in 0.3 mL of the according solvent 

to be analyzed by HPLC analysis. The cumulative % of ester release vs. time was plotted for the series of 

esters. 
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5.4.6 Franz cell diffusion assay of the fatty acid esters from the cleansers through porcine skin 

 
In the in vitro permeation study porcine skin was selected as skin model due to its well-documented 

similarity to human skin in terms of morphology and permeability195,196. The animal ears were collected 

immediately after the suppression and stored at - 25 °C for up to four months. Thirty minutes before the 

start of the experiment, the piglet ears were thawed in a physiological solution at RT. The skin was 

examined to select the parts with integrity and absence of flaws before to be cut into 4 cm² square pieces. 

The permeation study was performed in a Franz-type static diffusion cells that were placed under 

continuous stirring on a plate stirrer. Square skin pieces were mounted between the donor and receptor 

chamber held together by a clamp with the stratum corneum facing the donor chamber. The physical 

integrity and the absence of leakage of the employed skin was assessed pouring distilled water in the 

Franz-type cells. The volume of the receptor compartment was 9 mL, and it was filled with water as 

receptor fluid. The temperature of the system was maintained at 32 ± 1 °C by circulation of thermostated 

water in the jacket surrounding the cell. Each formulation (0.5 mL) was inserted in direct contact with the 

porcine skin surface in the Franz cell and covered with parafilm. The permeation study was carried out for 

90 min. The cleanser is meant to be rinsed off right after the application, but the remaining quantity of 

permeated material was evaluated over a longer period of 90 min. At selected time points (0, 5, 10, 15, 

30,45, 60 and 90 min) 9.0 mL of each receptor sample was withdrawn and immediately replaced with an 

equal volume of water to maintain sink conditions. All the experiments were conducted in triplicated. The 

withdrawn samples were lyophilized and resuspended in suitable mobile phase to be analyzed by HPLC 

analysis. The donor phases were collected, and the esters were extracted with the previously explained 

method. After the experiment, the skin was washed with 3 mL of water. The horny layer of the skin 

(stratum corneum) was separated from the viable layers of the skin, epidermidis and dermis by stripping 

method. Accordingly, the skin flaps were stripped 28 times with adhesive tape to separate the horny layer. 

The adhesive tape is applied for 10 seconds under a little pressure and then removed. The strip fractions 

are dissolved in 6 ml of EtOH, put under stirring for 24 hours and analyzed with HPLC analysis. The residual 

skin fractions, that represent epidermidis and dermis, were thereafter cut into small pieces and extracted 

with 10 mL of ethanol and analyzed via HPLC after 0.22 mm filtration. 

The permeation of a substance through the skin was calculated with the permeation flux (J), as reported 

in Equation 11: 

 

Equation 11: Permeation flux J calculated as the mass transported per unit area and time. 

ὐ
Ὠὗ

ὃ Ὠὸ
 

where dQ is the amount of substance permeated (µg or mg), A is the area of exposed membrane or skin 

(cm²), and t is the time (hours). 
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6. Results and discussion 

 

6.1 Encapsulation of curcumin in chitosan-shelled nanobubbles as a “green” antimicrobial 

formulation against antibiotic resistance 

 

The results obtained in this part of the thesis led to the publication of the following research paper, where 

I am listed as first co-author197: 

Munir Z, Molinar C, Banche G, Argenziano M, Magnano G, Cavallo L, Mandras N, Cavalli R, Guiot C. 

Encapsulation in Oxygen-Loaded Nanobubbles Enhances the Antimicrobial Effectiveness of 

Photoactivated Curcumin. International Journal of Molecular Sciences. 2023; 24(21):15595. 

https://doi.org/10.3390/ijms242115595 

 

6.1.1 Physicochemical characterization of NBs  

The physicochemical parameters of blank NBs and loaded NBs, including average diameter, PDI, and ζ are 

reported in Table 12. NBs exhibited an average diameter of approximately 438 nm, with an increase in 

diameter observed after the respective loading of curcumin and oxygen (511 nm and 521 nm). 

Table 12: The physicochemical characteristics of curcumin -loaded NBs 
b.ǎ ŜȄƘƛōƛǘŜŘ ŀƴ ŀǾŜǊŀƎŜ ŘƛŀƳŜǘŜǊ ƻŦ ŀǇǇǊƻȄƛƳŀǘŜƭȅ поу ƴƳΣ ŀ ƭƻǿ t5L ŀƴŘ ŀ ǇƻǎƛǘƛǾŜ ʸ. The results are 
reported as the mean ± standard deviation (SD) (n = 3). Adapted from 197 

Formulations 
Average Diameter  

(nm) ± SD 

Polydispersity Index  

± SD 

 y 

(mV) ± SD 

Blank NBs 438 ± 18 0.15 ± 0.06 +35 ± 1 

Curc-CS-NBs 511 ± 25 0.28 ± 0.02 +30 ± 2 

Curc-Oxy-CS-NBs 521 ± 30 0.29 ± 0.02 +31 ± 1 

 

A positive ζ was measured in Blank NBs due to the presence of chitosan in the shell, while the inclusion of 

curcumin in Curc-CS-NBs and Curc-Oxy-CS-NBs slightly reduced the positive charge. Coalescence, an 

aggregation process that can occur between NBs, was prevented by sufficiently high ζ values. The pH 

range of NBs ranged from 4.80 to 5.40. It was observed that the diameter of NBs partially increased after 

two months of storage but remaining below 600 nm. Indeed, as shown in Figure 27, the red bar of the 

histogram, that represents the NBs average size after two months, had an increase of around 9.20% - 

12.19% in comparison to the blue indicating the size at 0 time. Therefore, pH and ζ values were equivalent 

over 2 months of time.  
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Figure 27: The average diameter of the Curc-CS-NBs, and Curc-Oxy-CS-NBs adter 2 months 
The blue bar of the histogram corresponds to measurements at time 0 and the red color after 2 months. 
Reproduced from197 

 
All the NBs formulations were analyzed using fluorescence microscopy. In Figure 28, a fluorescence 

microscopy image of Curc-CS-NBs can be observed. They show a spherical shape with fluorescent shells 

that confirm the presence of CCC on the surface.  

 

 

 

 

 

 

 

Figure 28: Fluorescence microscopy image of Curc-CS-NBs  
Curcumin is conjugated to the NBs shell and dissolved in the core (scale bar 500 nm). Reproduced from 197 
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6.1.2 HPLC quantification of curcumin  

 

Curcumin was successfully encapsulated both in the core and within the chitosan shell of NBs with high 

EE% values of 87.8 % and 89.2%, respectively for Curc-CS-NBs and Curc-Oxy-CS-NBs (Table 13). An LC% 

value below 10% was measured for all NB formulations.  

 

Table 13: EE% and LC% of Curc-CS-NBs and Curc-Oxy-CS-NBs 
Curc-CS-NBs and Curc-Oxy-CS-NBs exhibited high EE% values and LC values around 5%. Adapted from 197 

Formulations 

Encapsulation 

Efficiency 

(EE%) 

Loading capacity 

(LC%)  

Curcumin concentration 

in NBs 

(µg/mL) ± SD 

Curc-CS-NBs 87.7 4.3 743 ± 44 

Curc-Oxy-CS-NBs 89.2 5.3 743 ± 49 

 

6.1.3 In vitro release study of curcumin from Curc- CS-NBs and Curc-Oxy- CS-NBs 

 
In the in vitro release study of curcumin from Curc-CS-NBs and Curc-Oxy-CS-NBs, the release reached 

69.14% and 66.98%, respectively, after 48 hours (Figure 29). These results suggest that curcumin is 

released with sustained kinetics over time. 
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Figure 29: The in vitro release kinetics of curcumin from the NBs 
The results are reported as the mean ± SD (n = 3). The release profile of Curc-CS-NBs and Curc-Oxy-CS NBs 
demonstrated a sustained release of curcumin from both the NB formulations over time. Adapted from197 
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6.1.4 Minimum inhibitory concentration of Curc- CS-NBs and Curc-Oxy- CS-NBs 

 
The antibacterial activity of Curc-CS-NBs and Curc-Oxy-CS-NBs was evaluated both with and without LED 

light photoactivation. The MIC values, reported in Table 14, show an increase in antibacterial activity after 

three hours of photodynamic activation against all tested bacterial strains, for both types of NBs. Indeed, 

the MIC values of Curc-CS-NBs and Curc-Oxy-CS-NBs for E. coli were 46.4 μg/mL and 92.8 μg/mL, 

decreasing to 46.4 μg/mL after photoactivation. However, the best antibacterial activity was observed in 

particular for S. aureus and E. faecalis. The MIC values for S. aureus were 92.8 μg/mL and 46.4 μg/mL, 

respectively, without LED exposure and they dropped after photoactivation to 46.4 μg/mL and 11.6 

μg/mL. In the case of E. faecalis, Curc-CS-NBs and Curc-Oxy-CS-NBs for S. aureus were 46.4 μg/mL and 

92.8 μg/mL and decreased to 23.2 μg/mL and 46.4 μg/mL after LED light illumination. 

 

Table 14: MIC values of Curc-CS-NBs and Curc-Oxy-CS-NBs  
MIC values were measured with and without LED light photoactivation on different bacterial strains, 
including E. coli, S. aureus and E. faecalis. The application of 3 hours of LED light resulted in MIC reduction. 
Adapted from 197 

Bacteria 

MIC (µg/ml) 

NO LED 

MIC (µg/ml) 

3 h LED 

Curc-CS-NBs Curc-Oxy-CS-NBs Curc-CS-NBs Curc-Oxy-CS- NBs 

E. coli 46.4 92.8 46.4 46.4 

S. aureus 92.8 46.4 46.4 11.6 

E. faecalis 46.4 92.8 23.2 46.4 

 

6.1.5 Time-kill kinetics assay for Curc- CS-NBs and Curc-Oxy- CS-NBs 

 

Curc- CS-NBs and Curc-Oxy- CS-NBs were evaluated for antibacterial efficacy at three times the MIC of 

curcumin198 against the three bacterial strains. The formulations were analyzed with and without three 

hours of LED illumination at different time points until 72 hours. Among the tested formulations, oxygen-

loaded NBs exposed to LED irradiation exhibited the highest antibacterial activity, showing the greatest 

MIC reduction values. 

 

Escherichia coli ATCC 25922  

The findings, reported in Figure 30, indicated that Curc-Oxy-CS-NBs exhibited prolonged time-kill kinetics 

against the E. coli strain, especially when exposed to LED light. Oxygen-loaded NBs under LED irradiation 

effectively restricted bacterial growth, achieving a MIC concentration (46.4 μg/mL) three times lower than 

that of free curcumin. Therefore, the combination of curcumin-loaded NBs with oxygen and LED light 

proves effective in eliminating even Gram-negative bacteria like E. coli. 
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Notably, the antibacterial activity of the NBs was not clear in the MIC and MBC evaluation because the 

initial release of curcumin is minimal. However, in the time-kill test, the prolonged release of curcumin 

from the NBs enhanced antibacterial action over an extended period. 

 

Staphylococcus aureus ATCC 29213  

For Curc-Oxy-CS-NBs tested against S. aureus, a significantly enhanced antimicrobial activity was observed 

under LED irradiation, with a MIC value of 12 μg/mL. In contrast, a higher MIC of 93 μg/mL was needed 

to achieve comparable bacterial growth control over a 3-day period without LED exposure (Figure 31). 

 

Enterococcus faecalis ATCC 29212  

In the case of Curc-Oxy-CS-NBs against E. faecalis the results, reported in Figure 32, indicated that 

effective bacterial growth inhibition relies on the combined action of curcumin, oxygen, and LED  

irradiation. 

 

Figure 30: Graphical depiction of the bactericidal effects of Curc-CS-NBs and Curc-Oxy-NBs against E. 
coli  
(a) Time-kill curves of both formulations in the absence of LED light exposure. (b) Time-kill curves following 
LED light exposure. Results are presented as mean ± SEM from three independent experiments and 
ŜȄǇǊŜǎǎŜŘ ƛƴ [ƻƎ /C¦κƳ[Φ {ǘŀǘƛǎǘƛŎŀƭ ŀƴŀƭȅǎƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ {ǘǳŘŜƴǘΩǎ t-test. Significance levels vs 
control: * p = 0.0332, ** p = 0.0021, *** p  = 0.0002, **** p< 0.0001. Reproduced from197 
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Figure 31: Graphical depiction of the bactericidal effects of Curc-CS-NBs and Curc-Oxy-NBs against S. 
aureus  
(a) Time-kill curves of both formulations in the absence of LED light exposure. (b) Time-kill curves following 
LED light exposure. Results are presented as mean ± SEM from three independent experiments and 
expressed in Log CFU/mL. Data were evaluated for significance by Students t-test. Vs controls: * p = 0.0332; 
** p =0. 0021; **** p < 0.0001. Reproduced from 197 
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Figure 32: Graphical representation of the killing activity against E.faecalis of Curc-CS-NBs and Curc-
Oxy-NBs  
(a) Time-kill kinetics of the two formulations without exposure to LED light. (b) Time kill kinetics of the two 
formulations with exposure to LED light. Results are shown as means ± SEM from three independent 
experiments and expressed as Log CFUs/mL. Data were evaluated for significance by Students t-test. Vs 
controls: * p = 0.0332; ** p =0. 0021, **** p < 0.0001. Reproduced from197 
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6.1.6 Evaluation of NBs uptake by bacteria through Confocal Microscopy Analysis  

Membrane damage induced by NBs combined with light irradiation, as well as the internalization of NBs 

within bacterial cells, was examined using confocal microscopy. Figure 33 shows confocal microscopy 

images of Curc-CS-NBs after exposure to LED light for 3 hours and 24 hours. Curc-CS-NBs showed 

adherence to the E. coli cell wall without evidence of internalization at both 3 hours and 24 hours (A). In 

contrast, Curc-CS-NBs seemed to be internalized by staphylococci (B) and enterococci (C). 

 

Figure 33: Confocal microscopy images showing Curc-CS-NBs interacting with bacterial cells 
 Panel A illustrates adhesion to E. coli cell walls, while panels B and C display internalization by S. 
aureus and 9Φ ŦŀŜŎŀƭƛǎΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ .ŀŎǘŜǊƛŀƭ ǎǳǎǇŜƴǎƛƻƴǎ όмлю /C¦κƳ[ύ ǿŜǊŜ ŜƛǘƘŜǊ ǳƴǘǊŜŀǘŜŘ ƻǊ 
incubated with 10% coumarin-labelled NBs for 3 and 24 hours. Fluorescence labelling: red = propidium 
iodide (PI); green = coumarin. Images acquired at 60× magnification. Reproduced from197 

  



 115 

 

6.1.7 Lactate Dehydrogenase assay 

The release of LDH served as an indicator of bacterial membrane damage resulting from the antibacterial 

activity of NBs. Specifically, Figure 34 showed the percentage of release of LDH for Curc-CS-NBs and Curc-

Oxy-CS-NBs against different bacterial strains, both with and without LED irradiation. In the absence of 

LED light, LDH release in a dark environment ranged from 6% to 49%. With light irradiation, LDH release 

increased to between 10% and 85%. Notably, the extent of bacterial membrane damage varied across the 

different bacterial strains, which was attributed to the production of ROS induced by the presence of 

oxygen and LED irradiation. 

 

Figure 34: LDH release activity of Curc-CS-NBs and Curc-Oxy-CS-NBs with and without exposure of LED 
light against different bacterial strains 
Panel A illustrates the LDH assay for E. coli, panel B for S. aureus and panel C for E. faecalis. Data were 
evaluated for significance by Students t-test. Vs controls (without LED): * p = 0.0332; ** p = 0.0021; *** p 
= 0.0002; **** p < 0.0001. Results are shown as means ± SEM (n=3). Reproduced from197 
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6.1.8 Reactive oxygen species quantification 

 
The aim of the current research was to study the influence of curcumin and oxygen’s presence in NBs, as 

well as the exposure to LED light (1 or 3 h) on ROS production, which induces oxidative stress and, 

consequently, cell damage. The results showed that Curc-based NBs, when exposed to 3 hours of LED light 

and loaded with oxygen, produced a significantly higher amount of ROS (expressed as fluorescence 

intensity, RFU) compared to the conditions without these factors (Figure 35). Furthermore, it was 

observed that ROS production decreased as the curcumin content in the NBs increased. 

 

Figure 35: ROS production quantification 
A higher ROS production amount resulted from 3 hours LED application (0ς3 h) and when oxygen was 
present at high and low concentrations of curcumin in Curc-CS-NBs and Curc-CS-Oxy-NBs. Results are 
shown as means ± SEM. Reproduced from197 
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6.1.9 Oxidative stress evaluation  

 
The antioxidant activity of curcumin loaded in NBs was assessed using the MDA test, and the results are 

shown in Figure 36. A decrease in MDA levels, a marker of oxidative stress, was observed in the curcumin-

loaded formulations compared to the blank NBs. This demonstrated that the antioxidant activity of 

curcumin is preserved when encapsulated in NBs (p < 0.001). 

 

Figure 36: The antioxidant activity of curcumin loaded in NBs was evaluated  
Curc-CS-NBs and Curc-Oxy-CS-NBs demonstrated a highly significant reduction in lipid peroxidation 
compared to blank NBs, denoted by *** indication p<0.001 Data were evaluated for significance by 
Students t-test. Results are shown as means ± SEM (n=3). Reproduced from197  
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6.2 Formulation of a household disinfectant spray based on benzalkonium chloride-loaded 

nanodroplets 

 
A research paper based on the results of this part of the thesis is currently in preparation. 
 

6.2.1 Determination of Critical Micelle Concentration of surfactants 

For the development of vesicular formulations of household disinfectants based on BKC, the CMC of the 

starting materials was evaluated. As amphiphilic molecules, Tween 20 and BKC spontaneously form 

micelles in water when their concentration exceeds CMC value. Indeed Tween 20 consists of polyethylene 

glycol groups as the hydrophilic part and lauric acid as the hydrophobic part, whereas BKC has a 

hydrophilic quaternary ammonium head and a hydrophobic alkyl chain. CMC values of BKC and Tween 20 

were determined as the concentration at the point of intersection of the two equations, where the slope 

of the line undergoes a significant change. Tween 20 showed a CMC of 0.01 mg/mL and BKC of 1.19 mg/mL 

(Figure 37).  
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Figure 37: Determination of CMC for Tween 20 and BKC 
Surface tension vs. surfactant concentration was plotted, showing a decrease in surface tension as the 
surfactant concentration increased. The CMC value was determined as the concentration at the breakpoint 
in the curve, where micelles are formed. Created with BioRender.com 

 

6.2.2 Preparation of BKC-NDs  

 
A formulation study for the development of BKC-NDs was conducted to evaluate their stability over time 

and their physicochemical properties such as average diameter, PDI and ζ at different concentrations of 

BKC, Tween 20, and limonene. The formulation study of BKC-NDs, that aimed to obtain stable nano 

systems, is summarized in Table 15. 

Initially, BKC-NDs were prepared without essential oil. Subsequently, 1% v/v of limonene was 

incorporated to enhance their antimicrobial activity. However, both formulations—with and without 

limonene—were found to be unstable without the addition of Tween 20, which acts as a surfactant and 

Critical Micelle Concentration of BKC 

Critical Micelle Concentration of Tween 20 
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emulsifier. Therefore, its presence was essential for system stability, but its concentration was reduced 

from 6% to 0.2% v/v to minimize the use of synthetic chemicals, thereby reducing both toxicity and 

environmental impact. The stability of the formulations with 1% v/v of limonene was then evaluated at 

various BKC concentrations ranging from 0.005% to 0.03% w/v. BKC-NDs displayed an average diameter 

ranging from around 400 nm to 900 nm and a positive ζ, attributed to the presence of the cationic 

surfactant. The particle diameter appeared to be inversely proportional to the BKC concentrations, with 

progressively smaller sizes observed at higher concentrations. Some formulations exhibited PDI higher 

than 0.3, probably due to a not homogenous preparation or a too low concentration of surfactants. 

BKC concentration was then raised to 2% w/v, aligning with typical levels in household disinfectants, as 

requested by the partner company. At the highest concentrations, the particle sizes reached their lowest 

values, generally remaining below 500 nm. In this case, the BKC concentration exceeded its calculated 

CMC, resulting in a different type of nano system, specifically micelles. Ultimately, the DFP core of the 

BKC nano emulsion was replaced with limonene due to concerns about its environmental persistence and 

non-biodegradability. The percentage of limonene was studied at 1% and 6% v/v, but it was then 

maintained at a maximum of 1% v/v to minimize the risk of allergic reactions. The formulations with 6% 

v/v of limonene displayed higher sizes than the ones with 1% v/v. Although at higher BKC concentrations, 

the formulations could be formed without Tween 20, they lacked homogeneity, showed high PDI, and 

contained larger particles. Building on this formulation study, a library of optimized BKC-NDs was 

developed with varying BKC concentrations (0.008%, 0.08%, and 2.4% w/v) using 0.16% v/v of tween 20 

and 1% v/v of limonene (Table 16).Two distinct generations of BKC-NDs were designed: the first featured 

a DFP core, while in the second, the DFP core was replaced with limonene due to concerns regarding its 

environmental persistence and non-biodegradability. All the final BKC-NDs were stored at RT. BKC-NDs 

exhibited a milky appearance. 
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Table 15: A formulation study for the preparation of BKC-NDs 
The following BKC-NDs were prepared: BKC-NDs, 1% v/v Limonene BKC-NDs, 1% v/v Limonene BKC-NDs with increased BKC % and BKC-NDs without DFP. The 
presence of Tween 20 was necessary to ensure homogeneity and smaller particle sizes, even though particles could still form without it. The formulation study 
was assessed over different BKC concentrations (low, intermediate and high) to evaluate BKC-NDs formation. Limonene concentration was reduced to 1 % (v/v) 
to minimize the risk of allergic reaction. Results are shown as means ± SD (n=3) 

ND Formulations 
DFP 

(%) v/v 

Tween 20  

(%) v/v 

BKC 

 (%) w/v  

Limonene 

(%) v/v 

Size 

(nm) ± SD 

PDI 

± SD 

 y 

(mV) ± SD 
Annotations 

BKC-NDs without 

Limonene 

5 - 0.1 

- - 
- 

 
- 

Not stable without 

Tween 20 

5 0.1 0.01 - 

5 0.2 0.005 - 

5 6 0.005 - 

1% v/v Limonene 

BKC-NDs 

 

5 - 0.005 1 - - - Not stable without 

Tween 20 5 - 0.01 1 - - - 

5 0.1 0.01 1 - - - - 

5 0.2 0.005 1 - - - - 

5 6 0.005 1 - - - - 

5 0.2 0.08 1 890 ± 9.4 0.60 ± 0.07 + 30.33 ± 1.95 - 

5 6 0.08 1 939 ± 16 0.34 ± 0.02 + 8.28 ± 0.50 - 

5 0.2 0.12 1 719 ± 35 0.52 ± 0.07 + 24.76 ± 1.72 - 

5 0.2 0.15 1 566 ± 40 0.27 ± 0.08 + 28.19 ± 1.80 - 

5 0.2 0.16 1 596 ± 42 0.18 ± 1.68 + 22.87 ± 1.68 - 

5 0.2 0.19 1 572 ± 8.9 0.25 ± 0.03 + 40.45 ± 2.00 - 

5 0.2 0.20 1 379 ± 41 0.30 ± 0.02 + 41.68 ± 1.67 - 

5 0.2 0.3 1 506 ± 11 0.14 ± 0.02 + 34.99 ± 1.51 - 
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1% v/v Limonene 

BKC-NDs 

with increased % of 

BKC 

5 - 1.8 1 421± 21 0.19 ± 0.02 + 49.25 ± 2.90 - 

5 - 1.9 1 304 ± 3.5 0.23 ± 0.03 + 42.62 ± 1.85 - 

5 0.1 1.8 1 342 ± 8.1 0.32 ± 0.01 + 41.47 ± 2.32 - 

5 3 1.8 1 587 ± 28 0.18 ± 0.05 + 32.23 ± 1.84 - 

5 0.1 1.9 1 450 ± 18 0.30 ± 0.03 + 41.95 ± 1.76 - 

5 3 1.9 1 493 ± 19 0.16 ± 0.03 + 39.96 ± 3.71 - 

5 0.1 2 1 285 ± 7.8 0.21 ± 0.02 + 56.76 ± 3.23 - 

BKC-NDs without 

DFP 
- 

0.2 1.6 1 155 ± 6.0 0.19 ± 0.01 + 43.60 ± 2.67 - 

- 1.6 6 553 ± 32 0.55 ± 0.03 + 40.89 ± 3.53 - 

0.2 1.6 6 448 ± 10 0.28 ± 0.04 + 22.82 ± 0.77 - 

0.2 1.9 1 294 ± 25 0.30 ± 0.03 + 42.57 ± 3.26 - 

- 1.9 6 961 ± 10 0.50 ± 0.04 + 40.86 ± 5.02 - 

0.2 1.9 6 448 ± 37 0.25 ± 0.09 + 27.12 ± 3.58 - 
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Table 16: Percentage composition of optimized spray disinfectants  
BKC-NDs were prepared with and without DFP. Tween 20 was present in low quantity to assure homogeneity 
and small particles. A range of BKC concentrations, from low to high, was used to investigate the 
concentration-dependent behavior of BKC-NDs. Limonene 1% v/v was used to limit the incoming of allergic 
reactions 

Spray disinfectants 
DFP 

(%) v/v 

Tween 20 

(%) v/v 

BKC 

 (%) w/v  

Limonene 

(%) v/v 

BKC-NDs 0.008% w/v 5 0.16 0.008 1 

BKC-NDs 0.08 % w/v  5 0.16 0.08 1 

BKC-NDs 2.4 % w/v 5 0.16 2.4 1 

BKC-NDs 0.008% w/v 

w/o DFP 
- 0.16 0.008 1 

BKC-NDs 0.08 % w/v 

 w/o DFP 
- 0.16 0.08 1 

BKC-NDs 2.4 % w/v 

w/o DFP 
- 0.16 2.4 1 

 
  



 124 

 

6.2.3 Physicochemical characterization of BKC-NDs 

 
BKC-NDs exhibited a nanometer-sized structure and a positive surface charge, due to the BKC coating. Table 

17 reports the average diameter, PDI, ζ and pH of BKC-NDs at low, intermediate and high BKC concentration 

(0.008%, 0.08%, 2.4% w/v). The average diameter of NDs increased after BKC loading, rising from 540 nm in 

blank NDs to 791 nm in BKC-NDs at 0.008% w/v, while ζ values shifted to a positive value. At higher BKC 

concentrations - specifically above the CMC - micelles formed as colloidal dispersions with a hydrophobic 

core and a hydrophilic shell, approximately 100 nm in size. Consequently, particle size decreased with 

increasing BKC concentration until reaching the CMC, where BKC-NDs at 2.4% w/v exhibited sizes around 118 

nm. Meanwhile, the ζ value of the formulations increased as the BKC concentration rose. The pH of the 

formulations remained stable, ranging between 4.5 and 5.5.  

 

Table 17: Physicochemical parameters of blank and loaded BKC-NDs 
BKC-NDs exhibited a nanometer-sized structure and a positive surface charge. The average diameter 
decreased increasing BKC concentration due to micelle formation. ζ was positive after BKC loading and pH 
was around 4.5 and 5.5. Results are shown as means ± SD (n=3) 

ND Formulations 
Average Diameter 

(nm) ± SD 

Polydispersity Index 

(PDI) ± SD 

 y

(mV) ± SD 
pH 

NDs blank  540.23 ± 68 0.40 ± 0.01 -12.01 ± 0.59 5.10 

BKC-NDs 0.008% w/v  791.12 ± 44 0.30 ± 0.01 +32.76 ± 0.58 5.50 

BKC-NDs 0.08 % w/v 273.00 ± 14 0.28 ± 0.04 +65.47 ± 1.05 4.40 

BKC-NDs 2.4 % w/v 119.12 ± 1.26 0.17 ± 0.03 +73.67 ± 2.98 4.50 
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BKC-NDs without DFP exhibited a nanometer-sized structure, measuring below 250 nm, with a positive ζ that 

increased with BKC concentration. The dimensions of the second-generation disinfectants are smaller than 

those of the first generation, likely due to the absence of the DFP component. The pH of the formulations 

remained stable, ranging between 4.50 and 5.80. In Table 18 the average diameter, PDI, ζ-potential and pH 

are reported. 

 
Table 18: Physicochemical parameters of BKC-NDs without DFP 
BKC-NDs w/o DFP exhibited a nanometer-sized structure and a positive surface charge. The average diameter 
was lower compared to BKC-b5ǎ ǿƛǘƘ 5Ct ŘǳŜ ǘƻ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ 5CtΦ ʸ ǿŀǎ ǇƻǎƛǘƛǾŜ ŀŦǘŜǊ .Y/ ƭƻŀŘƛƴƎ ŀƴŘ 
pH was around 4.5 and 5.8. Results are shown as means ± SD (n=3) 

ND Formulations  

w/o  DFP 

Average 

Diameter  

(nm) ± SD 

Polydispersity 

Index 

(PDI) ± SD 

 y

(mV) ± SD 
pH 

BKC-NDs 0.008 % w/v (w/o DFP) 252.12 ± 16 0.20 ± 0.06 +4.91 ± 1.11 5.82 

BKC-NDs 0.08 % w/v (w/o DFP) 226.00 ± 1.66 0.24 ± 0.01 +11.73 ± 2.00 4.50 

BKC-NDs 2.4 % w/v (w/o DFP) 243.13 ± 23 0.21 ± 0.02 +15.44 ± 1.25 5.33 
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6.2.4 Rheology studies of BKC-NDs 

 
The rheological profiles of BKC-NDs with a DFP core (0.008% w/v, 0.08% w/v, and 2.4% w/v) were compared 

with water and plotted as flow curves (shear stress vs. shear rate) and viscosity curves (viscosity vs. shear 

rate). BKC-NDs exhibited a typical Newtonian fluid behavior, maintaining a constant viscosity as the shear 

rate increased, as shown in Figure 38. The slope of this line is low, indicating that BKC-NDs are Newtonian 

fluids with low viscosity. In the viscosity curve, BKC-NDs, as Newtonian fluids, form a horizontal line, 

confirming that viscosity remains constant regardless of the shear rate (Figure 39). Formulations with a 

constant viscosity allows an easy and uniform spread with long-term stability. 
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Figure 38: Shear stress vs. shear rate of water and BKC-NDs at 0.008% w/v, 0.08% w/v and 2.4% w/v 
BKC-NDs exhibited a typical Newtonian fluid behavior, maintaining constant viscosity as the shear rate 
increased 
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Figure 39: Viscosity vs. shear rate of water and BKC-NDs at 0.008% w/v, 0.08% w/v and 2.4% w/v 
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In the viscosity vs. shear rate curve, BKC-NDs, as Newtonian fluids, form a horizontal line, confirming that 
viscosity remains constant regardless of the shear rate 

 
The rheological profiles of BKC-NDs without DFP at 0.008% w/v, 0.08% w/v, and 2.4% w/v remain consistent 

with those of first-generation BKC-NDs, exhibiting Newtonian behavior with low viscosity. In Figure 40 and 

Figure 41 the flow curves and viscosity curves of formulations without DFP are reported. 
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Figure 40: Shear stress vs. shear rate of water and BKC-NDs at 0.008% w/v, 0.08% w/v and 2.4% w/v 
without DFP 
BKC-NDs without DFP exhibited typical Newtonian fluid behavior, maintaining a constant viscosity as the 
shear rate increased 
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Figure 41: Viscosity vs. shear rate of water and BKC-NDs at 0.008% w/v, 0.08% w/v and 2.4% w/v without 
DFP 
In the viscosity vs. shear rate curve, BKC-NDs without DFP, as Newtonian fluids, form a horizontal line, 
confirming that viscosity remains constant regardless of the shear rate 
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6.2.5 Surface tension studies of BKC-NDs 

 
The surface tension of BKC-NDs at 0.008% w/v, 0.08% w/v, and 2.4% w/v was compared to that of pure water 

and of aqueous BKC solutions at equivalent concentrations. As expected, water exhibited the highest surface 

tension (~70 mN/m). The BKC aqueous solution at 0.008% w/v showed a not significant reduction in surface 

tension compared to water, indicating minimal surfactant activity at this low concentration. Indeed, this 

concentration was well below the calculated CMC of BKC (1.19 mg/mL).  

As BKC concentration increased, the aqueous solutions at 0.08% w/v and 2.4% w/v both showed a significant 

reduction in surface tension. The 0.08% w/v concentration was close to the CMC, while 2.4% w/v was well 

above it. Although the surface tension at 2.4% w/v was slightly lower than at 0.08% w/v, the difference was 

minimal and not significant, indicating that surface tension had already plateaued near the CMC. 

However, for all BKC-NDs formulations a substantial decrease in surface tension was noted, highlighting their 

enhanced detergent capability, even at a concentration at 0.008% w/v (Figure 42). This behavior can be 

explained by the presence of an additional surfactant, Tween 20, in the BKC-ND formulations, which has a 

very low CMC of 0.01 mg/mL. Moreover, the nano-emulsion seems to improve the surfactant distribution, 

making it more effective compared to standard aqueous BKC solutions. These findings indicate that the BKC-

NDs effectively lower surface tension, enhancing their detergent and wetting properties even at low 

concentrations.  
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Figure 42: Comparison of surface tension between BKC-NDs, BKC aqueous solution and water  
BKC-NDs exhibited the highest reduction in surface tension regardless of BKC concentration (0.008% w/v, 
0.08% w/v and 2.4% w/v). BKC aqueous solution above 0.08% w/v exhibited no significant differences with 
BKC-NDs. BKC-NDs showed excellent detergent capacity and wetting properties. Data are expressed as mean 
± SD (n=3). One-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ {ƛŘŀƪΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘ ǎƘƻǿŜŘ ŀ ǎƛƎƴƛŦƛŎŀƴǘ effect of the 
reduction in surface tension between water and BKC-NDs (**** p<0.0001), and between BKC 0.008% w/v and 
BKC-NDs 0.008% w/v (**** p<0.0001) 

 
A similar reduction in surface tension was observed for BKC-NDs without DFP (Figure 43). These results 

suggest that both formulations exhibit excellent detergent capacity and wetting properties, even at a low 

BKC concentration where the aqueous BKC solution alone is not effective. 
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Figure 43: Comparison of surface tension between BKC-NDs w/o DFP, BKC aqueous solution and water 
BKC-NDs w/o DFP exhibited the highest reduction in surface tension regardless of BKC concentration (0.008% 
w/v, 0.08% w/v and 2.4% w/v). BKC aqueous solution above 0.08% w/v exhibited no significant differences 
with BKC-NDs. BKC-NDs w/o DFP showed excellent detergent capacity and wetting properties. BKC-NDs w/o 
DFP exhibit lower reduction of surface tension regardless of BKC concentration. Data are expressed as mean 
± SD (n=3). One-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ {ƛŘŀƪΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘ ǎƘƻǿŜŘ ǎǘŀǘƛǎǘƛŎŀƭ ǎƛƎƴƛŦƛŎŀƴŎŜ 
between water and BKC-NDs (*** p<0.001, **** p<0.0001), and between BKC 0.008% w/v and BKC-NDs 
0.008% w/v (** p<0.01) 
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6.2.6 Spray angles of the disinfectants 

 
The formulations were stored in a spray bottle mimicking a future household application of the product.  

The spray angle (θ) refers to the angle that liquid, flowing out from the nozzle of the spray bottle, forms 

between the centerline and the outer edges. The measure of the spray angle determines how widely the 

liquid disperses on the surface of application, giving an important indication on the efficiency of the 

disinfectant. In our field of application, as a product for household cleaning, a larger spray angle results in a 

wider coverage of the disinfectant, that allows greater disinfectant efficiency. The spray angles of the 

disinfectants were calculated and reported in Table 19.  

The calculated spray angle of water was around 62°. The aqueous solution at different concentrations of BKC, 

exhibited a reduced value of spray angle in a range between 42.00-48.50°. The spray angle of the disinfectant 

formulations was significantly greater than that of the BKC aqueous solution, with the highest value observed 

for the formulations at 0.008% w/v containing and lacking DFP, reaching 95.50° and 88.10°, respectively. 

Then, the formulations at 0.08% w/v, both with and without DFP, still exhibited wide spray angles of 86.10° 

and 83.90°, respectively. At 2.4% w/v - well above the CMC - the spray angle values were significantly reduced 

to 68.70° and 46.90°. At this higher concentration, the formation of micelles is likely to contribute to system 

stabilization, thereby reducing liquid dispersion during spraying. Indeed, the addition of a surfactant lowers 

the surface tension of the aqueous solution, resulting in a smaller droplets size that can enhance droplet 

spreading on target surfaces. Therefore, the addition of surfactants is widely employed in agricultural 

pesticides to result in a good deposition and coverage199. 

In conclusion, the BKC-NDs, both with and without DFP, significantly improved liquid dispersion during 

spraying by exhibiting wide spray angles, thereby enhancing the effectiveness of the disinfectant application. 

In particular, the widest spray angles were obtained with BKC-ND formulations, both with and without DFP, 

at a BKC concentration of 0.008% w/v and 0.08% w/v. Figure 44 shows the spray of each disinfectant 

formulations, each BKC aqueous solution and water on blotting paper that were performed to calculate the 

spray angle values. 
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Table 19: The spray angle measurement 
The spray angle of the disinfectants at different concentrations (0.008, 0.08 and 2.4 % w/v) was compared 
with water and BKC aqueous solutions at the same concentrations showing wide spray angle for formulated 
BKC  

Formulations {ǇǊŀȅ ŀƴƎƭŜ όʻύ 

water 62.00° 

BKC 0.008% w/v 43.60° 

BKC 0.08 % w/v 48.50° 

BKC 2.4 % w/v 42.00° 

BKC-NDs 0.008% w/v  95.5° 

BKC-NDs 0.08 % w/v  86.10 ° 

BKC-NDs 2.4 % w/v  68.70° 

BKC w/o DFP 0.008% w/v  88.10 ° 

BKC w/o DFP 0.08 % w/v  83.90 ° 

BKC w/o DFP 2.4 % w/v  46.90 ° 
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  BKC 2.4 % w/v  BKC 0.08 % w/v  

BKC-NDs 0.008 % w/v  BKC-NDs 2.4 % w/v  

BKC-NDs w/o DFP 0.008 % w/v  

water 

BKC 0.008 % w/v  

BKC-NDs 0.08 % w/v  

Figure 44: Spray of each disinfectant formulation on blotting paper that were used to measure the spray angles 
Disinfectants showed a wider spray coverage than BKC aqueous solutions at the same concentrations. Disinfectants 
with BKC 0.008% w/v and 0.08% w/v exhibited the greatest liquid dispersion, with consequent suspected highest 
efficiency 

BKC-NDs w/o DFP 0.08 % w/v BKC-NDs w/o DFP 2.4 % w/v 
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6.2.7 Contact angle measurement 

 
The contact angle was measured for the BKC-NDs formulations, both with and without DFP, and compared 

to BKC aqueous solutions at the same concentrations and to pure water (Table 20). Measurements were 

performed on two different surfaces — glass and plastic — to mimic various household cleaning scenarios 

(Figure 45,Figure 46). 

The results showed that increasing the concentration of BKC in aqueous solutions led to a decrease in the 

contact angle, indicating higher wettability of the solution, especially near and above CMC, where micelle 

formation occurs. 

When BKC was formulated into NDs, with or without DFP, the contact angles further decreased compared to 

the corresponding aqueous BKC solutions at the same concentrations, confirming enhanced surface 

wettability. This improved wettability suggests potentially greater disinfectant efficiency due to better 

spreading on surfaces. The best results were observed for BKC-NDs formulations near and above the CMC — 

specifically, BKC-NDs at 0.08 % w/v and 2.4 % w/v, both with and without DFP. For example: 

¶ On glass surfaces, contact angles of 8.09° (with DFP) and 9.02° (without DFP) were measured at 0.08 

% w/v, while at 2.4 % w/v, contact angles of 11.82° (with DFP) and 11.02° (without DFP) were 

observed. 

¶ On plastic surfaces, contact angles of 28.48° (with DFP) and 9.12° (without DFP) were measured at 

0.08 % w/v, while at 2.4 % w/v, contact angles of 11.62° (with DFP) and 5.05° (without DFP) were 

observed. 

Overall, these findings demonstrate that BKC formulated in NDs, especially at concentrations near or above 

the CMC, significantly improves wettability compared to simple aqueous solutions. This property is expected 

to enhance the spreading and disinfectant effectiveness on various household surfaces such as glass and 

plastic. 

 
Table 20: Contact angles of BKC-NDs with and without DFP 
Disinfectants improved wettability compared to BKC aqueous solutions at the same concentrations. 
Disinfectants with BKC 0.08% w/v and 2.4% w/v exhibited the lowest contact angles, with consequent 
suspected highest efficiency 

 

Formulations 
Contact angle όʻύ 

on a glass surface 

Contact angle όʻύ on a 

plastic surface 

water 31.82° 36.16° 

BKC 0.008% w/v 54.79° 67.48° 
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BKC 0.08 % w/v 37.09° 46.74° 

BKC 2.4 % w/v 20.18° 36.67° 

BKC-NDs 0.008% w/v  24.19° 37.93° 

BKC-NDs 0.08 % w/v  8.09° 28.48° 

BKC-NDs 2.4 % w/v  11.82° 11.62° 

BKC w/o DFP 0.008% w/v  23.03° 26.57° 

BKC w/o DFP 0.08 % w/v  9.02 ° 9.12° 

BKC w/o DFP 2.4 % w/v  11.02 ° 5.05° 

 

 
Figure 45: Contact angle of disinfectants on glass surface 
The calculated contact angles for disinfectants in comparison with BKC aqueous solutions and water on 
glass surface 
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Figure 46: Contact angle of disinfectants on plastic surface 
The calculated contact angles for disinfectants in comparison with BKC aqueous solutions and water on 
plastic surface 
 

6.2.8 Stability of the disinfectant over time 

 

The stability of the disinfectants was assessed under different environmental conditions through simple 

observation and by monitoring the average diameter, viscosity, to ensure stability over time. Both the 

formulations, with and without DFP, showed no phase separation or degradation over time. Over three 

months, BKC-NDs evolved from a milky to a transparent appearance as a result of micelle formation, leading 

to smaller nanostructures. This transition was observed within 3 days in BKC-NDs at 2.4% w/v, where the BKC 

concentration exceeded CMC, thus favoring micelle assembly. 

The stability of BKC-NDs was evaluated over six months at RT by monitoring the average diameter. The 

results, which are reported in Figure 47, indicate a progressive and significant decrease in particle size over 

time for all formulations. At an initial time, the BKC-NDs at 0.008% w/v exhibited the largest particle size, 

with an average diameter of 791 nm. After 1 month, the particle sizes were significantly reduced to 316 nm, 

by 3 months to 118 nm and by six months to 22 nm. For the other formulations, the initial particle sizes were 

already smaller compared to the 0.008% w/v formulation. The BKC-NDs at 0.08% w/v started with an average 

diameter of 273 nm, which decreased to 249 nm after 1 month, to 174 nm at 3 months reaching 129 nm at 

6 months. The BKC-NDs at 2.4% w/v had an initial particle size of 118 nm, 149 nm after 1 month, and 

decreased over time to 141 nm at 3 months and to 5 nm at 6 months. These findings suggest that all BKC-

NDs undergo a significant reduction in particle size over time, eventually reaching approximately <20 nm 

after six months, with the most significant decrease observed for the 2.4% w/v formulation (5 nm). This 
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behavior is likely due to the gradual reorganization of the system, leading to micelle formation originated 

from DFP evaporation or stabilization of formulations.   
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Figure 47:The average diameter of BKC-NDs over six months at RT 
Bars represent mean ± SD (n=3). Statistical analysis was performed using two-way ANOVA with Factor A 
(Time) and Factor B (Average diameter). A significant main effect was found for Factor A (p<0.0001) Factor B 
όǇғлΦлллмύ ŀƴŘ ǘƘŜƛǊ ƛƴǘŜǊŀŎǘƛƻƴ όǇғлΦлллмύΦ tƻǎǘ ƘƻŎ ŎƻƳǇŀǊƛǎƻƴ ό¢ǳƪŜȅΩǎ I{5ύ ǊŜǾŜŀƭŜŘ ǎƛƎƴƛŦƛŎŀƴǘ 
differences between selected groups 
 

BKC-NDs were stored at different temperatures (RT, 37°C, 45°C) over 1 month and changes in particle size 

were monitored (Figure 48). Even at different temperatures the average particle diameter was reduced after 

1 month across all formulations, with higher temperatures significantly accelerating the decrease. At time t0, 

the BKC-NDs at 0.008% w/v had the largest particle size, with an average diameter of 791 nm. After one 

month at RT, the BKC-NDs at 0.008% w/v exhibited a reduction in particle size to 316 nm, while the 0.08% 

w/v formulation decreased to 249 nm and the 2.4% w/v formulation remained around its value reaching 149 

nm. When stored at 37°C, the BKC-NDs at 0.008% w/v had a particle size of 289 nm, while the 0.08% 

w/v formulation reached 270 nm, and the 2.4% w/v formulation decreased to 140 nm. At 45°C, the reduction 

in particle size was the most significant, with a reduction of BKC-NDs 0.008% w/v, BKC-NDs 0.08% and BKC-

NDs 2.4% respectively to 53.6 nm, 107 nm and 3.2 nm. These results suggest that higher temperatures 

accelerate the reduction in particle size, even fall below 100 nm, likely due to enhanced molecular mobility 

and reorganization of the system.  
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Figure 48: The average diameter of BKC-NDs subjected to different temperatures (RT, 37°C, 45°C) over 1 
month 
Bars represent mean ± SD (n=3). Statistical analysis was performed using two-way ANOVA with Factor A 
(Temperature) and Factor B (Average diameter). A significant main effect was found for Factor A (p<0.0001), 
CŀŎǘƻǊ . όǇғлΦлллмύ ŀƴŘ ǘƘŜƛǊ ƛƴǘŜǊŀŎǘƛƻƴ όǇғлΦлллмύΦ tƻǎǘ ƘƻŎ ŎƻƳǇŀǊƛǎƻƴ ό¢ǳƪŜȅΩǎ I{5ύ ǊŜǾŜŀƭŜŘ ǎƛƎƴƛŦƛŎŀƴǘ 
differences between selected groups 

 
Figure 49 presents the average diameter of BKC-NDs without DFP at 0.008% w/v, 0.08% w/v and 2.4% w/v 

over six months at RT. The results show a progressive reduction in particle size diameter over time to values 

below 100 nm as in the case of BKC-NDs. However, the initial average diameter for all the formulation is 

approximately 250 nm. Specifically, the particle size of BKC formulations at 0.008% w/v decreased from 252 

nm to 145 nm after one month and further to 12.76 nm after three months and 22 nm after 6 months. At 

0.08% w/v, sizes ranged from 226 nm to 163 nm after one month, to 116 nm after three months and to 25 

nm after 6 months. For the 2.4% w/v formulation, sizes decreased from 243 nm to 6.2 nm after one month, 

to 99.7 nm after three months and to 48 nm after 6 months. 
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Figure 49: The average diameter of BKC-NDs without DFP over six months at RT 
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Bars represent mean ± SD (n=3). Statistical analysis was performed using two-way ANOVA with Factor A 
(Time) and Factor B (Average diameter). A significant main effect was found for Factor A (p<0.0001), Factor 
. όǇғлΦлллмύ ŀƴŘ ǘƘŜƛǊ ƛƴǘŜǊŀŎǘƛƻƴ όǇғлΦлллмύΦ tƻǎǘ ƘƻŎ ŎƻƳǇŀǊƛǎƻƴ ό¢ǳƪŜȅΩǎ I{5ύ ǊŜǾŜŀƭŜŘ ǎƛƎƴƛŦƛŎŀƴǘ 
differences between selected groups. 

 
Figure 50 illustrates the effect of increasing temperature (RT, 37 °C, and 45 °C) on particle size, showing—

similarly to what was observed for BKC-NDs—those higher temperatures led to a reduction in average 

diameter. After 1 month at 37°C the BKC-NDs without DFP have an average diameter below 150 nm, that 

reaches values under 100 nm at 45°C.  
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Figure 50: The average diameter of BKC-NDs without DFP subjected to different temperatures (RT, 37°C, 
45°C) over 1 month 
Bars represent mean ± SD (n=3). Statistical analysis was performed using two-way ANOVA with Factor A 
(Temperature) and Factor B (Average diameter). A significant main effect was found for Factor A (p<0.0001), 
CŀŎǘƻǊ . όǇғлΦлллмύ ŀƴŘ ǘƘŜƛǊ ƛƴǘŜǊŀŎǘƛƻƴ όǇғлΦлллмύΦ tƻǎǘ ƘƻŎ ŎƻƳǇŀǊƛǎƻƴ ό¢ǳƪŜȅΩǎ I{5ύ ǊŜǾealed significant 
differences between selected groups 

 
Figure 51 shows the average diameter for all the BKC-NDs, with and without DFP, over 6 months at 45°C, 

where particle sizes reached values below 20 nm. 
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Figure 51: The average diameter of BKC-NDs, with and without DFP subjected at 45°C over a period of 6 
months 
Bars represent mean ± SD (n=3). Statistical analysis was performed using two-way ANOVA with Factor A 
(Time) and Factor B (Average diameter). A significant main effect was found for Factor A (p<0.0001), Factor 
B (p<0.0001) and their interaction (p<0.0001). Post hoc ŎƻƳǇŀǊƛǎƻƴ ό¢ǳƪŜȅΩǎ I{5ύ ǊŜǾŜŀƭŜŘ ǎƛƎƴƛŦƛŎŀƴǘ 
differences between selected groups 

 
Finally, BKC-NDs exhibited reduction in size over time, and the solution became transparent. High 

temperatures facilitate the average diameter reduction. This behavior is explained with the formation of 

micelles. However, the BKC-NDs are believed to efficiently function over time. Indeed, wide spray angle and 

significant reduction in surface tension was found for 2.4% w/v formulation, with and without DFP, that 

already after few days exhibited a transparent aspect and smaller average diameter, related to micelles 

formation. 
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6.2.9 Colorimetric method for BKC detection 

 
A rapid, easy and safe colorimetric method for the detection of residual BKC was performed. BPB was 

employed as a colorimetric indicator that through ionic complexation with cationic ammonium groups turns 

from a violet color to a blue color. Figure 52 shows that increasing the concentration of BKC at a fixed BPB 

concentration, progressively the color resulted in a more intense blue shift, moving away from the violet 

color of the negative control (water). 

 

 

 

 

 

 

 

 

 

The residual BKC presence on the surface was qualitatively monitored with the established colorimetric method 

after mimicking the cleaning action of wiping away the disinfectant with tissue paper. At each concentration 

(0.008% w/v, 0.08% w/v, and 2.4% w/v), both types of formulations—with and without DFP—were compared to 

BKC aqueous solutions. Both types of formulations likely retained a higher presence of BKC after the removal of 

disinfectants by wiping, with a consequent blue shift of the color marker. In Figure 53 is presented the ability to 

maintain BKC of disinfectants in comparison with BKC aqueous solutions. 

  

water BKC 0.008 %w/v BKC 0.08 %w/v BKC 2.4 %w/v 

Figure 52: Safe and easy colorimetric method for the detection of BKC 
Greater the concentration of BKC, higher is the shift color from violet to blue consequent to the complexation 
between BPB and cationic quaternary ammonium groups 
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  Figure 53: Colorimetric method after mimicking the cleaning action of wiping away the disinfectant with a tissue paper 

Disinfectants at different concentrations (0.008% w/v, 0.08% w/v, and 2.4% w/v) exhibited an increased blue shift color 
compared with BKC aqueous solutions indicating their ability to maintain the active molecule after wiping away of the 
disinfectants 
 

BKC-NDs 0.008 % w/v  

BKC 2.4 % w/v  

BKC-NDs 0.08% w/v  

BKC -NDs 2.4 % w/v  

BKC-NDs w/o  DFP  
0.008 % w/v  

BKC 0.008 % w/v  

BKC 0.08 % w/v 
BKC-NDs w/o DFP 

 0.08 % w/v 

BKC-NDs w/o DFP 
 2.4 % w/v 
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6.2.10 Quantitative determination of Benzalkonium chlorides with HPLC 

As a quaternary ammonium surfactant, the BKC molecule remains charged during reversed-phase 

chromatography, which can affect the efficiency of its quantification. The strong, undesired ion-exchange 

interaction between the quaternary analyte and residual silanols on the surface of silica-based reversed-

phase columns makes it difficult for the cationic surfactant to elute with sharp and symmetrical peaks. 

Therefore, the Acclaim Surfactant Plus column, utilizing novel mixed-mode chromatography technology 

(reverse phase + ion exchange) and an advanced surface, was employed. This column effectively deactivates 

surface silanol activity and is designed to elute different types of surfactants (in the following order: cationic, 

non-ionic, amphoteric, and anionic).  

Additionally, maintaining appropriate levels of mobile phase ionic strength and acidity is essential for the 

separation of BKC on a reversed-phase column. The ionic strength and pH of the mobile phase influence the 

behavior of the cationic surfactant, which in turn affects retention and potentially the peak shape. 

In Figure 54 is reported the chromatogram of BKC at a concentration range from 5 to 200 μg/mL obtained 

using the Acclaim Surfactant Plus column with 75 mM KH₂PO₄ (pH 3, adjusted with H₃PO₄) in a 1:1 (v/v) ratio 

mobile phase. 

 

Figure 54: Chromatogram of BKC 
BKC chromatograms at a concentration range of 5-нлл ˃ƎκƳ[ ǎƘƻǿŜŘ ǘǿƻ ǇŜŀƪǎ ŀǘ ŀ ǊŜǘŜƴǘƛƻƴ ǘƛƳŜ ƻŦ нΦмф 
min and 2.50 min.  

0

100000

200000

300000

400000

500000

600000

700000

800000

0.00 1.00 2.00 3.00 4.00 5.00

A
re

a

minutes

Chromatogram of BKC

5 μg/mL

10 μg/mL

20 μg/mL

50 μg/mL

100 μg/mL

200 μg/mL



 144 

Two peaks corresponding to different BKC homologs were detected at retention times of 2.19 min and 2.50 

min. The peak observed at 2.19 minutes is attributed to the C12 homolog, the primary constituent of BKC, 

whereas the peak at 2.50 minutes is presumed to correspond to the C14 homolog, the secondary 

constituent200. The calibration curves for both peaks (2.19 min and 2.50 min) demonstrated linearity over the 

concentration range of 5 to 200 μg/mL, with regression coefficients of 0.999 and 0.998, respectively (Figure 

55). 

 
Figure 55: Calibration curve of BKC  
Calibration curves ƻǾŜǊ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǊŀƴƎŜ ƻŦ р ǘƻ нлл ˃ƎκƳ[ ǿƛǘƘ ǊŜƎǊŜǎǎƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘǎ ƻŦ лΦффф ŀƴŘ 
0.998 for peaks at 2.19 min and 2.50 min. Data are expressed as mean ± SD (n=3) 
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6.2.11 Quantitative determination of Limonene with HPLC 

 
The chromatogram of limonene at a concentration range from 0.5 to 100 μg/mL was obtained using the 

reverse phase C18 column with a mobile phase of MeOH in water in a ratio 85:15 (v/v). The peak of limonene 

was observed at 7.60 min (Figure 56). The calibration curve of limonene was linear between the range 0.5 to 

100 μg/mL with a regression coefficient of 0.999 as shown in Figure 57. 

 

 
Figure 56: Limonene chromatogram  
Limonene chromatogram at a concentration range of 0.5-1лл ˃ƎκƳ[ ǎƘƻǿŜŘ ŀ peak at a retention time of 
7.60 min  
 

 
Figure 57: Calibration curve of limonene 
The calibration curve was linear over the concentration range of 0.5 to 1лл ˃ƎκƳ[ ǿƛǘƘ ǊŜƎǊŜǎǎƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ 
of 0.999 
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6.2.12 Encapsulation efficiency and loading capacity of BKC 

 
The EE% and LC% values of BKC disinfectants - with and without DFP- at 0.008% w/v, 0.08% w/v, and 2.4% 

w/v were determined using the established HPLC method. BKC was successfully incorporated into all 

formulations, both with and without DFP, achieving high EE% values for all the formulations, as shown in 

Table 21 and in Table 22, respectively. LC% values increased significantly with BKC content, from 0.82% at 

0.008% w/v to 67.22% at 2.4 % w/v, reflecting the higher proportion of the active ingredient successfully 

encapsulated in the system. 

 

Table 21: EE (%) and LC (%) of BKC in BKC-NDs at 0.008%, 0.08% and 2.4% w/v  
The high EE% values demonstrated an excellent encapsulation of BKC in BKC-NDs across all formulations, 
ranging from 93% to 99%. LC% values increased significantly with BKC content, from 0.82% of BKC-NDs 
0.008% w/v to 67.22% of BKC-NDs 2.4 % w/v. Results are expressed as mean ± SD (n=3) 

Formulations 

Encapsulation 

Efficiency 

(EE%) ± SD 

Loading capacity 

(LC%) ± SD 

BKC concentration 

(mg/mL) ± SD 

NDs-BKC 0.008% w/v 99.00 ± 2 0.82 ± 0.03 0.08 ± 0.0005 

NDs BKC 0.08% w/v 94.00 ± 1 7.19 ± 0.31 0.78 ± 0.01 

NDs BKC 2.4 % w/v 93.00 ± 7 67.22 ± 5.19 24.55 ± 0.18 

 
Table 22: EE (%) and LC (%) of BKC in BKC-NDs without DFP at 0.008%, 0.08% and 2.4% w/v  
The high EE% values demonstrated an excellent encapsulation of BKC in BKC-NDs across all formulations, 
ranging from 91% to 99%. LC% values increased significantly with BKC content, from 0.75% of BKC-NDs 
0.008% w/v (w/o DFP) to 70.29 % of BKC-NDs 2.4 % w/v (w/o DFP). Results are expressed as mean ± SD (n=3) 

Formulations 
Encapsulation Efficiency 

(EE%) ± SD 

Loading capacity 

(LC%) ± SD 

BKC concentration  

(mg/mL) ± SD 

NDs-BKC 0.008% w/v (w/o DFP) 97.50 ± 1.10 0.75 ± 0.01 0.08 ± 0.0006 

NDs BKC 0.08% w/v (w/o DFP) 99.17 ± 1.71 7.18 ± 0.11 0.82 ± 0.02 

NDs BKC 2.4 % w/v (w/o DFP) 90.80 ± 0.37 70.29 ± 0.08 25.16 ± 0.96 
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6.2.13 Encapsulation efficiency and loading capacity of limonene 

 
The EE% and LC% values of limonene for BKC-NDs - with and without DFP - at 0.008% w/v, 0.08% w/v, and 

2.4% w/v were determined using the established HPLC method. Limonene was incorporated with EE% values 

around ranging from 90% to above 100% , as shown in Table 23 and Table 24, respectively. 

In particular, EE% values were observed to exceed 100% in most of the cases, which is possibly attributable 

to inaccuracies in the actual amount of limonene present in the formulation. This discrepancy may arise from 

the inherent difficulty in precisely dosing limonene, a volatile essential oil with low viscosity and surface 

tension, using micropipettes. Such physical properties can lead to unintentional overestimation or 

underestimation of the added volume, resulting in apparent EE% values greater than 100%. Nevertheless, 

the results are likely to indicate a high EE% of limonene across all formulations. LC% values remained 

relatively low but consistent with moderate levels of limonene incorporated. 

 

Table 23: EE% and LC% values of limonene in BKC-NDs at 0.008%, 0.08% and 2.4% w/v  
The high EE% values demonstrated an excellent encapsulation of limonene in BKC-NDs across all formulations, 
ranging from 90% to above 100%. Results are expressed as mean ± SD (n=3) 

Formulations 

Encapsulation 

efficiency 

(EE%) ± SD 

Loading capacity 

(LC%) ± SD 

Limonene concentration  

(mg/mL) ± SD 

NDs-BKC 0.008% w/v   102.00 ± 1.01   0.86 ± 0.01 8.59 ± 0.04 

NDs BKC 0.08% w/v  104.00 ± 1.20 1.13 ± 0.01 11.34 ± 0.11 

NDs BKC 2.4 % w/v  90.40 ± 1.88 0.76 ± 0.02 7.60 ± 0.15 

 
Table 24: EE% and LC% values of limonene in BKC-NDs without DFP at 0.008%, 0.08% and 2.4% w/v  
The high EE% values demonstrated an excellent encapsulation of limonene in BKC-NDs (w/o DFP) across all 
formulations around 100%. Results are expressed as mean ± SD (n=3) 

Formulations 

Encapsulation 

Efficiency 

(EE%) ± SD 

Loading capacity 

(LC%) ± SD 

BKC concentration  

(mg/mL) ± SD 

NDs-BKC 0.008% w/v 

w/o DFP 
103.00 ± 0.27 0.87 ± 0.002 8.73 ± 0.02 

NDs BKC 0.08% w/v  

w/o DFP 
106.00 ± 1.17 0.89 ± 0.01 8.91 ± 0.10 

NDs BKC 2.4 % w/v 

w/o DFP 
105.00 ± 1.27 0.90 ± 0.01 8.80 ± 0.11 
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6.2.14 In vitro release studies of BKC from BKC-NDs 

 
The release profile of BKC from BKC-NDs, with and without DFP, was compared to that of a BKC solution in 

water at the same concentrations, 0.008% w/v, 0.08% w/v, and 2.4% w/v, as is shown respectively in Figure 

58, Figure 59 and Figure 60. In a multicompartment rotating cell, the release of BKC at 0.008% w/v from BKC 

aqueous solution reached up to 80% within 24 hours. The release of BKC at 0.008% w/v from the nano 

emulsions exhibited a more sustained release due to its formulation within a nanostructure. Figure 58 shows 

that the release of BKC from the nano emulsions exhibit an initial burst, followed by a progressively slower 

release phase. From BKC-NDs without DFP, BKC release was lower, with less than 60% released within 24 

hours. From BKC-NDs, BKC release was even slower, reaching only 40% over the same period. Both 

formulations included in nano emulsion exhibit a more gradual release in the beginning, even more 

accentuated for BKC-NDs. 
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Figure 58: The BKC release profile of formulations at 0.008% w/v from BKC-NDs, with and without DFP, 
compared to that at the same BKC concentration in aqueous solution 
When encapsulated in nano emulsions BKC was released with an initial burst, followed by a progressively 
slower release phase. Data are expressed as mean ± SD (n=3). Statistical analysis performed using Two-way 
!bh±! ŦƻƭƭƻǿŜŘ ōȅ {ƛŘŀƪΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘΥ ōƻǘƘ ǘƛƳŜ ŀƴŘ ŦƻǊƳǳƭŀǘƛƻƴ ǎƘƻǿŜŘ ǎƛƎƴƛŦƛŎŀƴǘ ŜŦŦŜŎǘ 
(**** p<0.0001) 

 
Over a 24-hour period, the release profiles of BKC formulations at 0.08% w/v did not exhibit statistically 

significant differences in all the tested formulations. The BKC free 0.08% w/v formulation was released nearly 

100% within 24 hours. BKC released from BKC-NDs 0.08% w/v demonstrated a slightly slower release, 

stabilizing at around 80%. Meanwhile, BKC release from BKC-NDs 0.08% w/v without DFP showed the slowest 

release, with less than 80% of BKC released over the same period. All formulations exhibited a rapid initial 

release within the first few hours, followed by a more gradual release. 
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Figure 59: The BKC release profile of formulations at 0.08% w/v from BKC-NDs, with and without DFP, 
compared to that at the same BKC concentration in aqueous solution 
The release profile of BKC formulations at 0.08% w/v over 24 hours showed no statistically significant 
differences among the tested samples with a rapid initial release within the first few hours, followed by a 
more gradual release. Data are expressed as mean ± SD (n=3). Statistical analysis performed using Two-way 
!bh±! ŦƻƭƭƻǿŜŘ ōȅ {ƛŘŀƪΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘ showed no significant effect (ns) 
 
The formulations at 2.4% w/v exhibit sustained release when formulated as nanostructures, compared to the 

more rapid release from the aqueous BKC solution (above 80%). BKC released from BKC-NDs 2.4% w/v 

demonstrated a gradual release over the first five hours, reaching less than 70% after 24 hours. In contrast, 

BKC from the formulations without DFP exhibited a release profile similar to that of the aqueous BKC solution 

for the first four hours, after which the release rate progressively slowed, plateauing at 40% after 24 hours. 
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Figure 60: The BKC release profile of formulations at 2.4% w/v from BKC-NDs, with and without DFP, 
compared to that at the same BKC concentration in aqueous solution 
BKC-NDs showed a more controlled release, with approximately 70% released by the end of the study. BKC-
NDs without DFP exhibited the slowest and lowest release, plateauing at around 60%. Data are expressed as 
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mean ± SD (n=3). Statistical analysis performed using Two-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ {ƛŘŀƪΩǎ ƳǳƭǘƛǇƭŜ 
comparison test: time, formulation and their interaction showed significant effect (**** p<0.0001) 

 
The BKC release from the BKC-NDs at the lowest concentration (0.008% w/v) was more sustained than from 

the formulation ten-fold more concentrated (0.08% w/v). The reason is probably that a more diluted system 

possesses a smaller concentration gradient and less available interfacial area, thereby releasing more slowly. 

At the highest concentration tested (2.4% w/v), BKC release is even more sustained, likely due to micelle 

formation, which reduces the amount of BKC immediately available for release. 

 
The main mathematical release models for drug delivery (reported in Table 25) were applied to BKC release 

profiles to predict the release kinetics of BKC from the formulations, BKC-NDs with and without DFP at 0.008% 

w/v, 0.08% w/v and 2.4% w/v (Figure 61, Figure 62). The main mathematical models were fitted to the 

experimental data from BKC release profiles, obtaining their goodness of fit with the models, reported in 

Table 26. The goodness of fit is described through R2 adjusted (R2adj) and Model Selection Criterion (MSC). 

The best model should be the one with the highest R2 adjusted, which, unlike the regular R², is more suitable 

for comparing models with different numbers of parameters. Another statistical criterion for model selection 

is MSC, that it is independent of the scaling of the data points. A MSC value of more than two to three 

indicates a good fit . By modelling BKC release the best goodness of fit was found with Peppas-Sahlin, Weibull 

and Gompertz model with an R2adj between 0.95-0.99 and an MSC in most of the cases above two. The best-

fit model parameters are reported in Table 27. The Peppas-Sahlin model considers two competing release 

mechanisms, a Fickian diffusional release and a relaxational release. The Fickian release originates from 

molecule diffusion triggered by a gradient. The second mechanism is due to the presence of a polymer that 

swells in water. Although the BKC release profile fits the Peppas-Sahlin model mathematically, the model is 

not mechanistically representative of the system, as the formulation does not involve a polymer matrix 

capable of swelling201. The Weibull model describes exponential and sigmoid curve202, and it is well indicative 

for an initial burst release. In particular with b < 1 refers to a parabolic curve, displaying high initial slope and 

followed by a decelerating continuation release 202. Similarly, the Gompertz model well fits with BKC release 

from BKC-NDs. Indeed, Gompertz is a simple exponential model with a steep increase in the beginning and 

converges slowly to the asymptotic maximal dissolution. This release profile is consistent with the behavior 

of BKC released from the NDs, characterized by a rapid initial release due to its localization in the outer 

aqueous phase, followed by a gradual decrease over time. This reduction is likely due to the depletion of free 

BKC, as well as interactions with surfactant molecules. Moreover, a portion of the BKC may be incorporated 

into micelles, making it less immediately available and resulting in a slower, sustained release. This 

decelerating release pattern is particularly evident for BKC released from BKC-NDs at 2.4% w/v, where the 

micelle concentration is higher (above the CMC). In this case, BKC released from BKC-NDs (2.4% w/v) without 

DFP shows a marked slowdown in release after 3 hours. Therefore, kinetic release models were applied only 

to the first 3 hours, as beyond this time point, they are no longer suitable. Indeed, after 3 hours, the 
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deceleration in release is likely due to micelle formation, which becomes more pronounced in such nano 

emulsions with a larger outer phase where BKC is located. 

Table 25: The main mathematical models for drug release 
where in all models F is the fraction (%) of drug released in time t; k are the release constants for each model; 
ʰ ƛǎ ǘƘŜ ǎŎŀƭŜ ŦŀŎǘƻǊ ŀƴŘ ʲ ƛǎ ǘƘŜ ǎƘŀǇŜ ŦŀŎǘƻǊ ƛƴ ²Ŝƛōǳƭƭ ŀƴŘ DƻƳǇŜǊǘȊ; Ti is the lag time 

 

Model Equation Note 

First-order   Ὂ ρππ  ρ Ὡ  

¶ Release is dependent on 

concentration 

¶ Used to describe the molecule 

dissolution in pharmaceutical 

dosage forms 

Higuchi  Ὂ Ὧ   ὸȢ  

¶ Controlled-release formulations 

drugs from a solid and semi-solid 

matrix system submitted to a 

diffusing medium  

Korsmeyer-Peppas  Ὂ Ὧ    ὸ  

¶ Drug release from a polymeric 

system with a complex mechanism 

of release 

Peppas-Sahlin Ὂ Ὧ  ὸ  Ὧ  ὸ  

¶ Drug release from a polymeric 

system, where two contribution 

mechanisms (diffusional and 

relaxational) are distinguished  

Weibull Ὂ ρππ  ρ Ὡ
 b

a  

¶ Exponential and sigmoid curve  

¶ Release profiles of matrix type drug 

delivery  

Gompertz Ὂ ρππ  Ὡa Ͻ 
b 

 

¶ Simpler exponential model  

¶ Release profiles of high soluble 

drugs with intermediate release rate  



 152 

Table 26: The goodness of the kinetic release profile by fitting with mathematical models 
The kinetic release profile was studied from fitting each experimental replicate with release models (n=3). The goodness of fit for the different models is reported 
as R2 adjusted and Model Selection Criterion (MSC). Release profiles were obtained with the add-in DDSolver 

 
Table 27: Parameters of the best-fit models obtained with DDSolver 
The parameters for the best fitting models were reported including Peppas-Sahlin, Weibull and Gompertz  

 
 

 First order Higuchi Peppas-Sahlin 
Korsmeyer-

Peppas 
Weibull Gompertz 

Formulations R2adj MSC R2adj MSC R2adj MSC R2adj MSC R2adj MSC R2adj MSC 

BKC-NDs 0.008% w/v -0.94 -2.42 0.68 0.73 0.96 2.23 0.98 2.23 0.98 1.82 0.98 2.10 

BKC-NDs 0.08% w/v 0.77 1.03 0.74 0.84 0.97 2.59 0.94 1.84 0.97 2.71 0.98 2.76 

BKC-NDs 2.4% w/v 0.48 0.48 0.76 1.08 0.96 2.76 0.88 1.61 0.97 3.02 0.98 3.27 

BKC-NDs 0.008% w/v (w/o DFP) 0.66 0.42 0.69 0.65 0.95 1.98 0.82 0.92 0.96 1.27 0.95 1.68 

BKC-NDs 0.08% w/v (w/o DFP) 0.83 0.99 0.80 0.71 0.97 2.47 0.92 1.58 0.95 2.04 0.96 2.22 

BKC-NDs 2.4% w/v (w/o DFP) 0.98 3.46 0.96 2.58 0.98 3.39 0.98 3.39 0.99 3.90 0.98 3.37 

 Peppas-Sahlin Weibull Gompertz 

Formulations k1 K2 m R2adj MSC a b Ti R2adj MSC a b R2adj MSC 

BKC-NDs 0.008% w/v 8.47 2 0.53 0.96 2.23 2.49 0.13 0.10 0.98 1.82 1.12 0.26 0.98 2.10 

BKC-NDs 0.08% w/v 76.43 -17.44 0.45 0.97 2.59 1.08 0.46 0.10 0.97 2.71 0.50 1.45 0.98 2.76 

BKC-NDs 2.4% w/v 32.36 -3.21 0.45 0.96 2.76 3.05 0.52 0.10 0.97 3.02 1.25 1.12 0.98 3.27 

BKC-NDs 0.008% w/v (w/o DFP) 41.03 -6.01 0.45 0.95 1.98 2.31 0.45 0.12 0.96 1.27 1.02 0.82 0.95 1.68 

BKC-NDs 0.08% w/v (w/o DFP) 72.28 -15.49 0.61 0.97 2.47 1.15 0.48 0.10 0.95 2.04 0.54 1.50 0.96 2.22 

BKC-NDs 2.4% w/v (w/o DFP)  17.27 13.24 0.45 0.98 3.39 2.39 0.75 0.10 0.99 3.90 1.07 1.43 0.98 3.37 
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  Figure 61: BKC release profile at 0.008 and 0.08%w/v compared with some of the main mathematical models for drug release 
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Figure 62: BKC release profile at 2.4 %w/v compared with some of the main mathematical models for drug release 



 155 

6.2.15 In vitro release studies of Limonene from BKC-NDs 

 
The in vitro release of limonene from the disinfectant formulations with 1% v/v of limonene content was 

evaluated over a 27-hour period. A 1% v/v limonene solution in SDS was used as a reference to assess the 

influence of the formulation matrix on the release behavior of this volatile compound. The results of the 

study reported in Figure 63 showed that 1% v/v limonene in SDS showed a release of 0.03%, whereas all 

other disinfectants exhibited a release of less than 0.02%.  The low release values observed for the 

disinfectant formulations, along with the significant reduction in donor phase concentrations (Table 28), 

indicate that a substantial amount of limonene is lost through evaporation during the 27-hour release study 

in a multicompartmental rotating cell. Indeed, the percentage of retained limonene in the donor 

compartments did not exceed 29%, indicating that the formulations were not sufficiently effective in 

retaining the essential oil under the assay conditions, which involved continuous rotation of the system and 

multiple openings that facilitated evaporation. Indeed, Limonene is a moderately volatile molecule with a 

vapor pressure of 2 hPa at 25 °C. However, the monolayer of BKC-NDs were able to retain a higher limonene 

content than limonene solution in SDS that exhibited 3% of retention. Retentions of 5%, 15%, and 6% were 

detected for BKC-NDs and 29 %,15% ,30% for BKC-NDs without DFP, respectively at concentrations of 0.08% 

w/v, 0.8% w/v, 2.4 % w/v. This result suggests that the nano emulsions matrix offered more effective 

protection of the volatile essential oil than limonene SDS solution. 
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Figure 63: The in vitro release of Limonene from the spray disinfectants 
The release was less than 0.02% over 27 hours study across all formulations. However, a great loss due to 
evaporation of limonene is suspected. Data are expressed as mean ± SD (n=3). Statistical analysis performed 
using Two-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ {ƛŘŀƪΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘΥ ǘƛƳŜΣ ŦƻǊƳǳƭŀǘƛƻƴ ŀƴŘ ǘƘŜƛǊ ƛƴǘŜǊŀŎǘƛƻƴ 
showed significant effect (**** p<0.0001) 
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Table 28: Limonene % in the donor compartment after 27 hours 
The monolayer of BKC-NDs were able to retain a higher limonene content than limonene solution in SDS that 
exhibited 3% of retention. A more effective protection of the volatile essential oil in BKC-NDs than limonene 
SDS solution was therefore observed. Results are expressed as mean ± SD (n=3) 

Formulations 
Limonene % in the donor 

compartment after 27 hours ± SD 

BKC-NDs 0.008% w/v 5.82 ± 2.82 

BKC-NDs 0.08% w/v 15.07 ± 4.91 

BKC-NDs 2.4% w/v 6.00 ± 1.35 

BKC-NDs 0.008% w/v (w/o DFP) 29.20 ± 2.16 

BKC-NDs 0.08% w/v (w/o DFP) 13.45 ± 1.91 

BKC-NDs 2.4% w/v (w/o DFP) 20.84 ± 1.73 

Limonene SDS solution 3.06 ± 0.94 

 

6.2.16 Antimicrobial activity of spray disinfectants based on BKC-NDs 

 

6.2.16.1 Determination of MIC and MBC values 

 
The MIC and the MBC values for both types of disinfectants, with and without DFP, at concentration of 0.08 

% w/v were determined against S. aureus and E. coli and are reported in Table 29.  

The results showed that the nanoemulsions using BKC-NDs 0.08%, with and without DFP, improved the 

antimicrobial efficacy of the disinfectant, reducing the MIC from 1.56 µg/mL in its aqueous formulation to 

0.78 µg/mL against S. aureus ATCC 29293. Antimicrobial efficiency likely increases against E. coli ATCC 25922 

with a MIC reduction from 6.25 µg/mL to 3.125 µg/mL.  

The MIC and MBC values were further evaluated against two multidrug-resistant strains of Acinetobacter 

baumannii where an enhanced antimicrobial activity was observed (from 12.5-24 µg/mL for free BKC to 6.25-

12.5 µg/mL for BKC-NDs, confirming its ability to improve BKC effectiveness even against resistant bacterial 

strains (Table 29). The MBC values were generally comparable to those of free BKC; however, in the case 

of S. aureus and A. baumannii, BKC-NDs exhibited slightly lower values than the free compound. Notably, 

blank NBs containing 1% limonene displayed weak antimicrobial activity against E. coli (MIC at 50% relative 

to the initial solution concentration), suggesting a possible synergistic effect when co-formulated with BKC. 

(Table 29). 
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Table 29: MIC and MBC values of BKC-NDs at 0.08% w/v, with and without DFP, against S. aureus, E. coli 
and A. baumannii MDR  
An increased antimicrobial activity was observed against the tested bacteria when BKC was formulated in 
BKC-NDs. Data are expressed as a range of values obtained from independent replicate experiments 

S. aureus ATCC 29293 

Formulations 

MIC 

BKC [μg/mL] 

(% respect to starting solution) 

MBC 

BKC-NDs 0.08% w/v 0.78 μg/mL (0.094%) 0.78 μg/mL 

BKC-NDs 0.08% w/v (w/o DFP) 0.78 μg/mL (0.094%) 1.5 μg/mL 

BKC 1.5 μg/mL 1.5 μg/mL 

Blank >50% >50% 

Blank + 1% Limonene >50% >50% 

E. coli ATCC 25922 

Formulations 

MIC 

BKC [μg/mL] 

(% respect to starting solution) 

MBC 

BKC-NDs 0.08% w/v 3.125 μg/mL (0.38%) 6.25 μg/mL 

BKC-NDs 0.08% w/v (w/o DFP) 3.125 μg/mL (0.38%) 6.25 μg/mL 

BKC 6.25 μg/mL 6.25 μg/mL 

Blank >50% >50% 

Blank + 1% Limonene 50% >50% 

A. baumannii MDR 

Formulations 

MIC 

BKC [μg/mL] 

(% respect to starting solution) 

MBC 

BKC-NDs 0.08% w/v 6.25 μg/mL (0.75%) 12.5 μg/mL 

BKC-NDs 0.08% w/v (w/o DFP) 6.25-12.5 μg/mL 12.5 μg/mL 

BKC 12.5-24 μg/mL 12.5-24 μg/mL 

Blank >50% >50% 
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Blank + 1% Limonene >50% >50% 

 

6.2.16.2 Effective basic bactericidal activity (EN 1040:2005) 

 

A chemical disinfectant fulfills EN 1040:2005 criterion for the basic bactericidal activity of chemical 

disinfectants and antiseptics when a reduction of 5 log bacteria cell count (CFU/mL) of the analyzed strain 

occurs. According to regulatory standards, the efficiency criterion for antiseptic/disinfectant agents is RF ≥ 3 

- ≥5, depending on the specific application area. BKC-NDs, with and without DFP, exhibited an RF greater 

than 5 against S. aureus starting from a concentration of 0.08%, under the tested conditions — 15 minutes, 

1 hour, and 6 hours at 30°C as reported in Table 30. No significant differences were observed regardless of 

the presence of DFP at the same BKC concentration. After 15 minutes, the disinfectants were already 

efficient. Different to BKC-NDs, BKC aqueous solution at the same concentration (0.08% w/v) reduced the log 

bacteria cell count (CFU/mL) of a value lower than 5 in 15 minutes, in particular 2.35 ± 3.06. Therefore, 

incorporating BKC into a nano emulsion improved its antimicrobial efficacy, enabling the use of lower 

concentrations to achieve comparable disinfection outcomes. After 1 hour, the reduction in bacterial cell 

count (log CFU/mL) observed with BKC-NDs at 0.08% w/v was comparable to that achieved with 2.4% w/v, 

indicating that the lower concentration exhibited similar disinfectant efficacy after 1 hour of exposure. 

Moreover, no significant differences were observed when BSA was added to simulate the presence of organic 

matter (i.e. blood, serum, or bodily fluids) that may be present in real-life situations.  

In contrast, against E. coli, BKC-NDs at 0.008% w/v - with or without DFP - achieved a 5-log reduction in 

bacterial cell count (CFU/mL), as shown in Table 31. This enabled the use of an even lower concentration 

without compromising disinfectant efficacy. Furthermore, blank formulation showed a reduction of 4.79 ± 

0.87 after 15 minutes against E. coli, demonstrating that limonene alone has an intrinsic efficiency against 

this Gram-negative bacterium. By co-encapsulating limonene and BKC, the antimicrobial efficiency of BKC 

increased, probably due to a synergistic effect. Figure 64 and Figure 65 show the time-dependent logarithmic 

reduction in bacterial cell count for S. aureus and E. coli, respectively, using BKC-NDs at 0.008% w/v and 

0.08% w/v. These results are compared with those obtained using BKC in aqueous solution and blank 

controls. 
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Table 30: The effective basic bactericidal activity (EN 1040:2005) against S. aureus  
Reduction of Log10 of bacterial cell count (CFU/mL) (RF) was evaluated by performing EN 1040:2005 against S. aureus to determine the basic bactericidal activity 
of chemical disinfectants and antiseptics under the tested conditions τ 15 minutes, 1 hour, and 6 hours at 30°C (mean ± SD of three independent experiments) 

 

 

 

 

 

S. aureus  RF 15 min RF 1h RF 6h 

Formulations - BSA + BSA - BSA + BSA - BSA + BSA 

Blank 0.05 ± 0.08 -0.003 ± 0.006 0.69 ± 0.98 0.13 ± 0.08 3.79 ± 2.17 1.27 ± 1.3 

BKC 0.008% w/v -0.06 ± 0.18 0.05 ± 0.098 0.00 ± 0.05 0.02 ± 0.09 0.03 ± 0.29 0.46 ± 1.06 

BKC-NDs 0.008% w/v 3.32 ± 0.34 3.43 ± 1.25 3.82 ± 1.43 3.63 ± 1.56 3.92 ± 1.40 4.79 ± 0.91 

BKC-NDs 0.008% w/v (w/o DFP) 3.11 ± 0.68 4.07 ± 1.58 2.26 ± 0.57 4.42 ± 1.76 4.19 ± 1.32 4.46 ± 1.47 

BKC 0.08% w/v 2.35 ± 3.06 3.35 ± 0.69 3.97 ± 2.12 3.87 ± 1.96 4.85 ± 1.01 5.34 ± 0.06 

BKC-NDs 0.08% w/v 5.14 ± 0.29 5.03 ± 0.08 5.39 ± 0.09 4.84 ± 1.05 5.26 ± 0.22 5.34 ± 0.07 

BKC-NDs 0.08% w/v (w/o DFP) 5.24 ± 0.16 5.03 ± 0.08 5.40 ± 0.10 5.40 ± 0.15 5.33 ± 0.20 5.34 ± 0.07 

BKC 2.4% w/v 4.74 ± 0.71 4.44 ± 0.07 5.46 ± 0.16 4.84 ± 1.05 5.26 ± 0.22 5.34 ± 0.07 

BKC-NDs 2.4% w/v 6.24 ± 0.16 5.03 ± 0.08 5.39 ± 0.09 5.40 ± 0.15 5.26 ± 0.22 5.34 ± 0.07 

BKC-NDs 2.4% w/v (w/o DFP) 6.24 ± 0.16 5.03 ± 0.08 5.40 ± 0.10 5.40 ± 0.15 5.33 ± 0.20 5.34 ± 0.07 

Log10 of CFUs in the inoculum  

(control without treatment) 
5.24 ± 0.16 5.03 ± 0.08 5.46 ± 0.13 5.40 ± 0.15 5.33 ± 0.23 5.34 ± 0.07 
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Table 31: The effective basic bactericidal activity (EN 1040:2005) against E. coli 
Reduction of Log10 of bacterial cell count (log CFU/mL) (RF) was evaluated by performing EN 1040:2005 against E. coli to determine the basic bactericidal activity 
of chemical disinfectants and antiseptics under the tested conditions - 15 minutes, 1 hour, and 6 hours at 30°C (mean ± SD of three independent experiments) 

 

 

E. coli RF 15 min RF 1h RF 6h 

Formulations - BSA + BSA - BSA + BSA - BSA + BSA 

Blank 4.79 ± 0.87 4.58 ± 0.82 5.41 ± 0.11 4.99 ± 1.02 4.37 ± 1.19 4.48 ± 1.79 

BKC 0.008% w/v 0.14 ± 0.12 0.16 ± 0.32 1.3 ± 2.80 0.19 ± 0.085 0.31 ± 0.57 2.24 ± 3.60 

BKC-NDs 0.008% w/v 5.03 ± 0.47 5.03 ± 0.48 4.63± 1.74 5.56 ± 0.09 4.96 ± 0.99 5.62 ± 0.76 

BKC-NDs 0.008% w/v (w/o DFP) 5.13 ± 0.56 5.03 ± 0.48 4.76 ± 1.09 4.09 ± 1.34 5.35 ± 0.22 5.85 ± 0.48 

BKC 0.08% w/v 3.38 ± 1.76 4.70 ± 1.05 4.90 ± 1.18 4.81 ± 1.65 4.33 ± 2.24 5.42 ± 0.97 

BKC-NDs 0.08% w/v 5.03 ± 0.47 5.03 ± 0.48 4.98 ± 0.79 5.56 ± 0.096 5.38 ± 0.19 5.38 ± 0.88 

BKC-NDs 0.08% w/v (w/o DFP) 5.03 ± 0.47 5.03 ± 0.48 5.43 ± 0.13 5.56 ± 0.096 5.35 ± 0.22 5.28 ± 1.23 

BKC 2.4% w/v 5.03 ± 0.47 5.03 ± 0.48 5.44 ± 0.13 5.57 ± 0.087 5.09 ± 0.46 5.85 ± 0.48 

BKC-NDs 2.4% w/v 5.03 ± 0.47 5.03 ± 0.48 4.74 ± 1.42 5.57 ± 0.087 5.38 ± 0.19 5.85 ± 0.48 

BKC-NDs 2.4% w/v (w/o DFP) 5.03 ± 0.47 5.03 ± 0.48 5.43 ± 0.12 4.67 ± 1.47 5.39 ± 0.30 5.85 ± 0.48 

Log10 of CFUs in the inoculum  

(control without treatment) 
5.03 ± 0.47 5.03 ± 0.48 5.44 ± 0.13 5.57 ± 0.09 5.39 ± 0.19 5.85 ± 0.48 
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Figure 64: Reduction of S. aureus (as log10 CFU/mL) in presence of BKC-NDs at 0.008% w/v and 0.08% w/v  , 
with or without BSA 
Data are expressed as mean ± SD of three independent experiments 

 

Figure 65: Reduction of E. coli (as log10 CFU/mL) in presence of BKC-NDs at 0.008% w/v and 0.08% w/v, with or 
without BSA 
Data are expressed as mean ± SD of three independent experiments 
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6.3 Micro droplets formulated with fatty acid esters of glycerol and glycerol formal 

 

The synthesis of the fatty acid esters of glycerol and glycerol formal were adapted from previously reported 

procedures, widely used in industrial applications203,204. The reactions were performed in large batch (2 L), in 

the partner company research laboratory and the obtained products were used as is. The purification of the 

glycerol and glycerol formal-based esters was not performed; therefore, the reaction yield was not calculated 

for all the synthesized esters, with repercussion on product solubility and behavior. This is a limitation of the 

study, especially in consideration that for cosmetic use, the purification step is crucial and required by 

international standards. Further synthesis and purification steps set-up are currently ongoing. 

 

6.3.1 FTIR spectra 

 
FTIR analysis can provide insight on the formation of reaction products. Figure 66 shows the IR spectra of 

glycerol, palmitic acid, GP and GFP. The CH₂/CH₃ stretching band observed below 3003-3010 cm⁻¹ dominates 

all spectra, indicating the presence of saturated C-H stretching vibrations from aliphatic chains. The second 

most intense band in all samples corresponds to the C=O stretching vibration, characteristic of ester and 

carboxylic acid groups, appearing around 1700 cm⁻¹. This band is positioned at a lower wavenumber in 

palmitic acid, which exists as a free fatty acid, compared to its higher position in glycerides. A strong and 

sharp absorption band in the region of 1160-1175 cm⁻¹, characteristic of ester C-O-C stretching, is evident in 

all esterified compounds and absent in the IR spectrum of palmitic acid. In all samples, a band around 720 

cm⁻¹ is also detected, which is attributed to the CH₂ rocking vibration. In the IR spectrum of glycerol, the large 

band at around 3200-3500 cm⁻¹ is attributed to the stretching O-H. This band was still detected in glyceryl 

palmitate, which is consistent with the presence of mono- and diglycerides that, depending on the degree of 

esterification, retain at least one free hydroxyl group. At around 1050-1150 cm⁻¹ the stretching C-O 

characteristic of alcohols was detected. 
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6.3.2 Differential scanning calorimetry (DSC) analysis  

 
The DSC thermogram of pure lauric acid (Figure 67) shows a single sharp endothermic peak corresponding 

to its melting transition that occurs at approximately 44-45 °C. In contrast, the DSC profile of the synthesized 

GL displays a more complex thermal behavior. Two distinct endothermic events are observed: 

1. A smaller endothermic peak in the range of 44–46 °C, which can be attributed to the melting of 

residual free lauric acid  

2. A more intense endothermic transition, with an onset temperature at 64.91 °C and a peak 

maximum at 68.20 °C. The associated enthalpy change was calculated as 182.45 J/g, with a peak 

area of 821.05 mJ. The second peak was consistent with the synthesis of glycerol monolaurate, 

with a higher melting temperatures compared to lauric acid that suggests an enhanced thermal 

stability, possibly due to the successful formation of the ester bond. 

Moreover, GP and GFP display distinct endothermic transitions, which differ significantly from the profile of 

pure palmitic acid reported in the literature (melting around 62-63 °C). The DSC thermogram of GP exhibits 

a broad and asymmetrical endothermic peak at a range approximately between 38-50 °C, probably attributed 

to polymorphism or secondary products formed during synthesis. In comparison, the thermogram of GFP 

Figure 66: IR spectra of palmitic acid, GP and GFP 

Glycerol 

Palmitic acid 
GP 
GFP 
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shows a sharper and more defined endothermic transition, suggesting that the sample may contain fewer 

side products and a more uniform crystalline phase. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6.3.3 Solubility of fatty acids esters of glycerol and glycerol formal  

 
In order to define the analytical conditions for the evaluation of the synthesized esters, we conducted a 

solubility study in the most commonly used solvents and mixtures. The solubility of substances is classified 

by US and European Pharmacopoeias as defined in Table 32205,206. The solubility of the esters was evaluated 

in different solvents and mixtures of solvents, including water, Dimethyl Sulfoxide (DMSO), MeOH, EtOH, 

Acetone, NMP and ACN. Both the series of glycerol -based esters and glycerol formal -based esters of palmitic 

and lauric acid are insoluble in water, as they are lipophilic molecules (Table 33). In general, palmitic acid 

(C16) -based esters exhibit lower solubility in polar solvents compared to lauric acid (C12) -based esters, due 

to their longer alkyl chain which increases hydrophobicity. 

As the polarity of the solvent decreases - for instance, with DMSO and NMP - solubility improves slightly, 

typically classified as “very slightly soluble” to “slightly soluble.” The best solubility under these conditions 

was observed for GL and GFL, likely due to their shorter alkyl chains and consequently lower hydrophobicity. 

The solubility of laurate-based esters continues to increase as the polarity of the solvent further decreases, 

Lauric acid GL 

GP GFP 

Figure 67: Differential scanning calorimetry (DSC) thermogram of lauric acid and the synthetized esters of 
glycerol and glycerol formal (GL, GP, GFP)  
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as seen with MeOH and EtOH. However, palmitate-based esters still show limited solubility in these alcohols. 

ACN and acetone allow solubility ranging from “very slightly soluble” to “slightly soluble.” Notably, by adding 

20% DMSO to acetone (80:20 ratio), the solubility of palmitate-based esters improves, reaching the “slightly 

soluble” category. This enhancement is likely due to the synergistic solvation effect of the solvent mixture, 

which better accommodates both polar and nonpolar regions of the ester molecules. 

 

Table 32: Solubility classification according to US and European Pharmacopoeias 
Adapted from 205,206 

Definition Solubility 

Very soluble > 1000 mg/mL 

Freely soluble 100 - 1000 mg/mL 

Soluble 33 - 100 mg/mL 

Sparingly soluble 10 - 33 mg/mL 

Slightly soluble 1 - 10 mg/mL 

Very slightly soluble 0.1 - 1 mg/mL 

Practically insoluble / Insoluble < 0.1 mg/mL 
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Table 33: Solubility study of the synthetized esters of glycerol and glycerol formal (not purified) 
The solubility of the synthetized esters of glycerol and glycerol formal that were not yet purified was evaluated in different solvents, including water DMSO, NMP, 
MeOH, EtOH, CAN, Acetone and mixture of Acetone and DMSO (80:20 and 20:80) 
 

Esters Water 

Dimethyl 

Sulfoxide 

(DMSO) 

N-Methyl-2-

pyrrolidone 

(NMP) 

Methanol 

(MeOH) 

Ethanol 

(EtOH) 

Acetonitrile 

(ACN) 
Acetone 

Acetone: 80 % 

DMSO: 20 % 

Acetone: 20 % 

DMSO: 80 % 

Glyceryl 

Palmitate 
Insoluble 

Very 

slightly 

soluble 

Very slightly 

soluble 

Very 

slightly 

soluble 

Very slightly 

soluble 

Very slightly 

soluble 

Very 

slightly 

soluble 

Slightly 

soluble 

Very slightly 

soluble 

Glyceryl 

Laurate 
Insoluble 

Slightly 

soluble 

Slightly 

soluble 

Slightly 

soluble 
Soluble 

Slightly 

soluble 

Slightly 

soluble 
Freely soluble Soluble 

Glyceryl 

formal 

Palmitate 

Insoluble 
Slightly 

soluble 

Slightly 

soluble 

Very 

slightly 

soluble 

Very slightly 

soluble 

Very slightly 

soluble 

Slightly 

soluble 

Slightly 

soluble 
Slightly soluble 

Glyceryl 

formal 

Laurate 

Insoluble 
Slightly 

soluble 
Soluble 

Sparingly 

soluble 

Freely 

soluble 

Sparingly 

soluble 

Sparingly 

soluble 
Freely soluble Soluble 
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6.3.4 Determination of the Critical Micelle Concentration of fatty acid esters of glycerol and glycerol 

formal 

 

The CMC values of fatty acid esters of glycerol and glycerol formal were measured as the inflection 

point where the slope of the surface tension curve significantly changes respectively in Figure 68 and in 

Figure 69. Surface tension vs. log (concentration) was plotted to extract CMC values. CMC values are reported 

in Table 34. As expected, the CMC decreases with an increasing alkyl chain length. GL exhibited a CMC of 

0.27 mg/mL, while GP showed a lower value of 0.06 mg/mL. The higher the hydrophilicity and solubility of 

the molecule, the more difficult it is for micelles to form, thus requiring a higher surfactant concentration to 

reach the CMC. 

 

Figure 68: Determination of CMC values for GL and GP 
The CMC values were measured as the inflection point where the slope of the surface tension curve 
significantly changes 

 
The introduction of a formal ring in GFP and GFL probably makes the headgroup less flexible and more 

compact, promoting micelle formation at lower concentrations. At the same time, the higher solubility and 

hydrophilicity of the molecule plays a role at increasing the CMC. The CMC of GFL and GFP resulted from 

these contributions are respectively 0.17 mg/mL and 0.02 mg/mL. 
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Figure 69: Determination of CMC values for GFL and GFP 
The CMC values were measured as the inflection point where the slope of the surface tension curve 
significantly changes 

 
 
Table 34: Comparison of the CMC values of fatty acid esters of glycerol and glycerol formal  

Esters Critical Micelle Concentration (mg/mL) 

Glyceryl laurate 0.27 mg/mL 

Glyceryl palmitate 0.06 mg/mL 

Glyceryl formal laurate 0.17 mg/mL 

Glyceryl formal palmitate 0.02 mg/mL 
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6.3.5 Development of an HPLC-RI method for fatty acid esters of glycerol and glycerol formal 

 

A High-Performance Liquid Chromatography with Refractive Index Detection (HPLC-RI) method was 

developed for the quantification of fatty acid esters of glycerol and glycerol formal. A calibration curve was 

plotted for the monoesters of GL and GP, Lauroyl-rac-glycerol and D-Palmitin. The calibration curve of 

Lauroyl-rac-glycerol was linear between 0.1-10 mg/mL (Figure 70) and the one for D-Palmitin was linear 

between 0.2-10 mg/mL (Figure 71). The chromatogram of 1-Lauroyl-rac-glycerol showed a retention time of 

4.28 min and the chromatogram of D-Palmitin a retention time of 12.20 min, respectively reported in Figure 

72 and in Figure 73.  

 

 
Figure 70: The calibration curve of Lauroyl-rac-glycerol 
The calibration curve was linear between 0.1-10 mg/mL 

 

 
Figure 71: The calibration curve of D-Palmitin  
The calibration curve of D-Palmitin was linear between 0.2-10 mg/mL 
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Figure 72: Chromatogram of 1-Lauroyl-rac-glycerol  
A representative chromatogram of 1-Lauroyl-rac-glycerol (0.5 mg/mL) showed a retention time of 4.28 min 
 

 
Figure 73: Chromatogram of D-Palmitin  
A representative chromatogram of D-Palmitin (2 mg/mL) showed a retention time of 12.20 min 
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6.3.6 Quantification of synthesized chemical mixtures of glycerol and glycerol formal -based esters 

 
An HPLC-RI method was developed for the quantification of the synthesized chemical mixture, specifically 

investigating GL, GP, GFL, and GFP. The developed HPLC-RI method for the quantification of the synthesized 

esters has some limitations. Specifically, it cannot detect compounds at concentrations below 0.1 mg/mL. 

Since no purification step was performed, the synthesized materials are a mixture of products: 

monoglycerides were not isolated and impurities remain in the final mixture. This negatively impacts the 

solubility of the esters, which differs from the expected behavior. Consequently, a larger amount of solvent 

is required to achieve full solubilization, resulting in a lower final concentration of the target compound. This 

dilution further hampers detection by analytical techniques such as HPLC-RI, whose limits of detection were 

already high. Therefore, the quantification of esters did not give the expected theoretical concentration, 

probably due to these limitations. 

 

6.3.6.1 Glyceryl laurate 

 

The chromatogram of the synthesized GL (10 mg/mL) is shown in Figure 74. The retention time at 4.28 

minutes was attributed to the monolaurate, 1-lauroyl-rac-glycerol. Based on the external calibration curve, 

the main peak corresponded to a concentration of 0.24 mg/mL, suggesting that the target monoester 

accounts for approximately 24% of the crude product in absolute terms. In terms of peak area distribution, 

the same compound accounted for 53.7% of the total detected chromatographic area, suggesting it is the 

major component among those detectable by RI under the applied conditions. 

Additional peaks were also observed. The peak at 5.58 minutes likely corresponds to residual not reacted 

lauric acid, as supported by its reference chromatogram reported in Figure 75. The remaining peaks may be 

attributed to diglycerides, triglycerides, or other impurities, as the compound had not yet undergone 

purification.  

 

Figure 74: The chromatogram of the synthetized GL  
The chromatogram shows the characteristic peak of the monolaurate, 1-lauroyl-rac-glycerol at 4.28 min and 
the peak of lauric acid at 5.66 min 
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Figure 75: The chromatogram of lauric acid  
The chromatogram shows a peak at 5.66 min  

 
Accordingly, the overall yield of the target compound from the synthesis can be approximated as 23.70% 

with respect to the total mass of the crude material. 

 

6.3.6.2 Glyceryl palmitate 

 
The synthesized GP (1 mg/mL) exhibited the chromatogram reported in Figure 76. The main peak at 12.80 

min was attributed to the monoglyceride of D-Palmitin, whose chromatogram (Figure 73) reported the same 

retention time. The retention time characteristic of palmitic acid (Figure 77) was not observed in the 

chromatogram.  

 

Figure 76: The chromatogram of the synthetized GP  
The chromatogram shows the characteristic peak of the monopalmitate, D-Palmitin, at 12.80 min  
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Figure 77: The chromatogram of palmitic acid 
The chromatogram shows the peak of palmitic acid at 16.90 min 
 

The concentration of the D-Palmitin in the synthetized compound was calculated based on the calibration 

curve as 0.3 mg/mL, indicating a percentage of around 30% of the monoglyceride in the crude product prior 

purification. The compound accounted for 72% of the total detected chromatographic area in terms of peak 

area distribution, as the major detectable component under the employed conditions. 
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6.3.6.3 Glyceryl formal laurate and palmitate 

 
A representative chromatogram of the synthetized GFL was reported in Figure 78, where three main peaks 

were identified at 5.5 min, 8.8 min and 9.8 min. The peak at 5.5 min was identified with lauric acid and the 

peaks at 8.8 min and 9.8 min were hypotheses to be glycerides. 

 
Figure 78: The chromatogram of the synthetized GFL  
A representative chromatogram of GFL (1 mg/mL). Three main peaks were individuated at 5.5 min, 8.8 min 
and 9.8 min  

 
The calibration curve of the three peaks at 5.5 min, 8.8 min and 9.8 min was plotted in Figure 79. In this case 

no standard references were available, therefore the identification of the monoglyceride, as well as the 

quantification of the components were not possible.  

 

Figure 79: The calibration curve of the three peaks of the synthetized GFL 
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No peaks were observed in the analysis of GFP (Figure 80). As previously discussed, one of the main 

limitations of the method is its low sensitivity, with a detection limit below 0.1 mg/mL. Moreover, the 

presence of impurities significantly affects the solubility of the compound, as the palmitate series is notably 

less soluble than the laurate counterparts. This reduced solubility may render accurate quantification 

impossible with the current analytical method, due to insufficient dissolution of the target compounds. 

Additionally, no reference standard was available for this analysis, and no peak corresponding to palmitic 

acid was detected. 

 

 

  

Figure 80: The chromatogram of the synthetized GFP  
No peaks of interest were individuated  
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6.3.7 Preparation of micro droplets based on fatty acid esters of glycerol and glycerol formal 

 

MDs based on esters of glycerol and glycerol formal with lauric acid and palmitic were prepared for the 

vehiculation of limonene. The nanotechnology of NDs that was intensively studied during my research project 

was here employed for the vehiculation of essential oils. Limonene was used as model molecule for the study, 

since it was already employed in the development of spray disinfectants based on BKC. The essential oil 

represented the lipidic core of the emulsion (6.4% v/v). At this concentration limonene is irritant but it was 

here used just as model molecule for the study, since it was already employed in the development of spray 

disinfectants based on BKC. For future applications as skin cleanser, different essential oils with antimicrobial 

and lenitive properties (e.g. Roman chamomile) can be used either alone or in combination with limonene.  

Thanks to their inherent emulsifying properties, these esters demonstrated the ability to form stable 

emulsions by promoting the formation of a robust interfacial film. This film plays a key role in stabilizing the 

emulsion and enables the efficient encapsulation of highly lipophilic compounds, such as limonene, which 

are otherwise difficult to incorporate due to their strong affinity for oil phases. 

For the preparation of MDs an ethanolic solution of the ester was added to the essential oil core component 

of the formulations. The employed concentrations of esters were chosen as: i) the maximum concentration 

at which each ester is soluble in ethanol and ii) the highest concentration of the least soluble ester (GP, 

0.002% w/v) in order to compare all the formulations. Tween 20 was used as a surfactant and emulsifier, 

with its concentration reduced to 0.055% v/v in alignment with green chemistry principles, to stabilize the 

oil phase within the outer aqueous shell of the droplets. Microscopy images of the droplets confirmed that 

the system is a biphasic colloidal dispersion, consisting of an oil phase—comprising of limonene—dispersed 

as droplets within an aqueous phase stabilized by the emulsifiers, the glycerol and glycerol formal esters and 

Tween 20 (Table 35). As a result, the formulations yielded a stable O/W emulsion. Microscopy analysis 

revealed particle sizes in the micrometer range, indicating that these systems should be classified as MDs. 

 

Table 35: Microscopy images of the MDs based on fatty acid esters  
The microscopy images confirmed their biphasic composition typical of emulsions through droplets 
observation. Images were acquired with 60x magnification 

Description 
Microscope image 

 (60x magnification) 

GL (0.28 % w/v) + Limonene (6.4% v/v) 

 

50 µm 
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GL (0.002 % w/v) + Limonene (6.4% v/v) 

 

GFL (0.56 % w/v) + Limonene (6.4% v/v) 

 

GFL (0.002 % w/v) + Limonene (6.4% v/v) 

 GP (0.002 % w/v) + Limonene (6.4% v/v) 

 

GFP (0.0028% w/v) + Limonene (6.4% v/v) 

 

GFP (0.002 % w/v) + Limonene (6.4% v/v) 

  

  

50 µm 

50 µm 

50 µm 

50 µm 

50 µm 

50 µm 
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6.3.8 Characterization of MDs based on fatty acids ester of glycerol and glycerol formal 

 
The physicochemical characterization of all MDs formulations revealed that they exhibited sizes greater than 

1 µm, except for the formulation containing GL at 0.28% w/v, which showed nanometric droplet size of 

452.70 nm and a low PDI of 0.16. The smaller droplet size is likely due to the shorter alkyl chain of GL (C12) 

compared to GP (C16), which confers greater hydrophilicity and a higher HLB value. This promotes more 

efficient migration to the oil–water interface, resulting in the formation of smaller, more stable, and more 

monodisperse droplets. Furthermore, at this concentration (0.28% w/v, equivalent to 3 mg/mL), GL exceeds 

its CMC value of 0.27 mg/mL, facilitating micelle formation and thereby contributing to reduced droplet size 

and improved monodispersity. In contrast, at a lower concentration (0.002% w/v, 0.02 mg/mL), the droplet 

size increases significantly to approximately 3728 nm. The droplet size of GFL formulations was found to be 

significantly larger compared to those of GL, likely due to steric hindrance. The presence of the formal group 

(–CH₂O–) attached to the glycerol backbone introduces spatial constraints that reduce molecular flexibility. 

This steric hindrance impairs efficient interfacial packing, resulting in the formation of larger and more 

polydisperse droplets (7507 nm, PDI = 0.63) compared to less hindered surfactants. The ζ values of the 

formulations were found to be negative, with pH values ranging from 5.00 to 5.50 (Table 36). This negative 

surface charge is likely attributable to the presence of trace amounts of free fatty acid impurities within the 

ester components. At pH values near their pKa - approximately 4.75 for palmitic acid and 5.3 for lauric acid - 

these FFAs can be partially ionized, contributing to the overall negative charge. Although present in small 

quantities, the high specific surface area associated with MDs can amplify the contribution of these ionized 

FFAs to the interfacial charge. This effect becomes particularly pronounced when the FFAs are well-exposed 

at the droplet interface, leading to a measurable negative ζ. Since no signs of instability - such as phase 

separation, change in color, or sedimentation - were observed, subsequent investigations were conducted 

using the highest ester concentration for each formulation type. 

 

 

 

 

 

 

 

 

 

 

 

 



 179 

Table 36: Physicochemical characterization of MDs based on glycerol and glycerol formal -based esters 
¢ƘŜ ŘƛƳŜƴǎƛƻƴǎ ƻŦ a5ǎ ǿŜǊŜ ƻǾŜǊ м ҡƳ ŦƻǊ ŀƭƭ ŦƻǊƳǳƭŀǘƛƻƴ ŜȄŎŜǇǘ ŦƻǊ D[ ό0Φну҈ ǿκǾύΣ ǘƘŜ ʸ values were 
negatives and pH ranging from 4.82 to 5.71. Results are reported as ± SD (n=3) 

Formulations 
Average Diameter  

(nm) ± SD 

Polydispersity Index 

(PDI) ± SD 

 y

(mV) ± SD 
pH 

GL (0.28% w/v) + 

Limonene (6.4% v/v) 
452.70 ± 2 0.16 ± 0.01 - 11.54 ± 0.31 5.32 

GL (0.002% w/v) + 

Limonene (6.4% v/v) 
 3728 ± 367 0.28 ± 0.087 -11.52 ± 1.85 5.25 

GFL (0.56% w/v) + 

Limonene (6.4% v/v) 
1525 ± 413 0.35 ± 0.04 -13.38 ± 1.85 4.82 

GFL (0.002% w/v) + 

Limonene (6.4% v/v) 
7507 ± 75 0.63 ± 0.01 - 0.97 ± 0.26 5.50 

GP (0.002 % w/v) + 

Limonene (6.4% v/v) 
2767 ± 233 0.34 ± 0.02 - 0.14 ± 0.03 5.71 

GFP (0.0028% w/v) + 

Limonene (6.4% v/v) 
2454 ± 127 0.29 ± 0.02 - 21.27± 2.91 5.42 

GFP (0.002% w/v) + 

Limonene (6.4% v/v) 
2189 ± 50 0.45 ± 0.02 - 8.91 ± 4.40 5.48 
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6.3.9 Viscosity of MDs based on fatty acids ester of glycerol and glycerol formal 

The flow behavior of both GL- and GP-based MDs was investigated by plotting shear stress (Pa) against shear 

rate (1/s). Both types of MDs are non-Newtonian with a shear-thinning (pseudoplastic) behavior (Figure 81). 

The curve is upward sloping and nonlinear, suggesting that the emulsion becomes easier to shear as the rate 

of shear increases, likely due to alignment or breakdown of the internal structure under shear. In the Viscosity 

vs. Shear Rate Curve, the viscosity decreases with an increasing shear rate, which confirms pseudoplastic 

behavior. Similar behavior was observed for GFL and GFP-based MDs (Figure 82). 
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Figure 81: Rheology profile of MDs based on glycerol -based esters 
MDs based on glycerol esters are non-Newtonian with a shear-thinning (pseudoplastic) behavior 
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Figure 82: Rheology profile of MDs based on glycerol formal -based esters 
MDs based on glycerol formal esters are non-Newtonian with a shear-thinning (pseudoplastic) behavior  
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The rheological behavior of the MDs was evaluated through the application of the Power Law model, 

described through the equation: 

t  + Ͻ
Ὠό

Ὠώ
 

Where ̱  is the shear stress, du/dy is the shear rate, and K and n are the Power Law constants, respectively 

the consistency index and the flow behavior index. In the Power Law model, a value of n=1 corresponds to a 

Newtonian fluid, while 0 < n < 1 is a Shear Thinning (pseudoplastic) fluid and n > 1 represents a Shear 

Thickening (dilatant) fluid. The MDs exhibited n values in a range between 0.33-0.40 (Figure 83), falling into 

the Shear Thinning (pseudoplastic) fluid, as it was concluded from the flow curves. While low K values (0.054-

0.069) indicate a less viscous fluid that flows easily under shear, this behavior is typical of dilute emulsions 

(Figure 84). 

 
Figure 83: Comparison of the Flow Index (n) of Different MDs 
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Figure 84: Comparison of the Consistency Index (K) of Different MDs 
Low K values (0.054-0.069) indicated that MDs are less viscous fluids that flow easily under shear. This 
behavior is typical of dilute emulsions 
In the Power Law model, values of 0 < n < 1 for MDs indicated that are Shear Thinning (pseudoplastic) fluids 
 

6.3.10 Encapsulation Efficiency and Loading capacity of Limonene in Glyceryl and Glyceryl Formal Ester-

Based Microdroplets 

Limonene was successfully encapsulated in the MDs as is shown in Table 37. The EE% values were 

approximately 100%; however, a slight overestimation of the limonene content may have occurred due to 

challenges associated with the HPLC method and the dosing of limonene, an essential oil characterized by 

low viscosity and high surface tension. Therefore, the formulations were able to largely encapsulate 

limonene. 

 

Table 37: EE% and LC% values of limonene and limonene concentration in Glycerol and Glycerol Formal 
Ester-Based MDs 
The EE% values were approximately 100%, although some overestimation of the limonene percentage 
occurred due to the challenges in accurately dosing of limonene. Results are expressed as mean ± SD, n = 3 
 

Formulations 

Encapsulation 

efficiency 

(EE%) ± SD 

Loading capacity 

(LC%) ± SD 

Limonene concentration  

(mg/mL) ± SD 

GFP (0.0028 % w/v)   101.35 ± 3.20  5.60 ± 0.18 54.80 ± 17.00 

GP (0.002 % w/v)  100.31 ± 0.44 5.54 ± 0.02 54.23 ± 0.23 

GL (0.28 % w/v)  134.00 ± 1.80 7.40 ± 0.16 72.45± 1.57 

GFL (0.56 % w/v)  93.65 ± 1.33 5.11 ± 0.07 50.64 ± 0.72 
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6.3.11 Encapsulation Efficiency of Glyceryl and Glyceryl Formal Laurate in MDs 

 
The EE% values of GL and GFL were determined by HPLC analysis using the method described in Section 5.3.8. 

The formulations demonstrated a high EE% values for both lauryl esters, with of 109 % for GL and 91.54% for 

GFL (Table 38). The EE% of GFL was calculated from the calibration curve of the synthesized molecule 

considering the peak at a retention time of 9.80 min in absence of a standard reference. This peak was 

considered the most relevant, as it is the most representative and shows the highest area. The MDs 

formulations containing GP and GFP were not analyzed, as their initial concentrations were below the 

detection limit of the instrument (generally > 0.1 mg/mL). The chromatograms of the MDs based on GL (0.28 

% w/v) and GFL (0.56 % w/v) were reported in Figure 85 and Figure 86. The chromatogram of GL (0.28 % 

w/v) showed the main peak of the monolaurate, 1-lauroyl-rac-glycerol at 4.28 min and the peak of lauric acid 

at 5.99 min, while the chromatogram of GFL (0.56 % w/v) showed the two peaks that were observed for 

glycerol formal at 9.80 min and 10.90 min. The HPLC analysis of MDs showed two peaks with shifted retention 

times compared to those observed for the synthetized crude compound. This is likely due to interactions with 

formulation excipients, or changes in the compound’s chemical environment, which can affect its 

chromatographic behavior. 

Both the chromatograms showed a peak at 7.88 min, which was identified as limonene, since limonene is a 

small organic molecule with a different refractive index than most mobile phases including ACN207. 

Table 38: The EE% values of GL and GFL in MDs 
The formulations demonstrated a high EE% value for both lauryl esters. Results are expressed as mean ± SD, 
n = 3 

Formulations 

Encapsulation 

efficiency 

(EE%) ± SD 

Ester concentration  

(mg/mL) ± SD 

GL (0.28 % w/v)  109.4 ± 1 0.75 ± 0.01 

GFL (0.56 % w/v)  91.54 ± 2   0.18 ± 0.03 
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Figure 85: Chromatogram of the MDs based GL (0.28% w/v) 
In the chromatogram of the MDs based GL (0.28% w/v) were identified the peak at 4.28 min as the 
monolaurate (1-lauroyl-rac-glycerol), the peak at 5.99 min of lauric acid and the peak at 7.87 min as limonene 

 

 
Figure 86: Chromatogram of the MDs based GFL (0.56% w/v) 
The chromatogram of the MDs based GFL (0.56% w/v) showed the peak at 9.80 min and 10.90 min  

 

6.3.12 In vitro release assay of ester from Glycerol and Glyceryl Formal Laurate-Based microdroplets 

 
The results of the in vitro release study of the esters from GL and GFL detected no peaks of interest at any of 

the investigated time of the withdrawn samples from the recovery compartment. Some chromatograms of 

both GL (Figure 87) and GFL (Figure 88) were here reported to show that no peaks of interest were detected. 

Therefore, it is concluded that the esters did not pass the dialysis membrane, and they are not released from 

MDs. Glycerol- and glycerol formal-based esters exhibited significant surface-active properties, as evidenced 

by their ability to form a stable and well-organized interfacial film at the oil–water interface. This film 

remained intact and did not collapse under in vitro release assay, which is a crucial factor in maintaining the 

structural integrity of the emulsions. As a result, no detectable release of the esters into the receiving phase 

was observed, confirming the stability of the interfacial layer over time.  

However, the possible release of trace amounts of esters cannot be completely excluded, as the developed 

detection method has a relatively high detection limit. Due to its limited sensitivity, esters present at 

concentrations below 0.1 mg/mL may not be detected. Moreover, since the refining step was not performed 
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the solubility of the materials is hindered by the presence of impurities and diglycerides and triglycerides, 

thereby notably reducing the quantification. The in vitro release assay of GP and GFP was not performed 

since their concentrations within MDs were below the detection limit. 

 

 
Figure 87: Release of GL (0.28 mg/mL) from MDs at 60 min 
No peaks of interest were detected 

 

 
Figure 88: Release of GFL (0.56 mg/mL) from MDs at 60 min 
No peaks of interest were detected 

 

 

6.3.13 In vitro release assay of Limonene from Glyceryl and Glyceryl Formal Ester-Based MDs 

 
The results of the in vitro release assay of limonene from MDs are reported in Figure 89. The graph showed 

a limonene release study over the time up to 27 hours from MDs. An SDS solution of limonene 1% v/v was 

used as control, corresponding to free essential oil. The limonene 1% v/v solution showed a slow and 

progressive limonene release of approximately 0.04% after 27 hours, that likely indicates great volatilization 

of limonene in the environment. When limonene is encapsulated in the different MDs, limonene is more 

retained compared to free essential oil solution showing the highest release at 0.009% after 27 hours, 

meaning a stronger retention and prolonged release. The addition of SDS - in GFL 0.56% w/v - does not appear 

to significantly increase limonene release compared to GFL 0.56% w/v without SDS. Therefore, at the 
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employed concentrations water and SDS 0.1% w/v were comparable as receiving phase. In conclusion, the 

MDs formulations drastically reduce limonene release compared to the free compound, confirming the 

efficacy of glycerol ester-based encapsulation systems (GL, GFL, GP, GFP) in retaining the active ingredient. 

Moreover, limonene was detected in quite high concentration in the donor compartment of the MDs – 

between 43-80%, compared to the limonene in SDS 0.1% w/v  free solution at 3% (Table 39). This observation 

is particularly relevant for GP and GL, which lack a formal ring structure and exhibit a more organized 

arrangement, thereby enhancing their ability to retain and protect limonene. In contrast, the interfacial film 

formed by GFL and GFP is characterized by a packing structure that may promote limonene release and 

diffusion, instead of its encapsulation or retention. This result indicates that limonene within the MDs is more 

protected from evaporation compared to limonene free solution under the conditions of the in vitro release 

assay. These findings suggest that the interfacial film formed by glycerol- and glycerol formal-based esters is 

exceptionally stable and resistant, making it particularly effective in stabilizing emulsions containing highly 

lipophilic essential oils, such as limonene. However, as explained before, a consistent amount of limonene, 

moderately volatile substance, is lost due to evaporation as small openings are present in the experimental 

setup. 
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Figure 89: The in vitro release study of limonene from MDs 
The in vitro release study of limonene from MDs showed that nano formulations drastically reduce limonene 
release compared to the free compound, confirming the efficacy of glycerol ester-based encapsulation 
systems (GL, GFL, GP, GFP) in retaining the active ingredients. Data are expressed as mean ± SD. Statistical 
analysis performed using Two-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ {ƛŘŀƪΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘΥ ǘƛƳŜΣ ŦƻǊƳǳƭŀǘƛƻƴ 
and their interaction showed significant effect (**** p<0.0001) 
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Table 39: Limonene % in the donor compartment after the release assay from MDs 
Limonene within the MDs is more prevented from evaporation compared to limonene free solution under the 
conditions of the in vitro release assay. Results are expressed as mean ± SD, n = 3 

Formulations 

Limonene % in the 

donor compartment 

after 26 hours ± SD 

GFP (0.0028 % w/v)  43.03 ± 2.83 

GP (0.002 % w/v)  56.58 ± 10.73 

GL (0.28 % w/v)  80.17 ± 2.99 

GFL (0.56 % w/v)  69.15 ± 6.57 

Limonene SDS solution 3.06 ± 0.94 
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6.4 Formulation of emulsions as cleansers based on fatty acid esters of glycerol 

 
The promising results obtained in this part of the thesis, particularly those arising from the use of glycerol 

and glycerol formal-based fatty acid esters to produce value-added products for cosmetic use, have now 

attained patent pending status (Dom. n. 102025000011308 dep. 20/05/2025). In particular, these esters-

based on glycerol and glycerol formal - were able to constitute the internal phase of O/W emulsions used as 

cleansers, in addition to exhibiting emulsifying activity previously demonstrated during the preparation of 

MDs. It is particularly remarkable that esters derived from biodiesel by-products can generate stable and 

high-performance emulsions, underscoring their potential as sustainable ingredients in cosmetic 

formulations. 

 

6.4.1 Formulation of emulsions as cleanser  

A formulation study was conducted to develop cleansers in the form of O/W emulsions using previously 

synthesized fatty acid esters: GL, GFL, GP, and GFP. Several O/W emulsified cleansers were prepared with 

progressively increasing concentrations of these esters, respectively for glycerol and glycerol formal series, 

as summarized in Table 42 and Table 43. Microscopy analysis of O/W emulsified cleansers based on the ester 

GL revealed the presence of particulate structures at concentrations above 8% w/v, whereas at 

concentrations below 8% w/v, the emulsions exhibited the typical biphasic structure of dispersed oil droplets 

in a continuous water phase. As the concentration decreased from 8% w/v to 5% w/v, the droplet size was 

progressively reduced, suggesting a decrease in aggregation. A similar trend was observed in O/W emulsions 

containing GP, which exhibited even more pronounced aggregation at higher concentrations, likely due to 

the lower solubility of palmitate esters compared to laurate esters. The results indicate that the smallest 

droplet sizes were achieved at a concentration of 5% w/v for both GL and GP. Consequently, the final 

emulsions based on these esters, GL and GP, were prepared at a 5% w/v ester concentration. For O/W 

emulsions containing GFL, even at concentrations as high as 12% w/v, the system maintained a well-

dispersed oil droplet phase. Droplet sizes decreased progressively with lower ester concentrations as 

expected, indicating improved stability. In contrast, O/W emulsions formulated with GFP exhibited 

aggregated structures at higher concentrations, which transitioned into smaller, well-dispersed droplets at 

around 10% w/v. Based on these findings, an optimal concentration of 8% w/v was selected for emulsions 

containing GFP and GFL, as this resulted in a stable dispersion of small droplets. The final composition of the 

O/W emulsified cleansers based on fatty acid esters is reported in Table 40. The size of the final O/W 

emulsion droplets was determined by optical microscopy, resulting in an average diameter of approximately 

1.5 µm based on ten independent measurements (n = 10) (Table 41). 
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Table 40: Final composition the O/W emulsified cleansers based on fatty acid esters of glycerol and glycerol 
formal 

Esters -based 

emulsions 

Esters  

(%) w/v  

Xanthan 

gum  

(%) w/v  

Glycerol 

(%) v/v 

Sodium 

benzoate 

(%) w/v  

Water 

 (%) v/v 

GL 5 1 3 0.3  
q.s. to 

100 

GP 5 1 3 0.3 
q.s. to 

100 

GFL 8 1 3 0.3 
q.s. to 

100 

GFP 8 1 3 0.3 
q.s. to 

100 

 
Table 41: The average droplet diameter of the O/W emulsions, measured by optical microscopy, was 
approximately 1.5µm 
Results are expressed as mean ± SD (n = 10) 

Esters -based emulsions 
Average droplet diameter  

(µm) ± SD 

GL 5 (%) w/v  1.00 ± 0.34 

GP 5 (%) w/v  1.56 ± 0.71 

GFL 8 (%) w/v  1.00 ± 0.53 

GFP 8 (%) w/v  1.83 ± 0.70 
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Table 42: Microscopy images of the formulation study of the O/W emulsified cleansers based on fatty acid esters at different concentrations of GL and GP  
Images were acquired at 60× magnification 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Ester mixture  5% w/v  8% w/v  10% w/v  12% w/v  

Glyceryl laurate  

(GL) 

  
 

 

Glyceryl palmitate 

(GP) 

    

 

50 µm 

50 µm 50 µm 

50 µm 
50 µm 

50 µm 

50 µm 

50 µm 
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Table 43: Microscopy images of the formulation study of the O/W emulsified cleansers based on fatty acid esters at different concentrations of GFL and GFP  
Images were acquired at 60× magnification 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Ester mixture 5% w/v  8% w/v  10% w/v  12% w/v  

Glyceryl formal 

laurate 

(GFL) 

 
   

Glyceryl formal 

palmitate 

(GFP) 

 

 
 

 

50 µm 

50 µm 50 µm 

50 µm 50 µm 

50 µm 

50 µm 

50 µm 
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6.4.2 Measurement of the pH of the O/W emulsified cleansers based on fatty acid esters of glycerol and 

glycerol formal 

 
The pH of the O/W emulsified cleansers based on based on GL, GP, GFL and GFP were in the range of 5.20-

6.30 as reported in Table 44. The pH values are consistent with an application on the skin since in accordance 

with the natural slightly acidic skin pH about 5.40-5.90. The stratum corneum is also known as “acid mantle” 

and it is the first important barrier for both permeability and cutaneous antimicrobial defense. The pH of the 

skin plays a crucial role in controlling the pH-dependent enzymes that lead to the integrity of the skin barrier 

through skin formation and skin renewal (i.e. glucocerebrosidase)208. Changes in the pH derived from external 

factors such as soaps, cream and detergents are impacting in the pathogenesis of skin disease. Therefore, 

the use of skin cleansing agents with a pH of about 5.50 is important to maintain the skin barrier integrity. 

The observed pH difference between the lauric and palmitic ester series can be attributed to the presence of 

different impurities, notably residual free ionized fatty acids, in the synthetic mixtures. Moreover, lauric 

esters may hydrolyze more easily than palmitic esters, releasing more free acid and lowering the pH. 

Table 44: The pH of the O/W emulsified cleansers based on GL, GP, GFL and GFP 

Esters -based O/W emulsions pH 

GL 5 (%) w/v  5.30 

GP 5 (%) w/v  6.20 

GFL 8 (%) w/v  5.20 

GP 8 (%) w/v  6.30 

 

6.4.3 Rheological studies of the O/W emulsified cleansers based on fatty acid esters of glycerol and 

glycerol formal 

 
The rheological behavior was determined for GP and GL, as well for GFP and GFL. The results were reported 

respectively in Figure 90 and in Figure 91, as shear stress vs. shear rate curve and viscosity vs. shear rate 

curve. The shear stress vs. shear rate curve displayed a nonlinear trend, indicative of non-Newtonian, 

pseudoplastic or shear-thinning behavior. As the shear rate increased, the shear stress also increased, but at 

a decreasing rate, highlighting the emulsion’s ability to flow more easily under mechanical force. The viscosity 

vs. shear rate curve confirms this profile. Accordingly, at low shear rates shear thinning fluids will show a 

constant viscosity value. At a critical shear rate, a large drop in viscosity is observed, which signifies the 

beginning of the shear thinning region. This behavior is typical for cosmetic emulsions that are stable at 

storage and become less resistant to flow when subjected to stress, such as during application or spreading. 

This rheological profile allows good spreadability and ease application of the cleansers while maintaining 

product stability during storage. 
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O/W Emulsified cleansers formulated with palmitic acid esters demonstrated increased resistance to flow, 

as evidenced by slightly higher shear stress values at equivalent shear rates, in comparison to lauric acid 

ester-based emulsions. Therefore, they appear thicker than the ones based on lauric acid esters. This result 

is expected, as palmitic acid has a longer carbon chain than lauric acid, making it more hydrophobic and 

structurally organized. These characteristics promote stronger intermolecular interactions within the internal 

phase of the emulsion, typically resulting in higher viscosity and, consequently, greater shear stress at a given 

shear rate. The rheological behavior of the emulsified cleansers was analyzed using the Power Law model to 

describe their flow behavior. The flow index was between 0.11-0.19 confirming a pseudoplastic behavior, 

which is typical and desirable in cosmetic emulsions, ensuring ease of application and improved spreadability, 

with a 0 < n < 1 typical of Shear Thinning (pseudoplastic) fluid. A relatively high K between 23.42 and 29.49 

Pa·sⁿ indicated that the emulsions possess a structured, viscous network, contributing to a rich and stable 

texture. These parameters suggest that the formulation behaves as a shear-thinning system, becoming less 

viscous upon application while maintaining a thick texture at rest, as expected for high-performance topical 

products. These rheological properties are suitable for semi-solid formulations such as creams or emulsified 

cleansers, offering both stability during storage and pleasant sensory characteristics upon use. Comparison 

graphs of n and k of the emulsified cleansers were reported in Figure 92 and in Figure 93. 
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Figure 90: The shear stress vs. shear rate curve for the emulsified cleansers  
The shear stress vs. shear rate curve displayed a nonlinear trend, indicative of non-Newtonian, pseudoplastic 
or shear-thinning behavior 
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Figure 91: The viscosity vs. shear rate curve for the O/W emulsified cleansers  
The viscosity vs. shear rate curve confirms the non-Newtonian, pseudoplastic or shear-thinning behavior 

 

 
Figure 92: Comparison of the K values of different O/W emulsified cleansers based on GL, GP, GFL and GFP 
! ǊŜƭŀǘƛǾŜƭȅ ƘƛƎƘ Y ōŜǘǿŜŜƴ ноΦпн ŀƴŘ нфΦпф tŀϊǎȞ indicated that the emulsions possess a structured, viscous 
network, contributing to a rich and stable texture 
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Figure 93: Comparison of the n values of Different Emulsified Cleansers based on GL, GP, GFL and GFP 
The flow index was between 0.11-0.19 confirming a pseudoplastic behavior 
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6.4.4 Stability of the O/W emulsified cleansers based on fatty acid esters of Glycerol and Glycerol formal 

 

Following one month of storage, the emulsions became visibly thicker and showed an increase in droplet 

size. This was confirmed by microscopy analysis conducted on 10 representative samples (Table 45). 

However, the O/W emulsions maintained their stability over time, with no evidence of phase separation. 

 

Table 45: The average droplet diameter of the emulsions after 1 month, measured by optical microscopy 
Results are expressed as mean ± SD (n = 10) 

Esters -based emulsions 
Average droplet diameter  

(µm) ± SD 

GL 5 (%) w/v  2.30 ± 0.34 

GP 5 (%) w/v  2.55 ± 0.67 

GFL 8 (%) w/v  2.20 ± 0.45 

GFP 8 (%) w/v  2.90 ± 0.33 

 

The rheological properties of the O/W emulsions were evaluated after one month to assess the stability of 

the emulsions as a change in viscosity profile. The results were reported for the series based on glycerol in 

Figure 94 and in Figure 95 for the series based on glycerol formal. After a period of 1 month the emulsions 

were thicker. They exhibit greater shear stress at same shear rate, indicating that the emulsions are offering 

more resistance to flow. Moreover, an accelerated aging test was performed on the emulsions after 

incubation at 45°C for 72 hours. The results were reported in Figure 94 for the series based on glycerol and 

in Figure 95 for the series based on glycerol formal. Under temperature-stressed conditions the emulsion 

showed at the same shear rate a greater shear stress. The emulsion becomes more viscous and thicker. 

Higher temperature can favor particle aggregation, due to increased kinetic energy between particles that 

can move more rapidly, leading to collisions. Moreover, heat can cause dehydration, increase the 

concentration of the internal phase and promote aggregation phenomena. Table 46 presents the results of 

the microscopy analysis conducted to evaluate the morphology and structural integrity of the particles within 

the emulsions after time (1 month) and after exposure to stress conditions. After one month the droplets 

were bigger than at time t0, demonstrating that coalescence occurred. After the accelerated aging assay, 

aggregation phenomena were predominantly observed in the emulsions based on glyceryl palmitate and 

glyceryl formal palmitate. However, no phase separation was observed in any of the emulsions at any studied 

conditions. 
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Figure 94: The rheological properties of glycerol -based emulsified cleansers after 1 month and after accelerated aging test 
Over time and under temperature-stressed conditions the emulsion showed at the same shear rate a greater shear stress. The emulsion becomes more viscous and 

thicker. Data are expressed as mean ± SEM. Statistical analysis performed using One-way ANOVA followed by DunnettΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘ. The shear stress 
vs. shear rate curve was significant greater after the accelerated aging test (**** p<0.0001) and in the case of GL after 1 month (**  p<0.01) in comparison to 0 
time 
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Figure 95: The rheological properties of glycerol formal-based emulsified cleansers after 1 month and after accelerated aging test 
Over time and under temperature-stressed conditions the emulsion showed at the same shear rate a greater shear stress. The emulsion becomes more viscous and 

thicker. Data are expressed as mean ± SEM. Statistical analysis performed using One-way ANOVA followed by DunnettΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘ. The shear stress vs. 
shear rate curve was significant greater after the accelerated aging test (**** p<0.0001) and in the case of GFL after 1 month (**  p<0.01) in comparison to 0 time 
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Table 46: Microscopy images of fatty acid esters -based emulsified cleansers at RT and after the accelerated aging assay  
 Data were acquired at 60x magnification 

Esters -based emulsions GL 5% w/v  GP 5% w/v  GFL 8% w/v  GFP 8% w/v  

At RT 

    

At RT after one month 

    

Accelerated aging assay: 

under 45° C for 72 hours 

 

 

 

 

50 µm 50 µm 

50 µm 50 µm 

50 µm 

50 µm 

50 µm 

50 µm 50 µm 50 µm 

50 µm 

50 µm 
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6.4.5 Quantification of the glyceryl esters concentration in the prepared O/W emulsified cleansers 

 
The O/W emulsified cleanser based on GL (5%) w/v was quantified with the established method after 

extraction of the ester in chloroform as described in Section 5.3.8. The chromatogram was reported in Figure 

96 where the peak at 4.3 min (glyceryl monolaurate, 1-Lauroyl-rac-glycerol) and 5.7 min (lauric acid) were 

identified. The concentration of the monoester 1-Lauroyl-rac-glycerol of 2.6 mg/ml was quantified by 

extrapolation from the calibration curve. Only 22% of the intended monoester was effectively incorporated 

into the formulation, corresponding to 3.3 mg/mL out of the theoretical 15 mg/mL. 

 

Figure 96: Chromatogram of the O/W emulsified cleanser based on GL (5%) w/v  
The chromatogram exhibits the peak at the retention time of 4.3 min identified as 1-Lauroyl-rac-glycerol and 
the peak at 5.7 min identified as lauric acid 

 
The O/W emulsified cleanser based on GP (5%) w/v was quantified with the established method after 

extraction and the chromatogram was reported in Figure 97 where the peak at 12.3 min characteristic of 

glyceryl monopalmitate (D-Palmitin) was recognized. The concentration of monoester incorporated into the 

cleanser was quantified by extrapolation from the calibration curve of D-Palmitin. Out of the theoretical 15 

mg/mL monoester content, 50% (i.e., 7.46 mg/mL) was effectively loaded into the formulation.  

 
Figure 97: Chromatogram of the O/W emulsified cleanser based on GP (5%) w/v  
The chromatogram shows the peak at 12.3 min characteristic of D-Palmitin 
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Finally, the O/W emulsified cleanser based GFL showed the peaks that were observed for the synthetized 

esters (Figure 98): the peak at the retention time of 5.5 min that is identified as lauric acid and the two peaks 

at 8.8 min and 9.8 min, which here were detected at 9.25 min and 10.29 min. As previously discussed, peaks 

shift in retention times occurred when a compound is formulated due to possible interactions with excipients. 

The concentration of the components at each was quantified by extrapolation from the calibration curve, 

obtaining respectively a concentration of 29.08 mg/mL, 24.27 mg/mL and 23.66 mg/mL. A total of 80 mg/mL 

of ester (8 %) w/v was used in the preparation of the emulsified cleanser. 

 
Figure 98: Chromatogram of the O/W emulsified cleanser based on GFL (8%) w/v  
The chromatogram shows the peak at 5.5 min (lauric acid) and the two peaks at 9.25 min and 10.29 min 

 
As previously discussed, the quantification of the esters using the established method presents some 

limitations. Since the synthesized mono esters were not purified, impurities, diglycerides and triglycerides 

remain in the samples, potentially altering their properties and behavior. Solubility, in particular, is affected, 

which is especially problematic when using HPLC-RI, as it hinders detection at low concentrations. Moreover, 

when esters are extracted from the cleaners, their concentration is further reduced due to losses incurred 

during the extraction process. Therefore, the measured concentration of monoesters is not representative 

of their true content. Since these results are just a starting point for the collaboration with the industrial 

partner with a patent pending, further synthesis and purification will be carried out in the near future. 
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6.4.6 In vitro release assay of ester from Glycerol and Glycerol Formal -based O/W emulsified cleansers 

 
The results from the in vitro release assay of glycerol and glycerol formal based esters from cleansers through 

the dialysis membrane on Franz cell showed that no characteristic peaks of the esters were detected in the 

withdrawn samples from the receiving phase at the investigated times up to 60 minutes. The results indicate 

that the studied esters were unable to permeate the dialysis membrane, implying a high stability of the 

emulsion, with no disruption or release of the internal lipophilic phase composed of these esters. 

Nonetheless, the possibility that trace amounts were released but remained undetected due to the low 

sensitivity of the analytical method cannot be excluded. Indeed, the fact that no detectable compounds were 

observed, which may be also attributed to their concentration being below the detection threshold of the 

established method. As explained before, due to its relatively high detection limits, the method fails to detect 

the esters when present in small amounts. A representative example of chromatogram showing no 

detectable peaks is presented below (Figure 99). 

 
Figure 99: Release assay from the dialysis membrane of GL (5%) w/v  at 60 min 
No peaks of interest were detected 

 
In the donor compartments the esters were detected in a percentage similar to the one detected in the 

analysis of the extracted residue from cleanser. In particular GP at 44.80 % (Figure 100) and GL was found at 

a percentage of 15.90 % ± 0.46 (Figure 101), and The concentrations detected for GFL were respectively 34.89 

mg/mL ± 0.96, 18.26 mg/mL ± 1.26 and 19.37 mg/mL ± 0.47 (Figure 102). The results likely confirm that the 

content of esters detected in the cleansers was almost completely found in the donor compartments. This 

observation highlights the high physical and chemical stability of the O/W emulsions, suggesting that no 

significant breakdown or release of the internal lipophilic phase occurred. Consequently, the esters were not 

able to permeate across the dialysis membrane, which may reflect the integrity and robustness of the O/W 

emulsion structure. 
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Figure 100: Quantification of GP (5%) w/v  in the donor compartment in the in vitro release assay  

 
Figure 101: Quantification of GFL (8%) w/v  in the donor compartment in the in vitro release assay 

 
Figure 102: Quantification of GL (5%) w/v  in the donor compartment in the in vitro release assay 

 

6.4.7 Franz cell diffusion assay of ester from Glyceryl and Glyceryl Formal -based emulsified cleansers 

 
The Franz cell diffusion assay for glycerol and glyceryl formal -based emulsified cleansers demonstrated that 

the esters did not permeate across pig skin, since no characteristic peaks of the esters were detected. The 

absence of ester permeation through porcine skin in Franz cell experiments further highlights the excellent 

physical stability of the O/W emulsions. This outcome is particularly desirable and positions these 

formulations as highly promising candidates for the development of safe and effective topical cleansers. It 
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should therefore be taken into account that the analytical method used has limited sensitivity and may fail 

to detect small amounts of esters released from the cleansers. A representative examples are reported below 

- at 30 min and 90 min- for GL 5% w/v (Figure 103, Figure 104). 

 
Figure 103: The release of GL 5% w/v after 30 min in the Franz cell diffusion assay 
No peaks of interest were detected 
 

 
Figure 104: The release of GL 5% w/v after 90 min in the Franz cell diffusion assay 
No peaks of interest were detected 

 
In the donor compartments the esters were detected in a percentage like the one detected in the analysis of 

the emulsified cleanser: 

¶ GL was found at a percentage of 16.20 % ± 0.52 (Figure 105); 

¶ GP at 79.03 % ± 5.32 (Figure 106);  

¶ The concentrations detected for GFL were respectively 17.05 mg/mL ± 3.81, 24.27 mg/mL ± 4.35 and 

8.99 mg/mL ± 3.74 at 5.70 min, 9.20 min and 10.30 min (Figure 107). 



 205 

 
Figure 105: The chromatogram of the donor compartment of GL 5% w/v after Franz cell diffusion assay 

 
Figure 106: The chromatogram of the donor compartment of GP 5% w/v after Franz cell diffusion assay 

 
Figure 107: The chromatogram of the donor compartment of GFL 8% w/v after Franz cell diffusion assay 

The results are likely to confirm that the content of esters detected in the cleansers was almost completely 

found in the donor compartments. The references peaks of the esters were not detected in the horny layer 

of the skin (stratum corneum) and in the viable layers of the skin, epidermidis and dermis, as reported as an 

exemplification for the case of GFL in Figure 108 and in Figure 109. These findings suggest that the esters 

contribute to the formation of a stable and homogeneous O/W emulsion, confirming their suitability for use 

in topical formulations. 
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Figure 108: Chromatogram of GFL 8% w/v extracted from the horny layer of the skin 

 

Figure 109: Chromatogram of GFL 8% w/v extracted from the viable layers of the skin, epidermidis and 
dermis 
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7. Conclusions 

In conclusion, various antimicrobial formulations were developed with the aim of mitigating the 

environmental impact associated with conventional antimicrobials, disinfectants, and personal care 

products. This work is in line with the European strategies aimed at encouraging toward a cleaner, more 

sustainable, and competitive economic transition. The development of these formulations was guided by the 

principles of eco-design, which emphasize environmental sustainability throughout the entire product life 

cycle. Specifically, the design process prioritized the use of natural and renewable ingredients, minimized the 

incorporation of toxic substances, and promoted the valorization of innovative technologies and the re-use 

of industrial by-products as raw materials for new applications, thereby embracing a circular 

economy approach. In the first part of the thesis, a delivery system for the natural antimicrobial 

agent curcumin was developed in the form of Curc-CS-NBs and Curc-Oxy-CS-NBs, using natural polymers such 

as chitosan, with minimal use of synthetic chemicals. In an innovative design, curcumin was both conjugated 

to the polymer shell and encapsulated within the NB core achieving high incorporation efficiencies. Both 

types of NBs exhibited an average diameter of approximately 500 nm, and curcumin was released in 

a sustained manner, with about 70% released over 50 hours. A potent multi-target strategy was developed 

to enhance the antimicrobial efficacy of curcumin, thereby contributing to the reduction of antibiotic use. 

This was achieved by promoting ROS-mediated cell death, through the co-encapsulation of oxygen (as a 

substrate for ROS generation) and the application of APDT as an innovative treatment approach. Upon 

photoactivation, both Curc-CS-NBs and Curc-Oxy-CS-NBs showed significantly enhanced antibacterial activity 

across all tested strains with a significant MIC reduction, including E. coli, S. aureus and E. faecalis. This 

innovative and eco-sustainable multi-target strategy demonstrates promising potential for future 

applications in antimicrobial therapy, particularly in the fight against AMR. The research contributed to the 

publication of the following article, where I am listed as first co-author: 

Munir Z, Molinar C, Banche G, Argenziano M, Magnano G, Cavallo L, Mandras N, Cavalli R, Guiot C. 

Encapsulation in Oxygen-Loaded Nanobubbles Enhances the Antimicrobial Effectiveness of Photoactivated 

Curcumin. International Journal of Molecular Sciences. 2023; 24(21):15595. 

https://doi.org/10.3390/ijms242115595 

In the second part of the thesis, BKC-NDs were developed as spray disinfectants for household applications. 

The formulations combined BKC, one of the most widely used disinfectants, with the natural antimicrobial 

agent limonene, aiming to enhance antimicrobial efficacy while reducing the required concentration of BKC, 

which is under increasing regulatory scrutiny due to its toxicity. BKC-NDs were prepared both with and 

without DFP in the core. The exclusion of DFP, considered a potential environmental contaminant, aligns with 
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green economy principles. Notably, comparable results were achieved in the absence of DFP, supporting the 

sustainability of the proposed formulation. A library of different concentrations of BKC (0.008% w/v, 0.08% 

w/v, and 2.4% w/v) were prepared to investigate the antimicrobial performance of the NDs and to identify 

the most effective formulation at the lowest concentration. All formulations successfully encapsulated both 

BKC and limonene with high efficiency, achieving high EE%. The antimicrobial activity of BKC against E. 

coli and S. aureus—evaluated through MIC and MBC values—was significantly improved in the ND 

formulations. The inclusion of limonene further enhanced efficacy, allowing a reduction in the overall BKC 

concentration. The release profile of BKC from the NDs confirmed the sustained antimicrobial activity of the 

system. In particular, the formulation containing 0.08% w/v BKC was identified as the most promising, 

demonstrating rapid release (80% of BKC within 2 hours) and the highest antimicrobial performance. The 

efficiency of the spray disinfectants was also evaluated from their physical properties. They exhibited 

excellent wettability, as indicated by low surface tension and the viscosity remained stable over time, 

ensuring good spreadability and long-term stability. All NDs formulations showed significantly improved 

sprayability compared to water, with 0.08% w/v BKC-NDs achieving the widest spray angle. Moreover, the 

disinfectant sprays were tested according to ISO EN 1040:2005 and demonstrated effective basic bactericidal 

activity against the tested strains, achieving a log₁₀ RF ≥ 5. In conclusion, a novel, environmentally friendly 

spray disinfectant based on BKC was successfully developed. By incorporating natural components and 

reducing the concentration of synthetic chemicals, the formulation offers lower toxicity and environmental 

impact, while exhibiting enhanced antimicrobial properties compared to BKC in solution. A scientific 

publication on this work is currently in preparation (Molinar et al., Greener formulations of benzalkonium 

chloride with enhanced antibacterial properties, ACS Applied Nano Materials, in preparation). 

 In the third part of the thesis glycerol as a waste product from the industrial production of biodiesel was re-

used to produce mono-, di-, tri- glycerides of fatty acids (palmitic and lauric acids). The synthesized glycerides 

were used both as emulsifier ingredients for the formulation of MDs and as lipophilic phase and emulsifier 

for the preparation of personal care O/W emulsified cleansers. Indeed, esters derived from glycerol and 

glycerol formal demonstrated significant surfactant activity, enabling the formation of a stable interfacial film 

capable of encapsulating poorly water-soluble essential oils like limonene. Furthermore, they performed 

effectively as internal oil phases in the development of stable O/W emulsions. An HPLC-RI method for the 

quantification of the esters in MDs and in cleansers was developed and the Franz cell diffusion assay for 

evaluating a future skin application was performed. The results demonstrated that the esters were not 

released from either the cleansers or the MDs across porcine skin, confirming their ability to form stable 

formulations resistant to degradation. This project was initiated during the final phase of my PhD and was 

conducted over a period of only three months; thus, it remains at an early stage of development. The 

objective of this initial phase was to assess the formation of value-added products from a waste-derived by-
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product, characterize them, and initiate the development of a quantification method. Nonetheless, the 

promising results of this preliminary work have resulted in a patent application and are expected to reinforce 

the collaboration with the industrial partner, allowing the project to move forward. 

Taken together, the data obtained during the Doctoral project allowed for the formulation of green, nano- 

and micro-sized formulation with reduced environmental impact. Tackling the problem of sustainability from 

different aspects (reuse of byproducts, reduction of chemicals and preferential use of natural materials) 

allowed for the formulation of antimicrobial and personal care products with green profile.  
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Dom. n. 102025000011308 dep. 20/05/2025 

 

Journal Papers (related to the thesis project) 

¶ Munir, Z., Molinar, C., Banche, G., Argenziano, M., Magnano, G., Cavallo, L., Mandras, N., Cavalli, 

R., & Guiot, C. (2023). Encapsulation in Oxygen-Loaded Nanobubbles Enhances the Antimicrobial 

Effectiveness of Photoactivated Curcumin. International journal of molecular sciences, 24(21), 

15595. https://doi.org/10.3390/ijms242115595 

¶ Molinar C., Scutera S., Vigna G., Scomparin A., Musso T., Cavalli R. Exploiting greener formulations 

of benzalkonium chloride with enhanced antibacterial properties. ACS Applied Nano Materials (in 

preparation). 

 

Journal Papers (side projects) 

¶ Rubeo, C.; Hoti, G.; Giordano, M.; Molinar, C.; Aragno, M.; Mantuano, B.; Comità, S.; Femminò, S.; 

Cavalli, R.; Trotta, F.; Penna, C.; Pagliaro, P. (2024) Enhancing Heart Transplantation: Utilizing Gas-

Loaded Nanocarriers to Mitigate Cold/Hypoxia Stress. IJMS, 25 (11), 5685.  
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S. A., Marcantoni, A., Tomagra, G., Carabelli, V., Guiot, C., D'Agata, F., & Cavalli, R. (2024). 
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Central Nervous System Applications. International journal of molecular sciences, 25(2), 729. 
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https://doi.org/10.3390/microorganisms11102460 
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Nanomedicines. Macromolecular bioscience, 23(9), e2300102. 

https://doi.org/10.1002/mabi.202300102 

¶ Bastiancich C., Molinar C., Tchoghandjian A, Cavalli R., Scomparin A., Treating Glioblastoma With 

Dextrin-Based Polymers, Expert Opinion on Drug Delivery, revision submitted 2025 
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Book Chapters (side projects) 

¶ Molinar, C. et al. (2023). Cyclodextrins and Cyclodextrin-Based Nanosponges for Anti-Cancer Drug 

and Nutraceutical Delivery. In: Malviya, R., Sundram, S. (eds) Targeted Cancer Therapy in 

Biomedical Engineering. Biological and Medical Physics, Biomedical Engineering. Springer, 

Singapore. https://doi.org/10.1007/978-981-19-9786-0_17 
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10. Posters and oral presentation at international conferences 

 
Related to the thesis project: 

¶ Green formulations of benzalkonium chloride with enhanced antibacterial properties 

(Poster presentation) 

Molinar C., Scutera S., Scomparin A., Musso T., Cavalli R. 

Controlled Release Society (CRS) 2025 Annual Meeting & Exposition, Philadelphia, PA, USA, from 

July 14-18, 2025. 

¶ Limonene inclusion complexes in household products for preventing the sensitization induction level  

(Poster presentation) 

Molinar C., Scomparin A., Sgorbini B., Argenziano M., Cavalli R.  

National Conference:  4th European Conference on Pharmaceutics, 20‐21 March 2023, Marseille, 

France. 

¶ Limonene inclusion complexes in household products for preventing the sensitization induction 

level 

(Poster and oral presentation) 

Molinar C., Scomparin A., Sgorbini B., Cavalli R.  

International Summer School on Cyclodextrins “Advances in cyclodextrin chemistry and applications”, 

4‐7 September 2022, Ascea, Italy. 

 

Side projects: 

¶ A novel cyclodextrin gel formulation loaded with a combination of drugs designed for in situ 

treatment against glioblastoma 

(Oral presentation) 

Molinar C., Magnano G., Bastiancich C., Argenziano M., Trotta F., Scomparin A.; Cavalli R. 

1st SITELF National PhD Summer School, 2-4 September 2024, Pavia, Italy. 

 

¶ A β-cyclodextrin nanosponges gel formulation for a controlled and sustained in situ release of 

different anticancer agents against Glioblastoma  

(Poster presentation) 

Molinar C., Magnano G., Bastiancich C., Hoti G., Scomparin A.; Cavalli R. 

CRS 2024 Annual Meeting & Exposition, 8-12 July, 2024, Bologna, Italy. 

¶ A novel gel formulation based on β-cyclodextrin nanosponges, as a new approach for in situ 

treatment for glioblastoma 

(Poster presentation) 
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Molinar C., Magnano G., Bastiancich C., Argenziano M., Trotta F., Scomparin A.; Cavalli R. 

21st International Cyclodextrin Symposium, 10-14 June 2024, Dunkerque, France. 

¶ β-cyclodextrin nanosponges as a versatile nanoplatform for the delivery of anti-pancreatic tumor 

agents in combination with hyphoxia-based antitumoral strategies 

(Poster presentation) 

Molinar C., Scomparin A., Trotta F., Dianzani C., Argenziano M., Cavalli R. 

XII Scuola Dottorale di Tecnologia Farmaceutica, 13-15 September 2023, Trieste, Italy. 

¶ Enteric-coated nanocrystals for the controlled oral delivery of oleanolic acid 

(Poster presentation) 

Chiara Molinar, Argenziano M., Bastiancich C., Scomparin A., Cavalli R.  

Milan polymer days (MIPOL2023), 7‐9 June 2023, Milan, Italy. 

¶ Characterization of novel β-cyclodextrin cationic polymers for therapeutic nucleic acid delivery 

(Poster presentation) 

Scomparin A., Cecone C., Giorgi E., Argenziano M., Molinar C., Valperga A., Toro A., Brusco A., Trotta 

F., R. Cavalli R. 

Polymers 2022 - New Trends in Polymer Science: Health of the Planet, Health of the People, 25–27 

May 2022, Turin, Italy. 
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