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Abstract

The aim of this thesis was to develop innovative and-feemdly antimicrobial systemssing natural,
biodegradable, or renewable ingredients, with the dual objective of enhancing infection control and
minimizing the environmental impact of industrial formulations. To achieve this, nanotechrbésgpd
strategies were investigated, specifically focusinghenuse ofnanobubblesand nanodroplets as delivery
systems for antimicrobial agent$his research was conducted within the framework of collaborative
projects involving two industrial partners and othBepartments of the University of Turitn the first
part of the work,curcumin within chitosanshelled nanobubbles andaturated with oxygen were
developed using biodegradable and naturally derived matefialshe delivery of the natural occurring
antimicrobial curcumin These systems were designed to explore potesiakrgisticeffects and
improved therapeutic performancerough the application of innovative technologies as the application
of Photodynamic Inactivation and the etelivery of oxygenThe results suggest that such formulations
could cantribute to addressing the global challengeanttibiotic resistance, by reducing the need for

conventional antibiotics through enhanced antimicrobial efficacy.

In the second part of the studpenzalkonium chloridéoaded nanodropletsvere formulated aspray
disinfectants for household cleaning. Tinodropletsvere prepared usingreen 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 chloriddoaded nanodroplets demonstratesliperior antimicrobial propertiesompared

to BKC in aquess solution, supporting their application as sustainable alternatives in the field of surface
disinfection. The efficiency obenzalkonium chloriddoaded nanodroplets waslso evaluated from
aphysicochemicgberspective, demonstrating that the resulting spray disinfectants exhiltitgd

wettability, wide spray angles, andngterm stabilityupon storage.

Finally, in the last part of theéhesiscrude glycerol as a byroduct from the Biodiesel production was
transformed to other valueadded products aligns with the European circular economy objectives, which
aim to minimize waste and optimize resource utilizati@yceroland glycerol formamonoglycerides,
diglycerides, and triglyceridesere synthesized through reactions with various fatty acid obtain

interesting materials employed fahe vehiculationof essentiabilsand personal care.
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2. Aim of the thesis

The aim of this thesis was to develop innovative andfeenadly antimicrobial products with the goal of
reducing the environmental impact of industriattivities. Thefirst 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
bacterid infection control. According to the World Health Organization, antibiotic resistanmee of the
greatest threats to global health todajanotechnology 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 naimsarallowing for
controlled release and precise targeting of infected tissues. Among the various nanocaar@subbles
(NBshave emerged in recent years as a promising drug delivery platfoemadineir ease of preparation,
costeffectiveness, and potential applications in targeted therapy and imagingthis 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, asw/élbm fish, insects, and fungi, whereas
curcumin is a bioactive compound extracted from the turmeric pl&ur¢una longg, 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 curcutoaded nanobubblegCurcCSNBs)

were also saturated with ggen(CurcOxyCSNBs) aiming to enhance the overall antimicrobial activity

of the system.

In the second part of the thesis, the expertise gained in the preparatiomnbbubbleswas
further deepened and applieth the encapsulation obenzalkonium chlorid¢BKCJjor the development
of a spray disinfectant intended for household u$his work was carried out in collaboration with an
industrial partner, Bckitt®and the Department of Sciences of Public Health and Pediatsesking to
reduce the toxicity of BKi@ the formulation of their productswhich is one of the most commonly used
disinfectants in household producténdeed, he use ofBKCin disinfectants and cleaning agents is
associated with several drawbacks, particularly its toxicity to humaugh as skin and eye irritatien
and its environmental impactBKCresidues 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 usaradroplets(NDs) a type ofnanobubblesfor

the coencapsulation ofBenzalkonium chlorideandlimonene, a natural essential oil with well
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documented antimicrobial propertie€BKENDs) The goal is to reduce the required concentration of
Benzalkonium chloridey 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 {tmmm storage stability.

Finally, the last part of the thesis was conducted in collaboration with a second industrial partner,
Fluos S.p.A., focusing on thkalorizationof the main industrial byroduct from biodiesel production
glyceroltfor the development otarriers for essential oil vehiculati@md 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 reusenide 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 Eufope.glycerol,
valueadded 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 formicrodroplets MDs)formulations for the deliery of essential aél 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 reportedrigurel.
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Figurel:Graphical abstract of the three projectsf the thesis

(a) Encapsulation of curcumin in vesicular naystemscalled nanobubbles (Cu@SNBs) and loadingf
oxygen (Cur©xyCSNBs)(b) Spray disinfectants loaded with benzalkonium chloride (BKC) in the form of
nanovescicular systems called nanodroplets {BR€)(c) Use ofthe main industrial byroduct from
biodiesel productionglycerotfor the development of carriers for essential oil vehiculation and personal
care products, such as cleans&seated with BioRender.com
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3. Introduction

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

European economy

TheProgramma Operativo Nazionale Ricerca e Innovazione-202@d (PON Research and Innovatiisn)

one of Iltaly’s most significant initiatives ai me
technological development, and innovatioVith a tal financial allocation o€ 1. 189 bi | | i on
program was funded through contributions from theiropean Regional Development Bun

the European Social Fund, and nationaffic@ancing, and was managed by thBnistry of University and
Research.A key piority of the program was to foster theompet i ti ve repositio
disadvantaged regions, including both less developed and transition regions, in alignment with the
objectives of theE ur o p e a n (EW €ahesion Rolicy. The program sought to stimutatert,
sustainable, and inclusive development, ensuring the production ofdiglity research and innovation.

Another major objective was to promotmllaboration between industries and institutions, such as
universities and research organizati) to achieve improved outcomesknowledge sharing, production
processes, commercial activities, and product developmé&uditionally, the program emphasized

the development of qualified and implementeimplified, transparent procedurds streamline

administrative processes.

However, since the onset of the COMI® pandemic, Europe's economy has experienced a significant
slowdown, rising unemployment, and economic contraction. In response, the European Comiii€ion
introduced the REAGHU package on May 28, 2020, aimed at repairing the damage caused by the
pandemic, providing additional resources to 2€A8P0 programs, and supplementing the cohesion
allocations for 2022027.REACEU (Recovery Assistance for Cohesion and the Territories of Europe) is

a major initiative undethe Next Generation Etécovery plan, with a total allocation €5 0. 6 bi | | i on
program aims to overcome the soeswonomic consequences of the crisis related to CE&NID
pandemicand to address a green, digital and resilient recovery of the ecof®@BACEU). TheREACT

EU reprogrammingefers to the modification and updating of the operational programs of Hig

structural funds to address the economic and social challenges caused by the T3paAdemic.

Italy implemented a series of ministerial decrees to allocate REALCTINds, which are addressed to

reach the following objectives:

1 Public Health: provide additional support addressing the health crisis (e.g., through the
purchase of vaccines and medicines against SAR&), while simultaneously initiating actions
to structurally strengthen the system with the allocation of funds

1 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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1 Social Cohesiorstrengtheninghe contribution of the cohesion policy

1 School, research and higher education: investment dinection of research and development
activities

T Green and digital transitions: align with ¢ttt
transformation, implementingcCrecommendations on the "European Green Deal"

1 Energy and environment: support the transition to a loarbon economy across all sectors and

ensure the efficient use of natural resources

In particular, REAGHU resources have beerthanneledinto several programs, including tfRON
Research and Innovatigrogram 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 inahiext of the
COVIBL9 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 actionaimed at the entire national territory were introduced fully funded by
additional REACEU ESHs part of the implemented innovations, new PhD positions were allocated on

innovation and sustainabilityelated topics.
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3.2 TheEwironmentallmpact ofindustry

Industry significantly contributes to environmental degradation, primarily through emissions into the
atmosphere and aquatic ecosystems, the generation of industrial waste armtoldycts, and the
extensive consumption of raw materials and natural resosrdecording to estimates by the European
Environment Agency (EEA), the economic costs associated with the negative impacts of air pollution
caused by Europehs202fiuamountegl| antapproxi mately
over the past dcade, these costs have decreased by nearly 35%, although in 2020 they partially increased
after a drop due to reduced economic activity during the C@MPandemié& This improvemenhasat

least party 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
emi ssions, such as c ar bAbvthe industdaklevedl,egredniide gas emissionsme t h
result from burning fossil fuels to generate energy or from specific chemical reactions involved in
transforming raw materials into valuable produciis.addition to these direct greenhouse gas emissions,
industries also generate indirect emissions associated with their electricity consumption to generate
goods. In 2022J.S. Environmental Protection Agen(fyPA) accountedhat direct greenhouse gas
emissons fromindustry represented23% of total U.S. greenhouse gas emissions, making it the third
largest contributor, after theransportationandelectric sectors Notably, thanks to the efforts that have

been undertakenthe total U.S. greenhouse gas emissions from industry decreased by 22% since 1990.
For exampl e, policies have encouraged the use 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, posisigndicant
environmental challenge. Indeedaeh year, Europe generates around 2.5 biltimms ofwaste®. Although

the European Commission has made significant efforts to reduce our environmental impact, the amount
of waste generated has not yet begun to declihe.particular, waste generated by the chemical and
pharmaceutical industries haparkedconcerns, as toxic residues have been shown to ppatential risk

to the ecosystemFor example, many pharmaceuticals and their metabolites have been detected in

sewage systems, primarily from humand animalexcretions.After wastewater treatment, a residual
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percentage of chemicals can be still detected in @myironment Furthermore, improper disposal of

drugs has been related to a high source of pollution

Toxicity of the chemicals

The residual presence of chemicals in #revironment-whether from industrial processes, agriculture,
waste or consumer productgose significant risks to both human health and ecosysté&hsmicals can
posesignificant toxicity risks to human health and the environment, including carcinogenic, mutagenic,
or reprotoxic effects, as well as lotgrm environmental hazards. The REACH regulation plays a crucial
role in controlling these risks by requiring manufaretrs to evaluate and report the toxicity of chemicals,
ensuring that harmful substances are properly regulated and restricted to protect both public health and
the ecosysterh 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 physi coc haadmandrenmentplfateper t i e
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 atibn, as well as their toxicity to aquatic organisms.

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

toxic andbio accumulativ&eompounds, 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 resistar{édk) 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, gheironmental concentrations of
antibiotics are low, esn lower than the minimal inhibitory concentrations (MICs). At such low
concentrationsmprobably bacteria can develop ARTypical environmental concentrations of antibiotics
(my/L), as reported irFigure2 across different water sources, are generally well below the MIC range
observed for bacterial strain€l0-10,000 ngy/L).However,the concentrations suspected to select for

resistance are exceeded in many places, such as in sewage tre&tment
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Figure2: Typical antibiotic concentratios (nmy/L) detected in differentwater sources

Antibiotic concentrationare generally lower than the typical MICs of bacteria-{10000ng/L), but high
enough to select for resistanceather places such as in sewage treatméeproduced frorh

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 bacteridhese 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 retdase

antibiotics or biocides into natural ecosysteins

3.2.2 European sategies for Environmental Improvement

The European Green Deal, established in @Genmunication of theECof 11 December 2019, is the
European sustainable growth strategy aims to transform the Union into a modern, competitive, elimate
neutral and toxiefree 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 bérigiitse3).
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Figure3: The circular economy strategy of European Community to a cleaner, more sustainable and
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Created with BioRender.com

At thesame time, European policy strategies aim to support industries in achieving climate neutrality and
promote enhanced energy efficiency in produdisline with these goals, on 11 March 2020, the European
Commission launched its new industr&itategy, which includes @ew circular economy action plafor

a cleaner and more competitive Eurgpauilding on the success of the previous plan adopted in 215

was estimated that the adopted plan would be potentially capable to inangdSU GDP by an additional
0.5% by 2030 and creating around 700 000 new jtibsecent 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 produdisis way, the carbon and
environmental impact associated with its production is reduced, as it involves lower use o#lnatur
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 optR@garding

the strategies adopted b Cto reduce waste production, it focused on promoting waste prevention and
circularity on the productsAmong the enebf-waste actions undertaken is the promotion thie use of
secondary raw materials, which often present varicomplicationscompared to primary raw materials,
particularly in terms of safety, performance, availability, and cBstopean strategies are addressed to
introduce requirements for recycled content in products in order to minimize the differeaoesto
support solutions for higlyuality sorting and removing contaminants from waskurthermore, the

concept of 'safe and sustainable by desigriigse stressedasa guidefor innovation for chemicals and

materials Accordi nhydgsi ghe&”osaébkbemicals is encouraged

hazardous substances to better protect citizens and the environfnent
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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 Harket

Wi t h “ecodesign of t he product’?” i s intended
considerations into the characteristics of the product and during the production process, making it more
environmentally sustainabldhe 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 a#dfftese include:
1 Minimizing the presence of potentially harmful chemicals, such as corrosive or strongly irritating
substances, known or suspected human carcinogens or reproductive toxicants;aepoleéng
and hazardousubstances, and hazardous air pollutants
9 Utilizing renewable resources, such as citrus, seedetablesand pine oils
1 Reducing the use of volatile compounds
1 Fragrancedree or meets theSafer Choice Criteria for Fragrances from &fA 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 greatéransparency, manufacturers must clearly
indicate the presence of any dermal sensitizers in their formulations
1 Ensuring a pH closer to neutral, e.g., between 4 and 9.5
1 Ensuring low toxicity to aquatic organisms (e.g., fish or aquatic invertebrates), witbrLEXs,
values > 10 mg/L (chronic)
1 Ensuring low flammability, with a flash point > 200°F
1 Using readily biodegradable materials that break down quickly in an aerobic aquatic environment.
Moreover, theemployment of natural and green ingredients over synthetic chemicals to reduce risks

to human health and the environment.
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3.3Nanodropletsand nanobubblespromising and versatile nanoplatfosm

Nanobubbles (NBgre gasencapsulatechangarticleswith a diameterrange oflessthan 200 nm, that
containan inert gaseous corewrappedin an externalshellthat stabilizes the systemand preventsthe
diffusion of theinner gas.Mainly, their shell ismade of lipidsproteins, polymersand surfactant®.

Figured shows a schematic representationdiBs.

Lipids
Polymers
Proteins
Surfactants

Inner Core

(Air, Oxygen,
PFC)

Figure4: Schematic representation dBs
NBs are composed of dnner core an outer shell, andan interface. In the formulation ofNBs safe,
biocompatibleand biodegradablematerialscanbe addressedCreated with BioRender.com

NBs are innovative materials with different applications in imaging, therapy and drug delivezy.
originated from the devel opment of microbubbl es
are currently clinically used as ultrasound contrast agents (UCASs) in echocardiography, radiology and in
various other imaging applicatiofs The compressible nature of thie gaseous core allows MBs to
oscillate in response to the application of an ultrasound (US) stiirhéi.use oMBs as contrast agents

limited to the intravascular systersincetheir relatively largesizeprevents them for extravasatig out of

the vasculature and avoids their accumulatiorio surrounding tissué8 These systemefficiently

reflects and scatters response tdJSwith a different acoustic impedances from blogdcreasngimage
contrast between the vasculature and the surrounding tis&ueherefore, they vastly found application

in ultrasound imaging, especially for cardiac visualization and blood flow asses3menammercially
available MBsnclude Optisor? and Definity®, indicated for adult echocardiographgonoVué which is
approved for adult and pediatric echocardiography, adult and pediatric focal liver lesions and pediatric
intravesical administration for assessment of vesicoureteral reflbenazoii approved in Japan,
Denmark, Norway, and South Korea for use in conteatanced ultrasonography of focal liver lesions

(Tablel).
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Tablel: Commercially available MBs used akrasound contrast agents

FDA
Name Shell Core gas Producer Approval  Ref.
Optisorf® Human albumin Octafluoropropane GE Healthcare 1995 7
SonoVué Lipid Sulfur hexafluoride Bracco 2014 18
o o Lantheus Medical
Definity® Lipid Octafluoropropane 2001 o
Imaging
Sonazoi® Lipid Perfluorobutane GE Healthcare - 7

MBs areconfined 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 midtit€ver 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 &ls® 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 @$erred to as phasechange contrast
agents. The liquid core, indented to remain liquid while in circulation, extends theilifealp to several

hours, theeby enhancing both their contrast imaging resolution and therapeutic potéhtiEherefore,

NDs offer enhanced stability in blood circulation and can extravasate from blood vessels into surrounding
tissues due to their nanometric sf2eIn addition to imagingthese systemsare 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 USIndeed, Utrasound excitation generates an alternative growing and shrinking obthzbles a
phenomenon called cavitation, that produces floof the surrounding liquidin the form of
microstreaming? Consequently, a shear stress is applied on the vascular and cell membrane, occurring
in their temporary opening (sonoporatiotf) The increase of cell permeation facilitates the entry of
therapeutics into the cytoplasm, promoting the absorption of drugs and genes.

The composition olNBssignificantlywaries accordingp the selection of thenner gas and the outeshell

The correct decision of the employeslibstancedor both layers is crucial to tailor bubldevith desired

applications.While the inner gastrictly influences he bubbl es acousmateral respo
confersan adequateanechanicaligidity to reduce therupture of the bubbleandto geta more standard
size distributiod® 1 n t he absence of the shell, excessive Lz

bubbles of such small dimensions, leading to an increased boiling point and potential rupture of the
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systen®®. The Laplace pressufquationl) 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:

Equationl: Laplace pressure equation
oo s s o - ¢S
, ADTRAOMRO /OO A 0 ~

where RisideiS the pressure inside the bubblegBgeis the pressur ut si de t he bubbl e,
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, polgrs, and surfactants to reduce surface tension at the interface.
The frst generation of MBge.g. Albune®) used air as internal gadu they werelimited by a short
circulation time due to the rapid dissolution afr in watef®. Over time, inert and high molecular weight
gases likeFCwor sulfur hexafluoride were used in secerahd thirdgeneration ofMBS resulting inJCAs

with longerlasting effects and improved diagnostic capabilfie®FCs are biocompatible and inert
materials, constituted of hydrocarbons in which fluorine replaces the hydrogen &oms

Various poteins, surfactants, lipids andiocompatiblepolymers can be used abellmaterials aslisted

in Table2.

Table2: Main components of NB shell

. Natural
Shell composition of _ _
Materials occurring  Ref.
NBs
materials
Polysaccharides (Dextran, Chitosan, GC, HA) yes 29-31
PLGA no 32
Polymers

Pluronics no 33

PVA no 34
Lipids Phospholipids (DSPC, DPPC) yes 35,36
Proteins HSA/BSA, Lysozyme, Oleosin yes 8139

Surfactants SPAN®, TWEEN® no 40

Therefore, the shell material offers various possibilities to custorihiBsfor specific applications by
altering their propertiesMoreover, safe, biocompatible, biodegradable materials can be addressed in the

preparation of NBsThe 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.
Theyhave beenlargely employedor variousbio-medical applicationsince they represent the major
component ofbiological membraneand then their natural biocompatibility reduces the risk of toxicity

and immune reactioft. Lipid shells arbiodegradablecomposed offatty acidsand glycero] whichare

easily metabolized by the bodindeed, the majority of commercially available MBs use lipids as outer
shell (SonoVue Definity®, Sonazoi Tablel). 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 rigidityPhospholipids spontaneously sesembleto form
monolayersin water thanks to their amphiphilic nature in whitteir hydrophobic chains face the gas
bubble and their hydrophiliagroups face the watéf. Ensuring a uniform and continuous phospholipid
monolayer is essential for maintaining the physical stability of RBasphatidylcholine head groups are
used for NB shells since they constitute the main components of biological membranes. As a result, DPPC
(1,2dipalmitoytsn-glycerae3-phosphocholine) and DSPC (#lj&tearoytsn-glycere3-phosphocholine)

are commonly emjpyed®-3,

Biodegradablesynthetic anchatural polymershave been extensivelgmployedin the shellcompaosition

to obtain polymercoated NBswith greater mechanical strengtbver 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 preparatidiBafargpoly(lacticco-glycolic

acid) (PLGA¥?, poly(vinyl alcohol) (PVA) Pluronié® and polysaccharides (chitosamd its derivatives,
dextran) 2°3% NBs shelled with natural polysaccharides provide an optimal solution due to their natural
origins: chitosafrom chitin, which iglerived from the exoskeleton of crustaceans, hyaluronic acid (HA)
from animals, and dextran from bactetfaThese materials are characterized by their biodegradability,
biocompatibility, and low immunogenicitioreover, polysaccharides contain various functional groups
that can be chemically modified to tailor their properties for specific applicatiohgogan is a linear

bi opol ymer composed o f-( 1 r-bhBed dglucgsamidd and rddcdiyilx e d B
glucosamingFigureb). This polysaccharide, that exhilsta pk value of 6.5, is highly soluble at low pH
values, vinenamine groupsire protonated At pH valuegsbove 6 chitosan becomes insoluble due to the

consequentioss of the protonation
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Figureb: 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. Moreovehetbiopolymer can be chemically modifietb

obtain various derivativedue to thepresence of hydroxyl groups and amino grous instance, lgcol
chitosan (GC) is a derivatigéchitosarwhich issoluble at physiological pldbtained byconjugaton with
hydrophilic ethylene glycol branch@ésin the preparation of NBs, the presence of a positive charge in the
shell- conferred by chitosancan be tailored to prevent destabilization mechanisms such as coalescence
and Ostwald ripeningnlfact,electrostatic repulsion and steric hindrance help inhibit the fusion of smaller
particles with each other and the growth of larger onébe positive charge on such as natural biopolymer
allows chitosan to be highly recognized as delivery system for gene mafeHglisrid 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 ipid shelf®3146, Proteinshelled NBs claim gdostability, biocompatibility and
biodegradability Indeed, proteins have the significant advantage of being naturally occurring materials,
resulting in low toxicityHowever, the use of proteins is limited due to their inability to specifically target
tissues, their high cost, and their susceptibility to immumactions. Variougproteins have been
employed, including bovine serum albumin (BSA), human serum albumin 3{H8AJnoglobin,
lysozymé&®, and oleosinAlbumin, in particular, was used to develop Albunex®, the firstdipfoved

MBSs. Surfactants can greatly redutiee surface tensiorf the bubblesand are commonlysedin shell
materialsgenerating hybrids with polymers or lipid8mong the various types of surfactants, Fionic
surfactants like Tween and Span are the most widely studied due to their low téXicity

An increasing number of studies emphasize the useBsfa¢ a versatile anaultifunctionalplatform for

drug, gas, and gene delivemndeed, as previously pointed out, the small size Bf Hllowsthem to
permeate and reach target tisswestumors. Thereby, they accumulate in the tumor tissue via Enhanced

Permeability and Retention effect or through active targetin@rugloadinginside the NBs can follow

38



different ways: within the core, within or just beneath the shell or the drug carldagling into a

nanostructure then linked to th&lBsurface?® (Figure6).

(a) (b) ©

Figure6: Different methods ofdrug loading on NBs
(a) incorporation within or just beneath the bubble shéll) Incorporation within the bubble coréc)
loading into a nanostructure then linked to the nanobubble surf@ceated 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 doxgicin or nucleic acids, are electrostatically bound to anionic or
cationic shell®. This is a common strategy used for gene delivery, but premature release of the drug must
be taken into considerationindeed, 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). 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 nattiré-or this reason, arttD20 Bs were
engineered for then vivodelivery of antimiRNAs (antagomiR17) to specifically targeeB malignancies

by modifying their surface with specific targeting antiboftes

Anotherdrugloading strategy is1sideNBs core. The core can function as a reservoir veitbe drug can

be solubilized, for example lipophilic drugs can be dissolved in a PFQ/ooemver, PFCs catissolve

and store oxygen, enabling NBs to function as nanocarriers for oxyasaed drug delivery in hypoxic
diseases and anaerobic infectiéhd-or instancechitosan anddextranbased nanobubbles for oxygen
delivery have been develop&®’ These nanoparticles are capable of releasing oxygen under hypoxic
conditions and exhibit no toxicityPrato et al. developed dextrarshelled oxyge#oaded nanodroplets
(OLNDs) with decafluoropentane (DFRpre, which exhibited more effective oxygen release compared

to the previously used perfluoropentareored NB%¥. Finally, drugs can be encapsulated into a

nanostructure and then linked to thidBshelP4.
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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 liquitiquid, or liquidsolid interfaces. They have typically a unique

structure with amphiphilic properties, contang both hydrophobic and hydrophilic grougsdure7).

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

hydrophilic part toward the polar

phase (such as water).
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Figure7: Main characteristic of surfactants
(&) unique structure of surfactants with amphiphilic properties, containing both hydrophobi
hydrophilic groupéb) a schematic representation of the reduction in surface tension induced by sur
molecules until the attainment of a saturated value (CN&Cpurfactants remove dirt by emulsifying
allowing the dirt to be rinsed away with wateCreated with BioRender.com

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 ramaielatively constant, and surfactant molecules

spontaneously

aggregate

nt o

organi zed

Sstructur es

toward the water and the hydrophobic tails oriented inwardFigure? a representation of the reduction

of surface tension until the attainment of the CMC is shoSurfactants have a wide range of applications

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

cleaningsuppliesand detergents, surfactants are essential because they lower the surface tension of

water, allowingthem 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 represeriglire

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
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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 af@hiwtypes.
lonic surfactants are further divided into:
1 cationic surfactants, which have a positively charged polar head, typically represented by a
guaternary ammonium group, su@sbenzalkonium chlorider cetrimonium bromide
1 Anionic surfactants, which have a negatively charged polar head, sscdiasn dodecyl sulfate
(SDS)sodium laureth sulfate (SLES)soaps (carboxylates).
1 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 inclugbeosphatidylcholinesnd cocamidopropybetaine.
Nonrionic surfactantsare amphiphilic molecules with hydrophobic chains linked to -iwonic polar
groups. The polar groups can include:
1 Ethers
1 Esters: sorbitan esters, commonly knownSman®, are among the most common. They are
defined by a number thatefersto the number and the type of fatty acid chain, e gpan 20, 40,
60, 80)
1 Etheresters:Polysorbates are widely used and commonly referred tdwasen®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 condenséu palyethylene glycol
(PEG) chains, increasing the hydrophilic nature of the surfactants.
In order to grade the hydrophilicity of surfactants, in 1950 Griffin introduced the conceptidfy d r e p hi | i «
Lipophilic Balance (HLB)"” f &rTheHhBiid definddiae20 tine$ thes s i f |
ratio of the molecular weight of the hydrophilic portion of the molecule to its total molecular weight

(Equation2):
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Where MyarophiiciS the molecular weight of théydrophilic part of the surfactant and & is the total
molecular weight of the surfactanfccording to the formula, HLB values range between 0 to 20, in which
zero indicates a completely lipophilic surfactant and 20 a completely hydrophilic surfaBianies
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 on&s
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The HLB is here defined @g&xuation3):

Equation3:1 [ . @t dzS I O02NRAYy3I (2 51 @ASaQa 3INBdzLl O2y (i NJ
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The applications of surfactants are determined from their HLB valtese3 is a list of their applications

correlated to HLB values.

Table3:/ f I 3AAFAOI GA2Y 2F SYdzZZ aAFASNRA | LIWLX AOFGA2Y | O
Adapted fronr®

Scale of HLB Application
3.56 W/O emulsifier
7-9 Wetting agent
8-18 O/W emulsifier

1315 Detergent

1518 Solubilizer
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3.5Encapsulation of curcumin in chitosahelled mnobubbl es as a “gree

formulation against antibiotic resistance

3.5.1 Antimicrobial resistancasmajor globahealth global threat

Antimicrobial resistance (AMR) is considered by Werld HealthOrganization \WHO as one of the
greatestglobal publicthreats to human health worldwideln 2019, AMR accounted for around 1.27
million deaths globally and was involved in 4.95 million deaths overaMR arises when antimicrobials
become ineffective against microorganisms due to their acquisition of drug resistadesd, over time
pathogens develop genetic changes that determine resistafssa result, infections become difficult, or
even impossible, to treat, leading to the spread of disease, illness, and ddshmain reason of this
current health threat is the overuse or misuse of antibiotics in a wide range of sgictogding human
healthcare, agriculture, and animal husbarfdryAntibiotics are among the most prescribed drugs for
people and animals, and in macgsesthey are unnecessary usebh recent years, the excessive and
inappropriate use of antibiotics has markedly increased, resulting iettiergence of antibioticesistant
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(®kR)on Antimicrobial
Resistance in May 2035 At the core of the plan is the need to raise awareness and improve
understanding of antimicrobial resistance, often referred tatlees"Slent Pandemit®. In addition, the

plan aims to strengthen surveillance and research, promote investment in preventive measures, and
ensure the responsible use of antimicrobial mediciles2016, the plan was endorsed by the othogr
governments worldwideasare f f ect i ve “ o n do tdtideaHe gldbal thregiincluding tbeh

role of multisectoral work at the country lev&8ubsequently, surveillance and management systeare
implemented to helghe GAPsuccesseat the country levethrough primary AMR dataotlection systems

to track progress against planned activities and expected outcpmelsiding theGlobal Antimicrobial
Resistance Surveillance System (GLASS), the OIE global antimicrobial use (AMU) data collection initiative
and the Tripartite AMR country sedssessment survey (TrACE3ch country should monitor and report

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

facilitate crosscountry comparisons in antibiotic use and resistdtce
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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 routanvolved

(i) the antibiotic can be inactivated or modified

(i) the target ofantibioticscan beinactivated

(iii) decrease permeability of the antibiotic

(iv) increase efflux of the antibiotic

Intrinsic resistancenechanismsénclude limited drug uptake, antibiotic inactivation, and effl&cquired
resistance mechanisms, on the other hand, typically involve target modification, antibiotic inactivation,
and efflu®? Gramnegative bacteria can employ all four of these resistance mechanisms. In contrast,
Gramypositive bacteria lack an outer lipopolysaccharide (LPS) membrane, which generally limits their
ability to restrict drug uptake. Additionally, they often lack eémttypes of drug efflux system®f note,

antimicrobial resistance can lahieved 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 welknown examples is th@-lactamases, a large family of enzymes thatirolyzethe
B-lactam ring. Other biochemical reactions that lead to antibiotic inactivation through the transfer of
chemical moieties are acetylatiercommonly targeting aminoglycosides and chloramphenics well

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

of resistance can be employed by both Grpositive and Granmegative bacteria.

The target of antibiotiscan be inactivated

Madification 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 wellkknown example is vancomycin resistanceEmterococcand Staphylococcus aureusvhere
resistance is mediated by the acquisitionvahcomycin resistance genésn geney These genes alter

the structure of peptidoglycan precursors, decreasingghet i bi ot i ¢’ s a b Similarly, t o b
B-lactam resistance occurs through changes in the structure and/or expression lepelsiciflinbinding
proteins (PBPs), which are essential for peptidoglycan synthesis in the bacterial cell wall. These alterations

reduce t h elactrhsffar their tangetsaahd infair their antimicrobial actitity
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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 antimicrobietiaty. The outer membrane acts as the first barrier

in bacterij,particul arly effective at pr ev e nfadtamgand he er
tetracyclines. These antibiotics require diffusion chanrgisrins-to cross this barrier. As a result, porins
represent a key target for resistance mechanisidseudomonas aeruginosi@velops poriamediated

resistance by reducing the uptake of basic amino acids and antibiatiosh as imipenermthrough the

abnormal production or loss of the OprD pd&#in

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 Graegative and Grarpositive bacteria, and they are
classified into five major families: the Major Facilitator Superfamily (MFS), th@ih@ilng Cassette (ABC)
family, the Small Multidrug Resistance (SMR) farttile ResistancdlodulationCell Division (RND) family,

and the Multidrug and Toxic Compound Extrusion (MATE) fa@iig. of the first and most weknown
examples of efflibmediated resistance is tetracycline resistance, in which Tet efflux pufpongng

to the MFS- actively expel tetracycline from the bacterial céfl Efflux pumps weradiscovered to
representas a significant component resistanoé Staphylococcus aureus fluoroquinolones and

biocides’.
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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 multichegjstant (MDR) bacterial
infections has been acknowledged as a major global health challenge by numerous governmental, non
governmental international organizationSince 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 publishe®d248. The extract is reported iRigure8. The2024is composed of

15 families ofntibiotic-resistantpathogens, clusteredn three levels of priorityor R&Dinvestmentand

for public health measuregritical, high, and mediumln the 2024update, Acinetobacter baumannii
various Enterobacteralesand rifampicirresistant Mycobacterium tuberculosisare listedas critical
priority pathogendecausehey pose the [ghestthreatto public health due tohe severe infections they
cause, their global disease burden, and their capacity to transfer antibiotic resistance. Tgibigi

list includes pathogens with increasing resistance to existing treatments or toelsmtt antibiotics, and
those respasible for serious infections, such @almonellashigellaNeisseria gonorrhoeae,
Pseudomonas aeruginosa aStaphylococcuspecies, which can lead to pneumonia and bloodstream
infections.

In the mediumpriority category are included Group A an&BeptococgiStreptococcus pneumoniaad
Haemophilus influenza&lotably, in response to the measures prompted by the 2017 WHO BRRERN

new antibioticsobtained market authorization, including nine effectiagginst the listed ‘critical' priority
pathogensand one effective against tuberculosi$owever, resistant strains have already been identified.
For example, Ceftazidime/Avibactamvas approved in 2015 as important filgte option forKlebsiella
pneumoniaecarbapenemaseproducingEnterobacteralesAlthough still uncommon, resistance to CAZ
AVlwas observe@ndit may represent a urgent issue due to increasing rate of reported cases and the
fatality of the disease in resistant patients (almost 48%retomanid,a nitroimidazeoxazine, was
approved bythe U.S. Food and Drug AdministratiéfD@ in 2019 for use in the treatment of extremely
drug resistant tuberculosis (XBIB) and for the treatment of intolerant or nelesponsive MDRB®.
Cefiderocol (Fetroja) is flactam with the ability to penetrate the outer membrane of Gramegative
bacteria that approved in 2019 by FDA for complicated urinary tract infections, and by EMA for Gram

negative bacterial infectioris
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Figure8: WHO Bacterial Priority Pathogens List, 2024 update
The 2024ist updateis composed of 15 families of antibictiesistant pathogens, clustered on three
levels of prioritycritical, high, and mediuntxtract fromf®

3.5.1.3 Preventive measures foeducing thespreadingof infections

TheU.S. Centers for Disease Control and Preverf@i§ s Ant i bi oti ¢ Resi stance
States published in 2019 showed that since the last report of 2013 the deaths related to the AMR, that
was before underestimated, are nodecreasing. Thereby demonstrating that thé&.S. efforts in
preventing infections, developing new antibiotics, and improving the correct use of antibiotics in humans,
animals, and the environmentare working, especially in hospitals.

Accordinglythe employment ofprevention activitiesto infectionsis slowing the spread ofesistant
germs.Prevention begins with educating the population to raise awareness about the issue, which is
essential for effectivelycontrasting 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 urcwaee

threat posed by AMRStudies have demonstrated that awareness campaigns to change population
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behaviorcan 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 educatkon what antibiotic is among the other medicaments. That was achieved
by marking antibiotic packaging with a red line to distinguish ttifesm others. In certain countries,
antibiotics are sold without a prescription, with estimatesound 20-30% in parts of Soutlme and
Eastern Europe, and up to 100% in some regions of Afri€herefore,governments and regulators
shouldenforce controls orthe sale of antibiotics without prescriptionBurthermore, the risk of infections

is higher in healthcare settings, such as hospitdtseover, government investments in sanitation, hand
hygiene, and water infrastructure in lewnd middleincome countries are likely to reduce the spread of
infections.For examplediarrhealdiseases which cause 1.1 million deaths annually and are the second
leading cause of death among childreare estimated to be 60% attributable to inadequate access to
safe water and sanitation. Universal access to improvecewand sanitation could substantially reduce

this burder“. 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 prevamtinstead 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 criticd to stop the unnecessary antibiotic use in agriculture and to restrict the use ofdsstt
antibiotics, which are vital for human health, in animal production

Moreover, preventing the development of infection with the use of vaccines has showed to be crucial in
combatting drug resistancéndeed, vaccine programs have resulted in different occasions highly cost
effective, saving to the society more than 10 times their original cdstrefore, investment on vaccine
R&Drelevant to AMRin parallel withdevelopment ohew antibiotics, are fundamentalAccording to the

WHO, each year there afet.5 million episodes of serious pneumococcal infections&0@000 deaths

in children under the age of five. Universal coverage with a pneumococcal conjugate vaccine could
prevent 11.4 million days @htibiotic use annuallyeading to aboud7% reduction in antibiotic use for
pneumonia cases. Howevarpwadaysaccess to the vaccinessdsll limited in low and middleincome

countries due to their high co%t
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3.5.2 The natural molecul€urcuminas antibacteriahgent

Curcumin  (1,#bis(4hydroxy3-methoxyphenybl,6-heptadiene3,5dione) is the main natural
polyphenol found in the rhizome of turmeri€@rcuma longp a plant from the ginger familfFigure9).
Its medicinal properties have been used for thousands of years, especiditigiznand south Asian
countries, and include antioxidant, astiflammatory, antimutagenic, antimicrobial, and anticancer
effects. The color of turmeric is dark yellow due to the presence of polyphenolic curcuminoids
(bisdemethoxycurcumin, and dimethoxyrcumin). Curcumimids are FDA ¢l assi fi ed
Recogni zed AwhenSised as’a fogd & dd@itut curcuminisnot yet FDAapproved as a
drug’.

O OH

NS N

HO OH
OCH; H;CO
Figure9: Structure of curcumin
Curcumin haghe molecular form o6:H.0Os and a molecular weight &68. 38 g/mol
Curcumin exhibits antibacterial activity against a broad spectrum of Gegative €.g. Escherichia
coli, Pseudomonas aeruginos#lelicobacter pyloyiand Grampositive bacteria €.9. Staphylococcus

aureus Clostridium difficileandListeria innocug?. Its lipophilic structure enables curcumin to insert into

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

permeability®. Additionally, curcumin inhibits thebacterial quorum sensing (QS) system, a

communication mechanism between cells widely used in biofilm formé&ti@md also inhibits bacterial

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

leading to RO#ediated cell death. The damaging effects of superoxide aniorisj(@gdrogen peroxide
(H:0,), and hydroxyl radicals (OHtompromise vital bacterial cellular components and cause cell tfeath
Curcumin can be used as a photosensitizer, as blue light irrad{@d®500 nm wavelengthjnduces its
autoxidation, generating ROS and enhancing its antibacterial ativiinally, curcumin is a potent
immunomodulator, that enhance immune response in the treatment of bacterial infeéfions

However, curcumin’s delivery is hindered by

bioavailability due to instability at physiological pH and rapid metabolism. To address these limitations,
various drug delivery strategies have been develdfethus, curcumin can be classified as a BCS class IV

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

poor pharmacokinetics/arious nanoparticles loaded with curcumin have been formulated to enhance its

i ts

bioavailability and solubility and to ensure a prolonged release. A range of nano systems has been
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investigated for these purposes, including liposomes, protein nanoparticles, polymer nanoparticles, solid

lipid nanoparticlesnano emulsionsnanofibers, conjugates, and metal nanopartictes.

3.5.3 Photodynamic therapy forurcuminbased nanopatrticles

Antibacterial photodynamic therapy (APDT) is an innovadjeroach that combinefight, oxygen and
photosensitizer (PS) agents to damage microorgani®®®T 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 dyintersystem crossingito an excited triplet state, where
electrons are quenched by molecular oxygen, producing toxic ROS. Theselik@ dacterial membrane
damage, leading to the destruction of the pathog®ns

Other photosensitizers including natural PSs (e.g. curcumin and hypericin) angyatoée structures

like phthalocyanines and porphyrins have also been studdeding the last decade, nanotechnology has

had a great impact on PDT. Most of these stutieiage used nanoparticles to improve the efficacy of-anti
cancer PDT while a few of them have been done on the antimicrobial aspleatsparticles are utilized

in diagnostic approaches and the delivery of neater-soluble PSs or anionic PSs. This is done through
encapsulation and subsequent improvement in phatteraction and photeinactivation.Moreover, the
antibacterial activity of drugs can be enhanced with the use®holecules in the nano systems.

Moreover, the development of curcunimased nanosystems capable ofdelivering oxygen has been
pursued to boost ROS production, thereby enhancing bacterial membrane damage. By incorporating both
curcumin and oxygen within the same nanocarrier, theseesystaim to intensify oxidative stress upon

LED light activation, improving antibacterial efficacy through amplifiediR€ftated damage to bacterial

cells.
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3.6 Formulation of a householgpraydisinfectant based on benzalkonium chloridézaded

nanodroplets

3.6.1 Benzalkonium chloride

Benzalkonium chloride (BKC; CAS number: &368) is a mixture of quaternary ammonium compounds,
primarily composed of alkyl dimethyl benzyl ammonium chlorides (ADEBXC).belongs to the class of
guaternary ammonium compounds (QAGs)e of the most commonly used classes of disinfectapfsCs
compounds are salts consisting of a positively charged central nitrogen atom and a negatively charged
anion, typically chloride or bromid&he nitrogen atom is bonded to various R groups, which differ in type
and @arbon 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 motécule
Thealkyl chain lengths typically raegrom C8 to C18Iln BKChe C12 and C14 derivatives exhibit the
highest biocidal activity and are also the predominant components in the mixitsdy the C12 homolog

and then the C14 homologhe molecular weight of Alkyl (G1B) dimethylbenzyl ammonium chloride
(ADBAC C126) is 359.6 g/mol, while that of Alkyl (C18) dimethylbenzyl ammonium chloride (ADBAC
C1218) is377.8 g/mote. Thechemicalstructure of BKGs shoved in FigurelO.

Cl

N’/
i
CnH2n~1

n= 8,10, 12, 1416, 18

FigurelO: The chemical structure dKC

The central nitrogen cation is bonded to various R groups, which typically coraist chains ranging

from C8 to C18 in length

QACsre commonly used activenoleculesin disinfectantsjn antiseptics, andis apreservativewith a

wide range of applications across various fields, including industrial, clinical, agricultural, and
domestié®®. The production of QACs in the U.S. excekdsillion pounds per yearincluding both
domestic manufacturing and impofts Following the emergence of SAB8V2, the use of QACs as
antimicrobial agents significantly increased due to their effectiveness in inactivating enveloped viruses.
The U.S. ERAst N: Disinfectants for Use Against SAIRS82 includes 430 products, 216 of which contain
QAC:s as the active ingrediéht

The use of RCas preservatives is common in pharmaceutical products, including multidose nasal and
ophthalmic formulations. In 2009,K& was reported to be the preservative of choice for ophthalmic
products in the European market, accounting for 74% of formulatfosdditionally, more than 200

authorized European pharmaceutical products includCBas a preservative for nasal administration,
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while 10 products use it for inhalati&h Furthermore, BKC can also be found as an excipient in medicinal
products administered via other routes, including inhalation, cutaneous, oromucosal, rectal, and vaginal
routes®™. Beyond pharmaceuticals K& iswidely 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 alloweBKCconcentrations in different products vary considerably

according to the applicatian

3.6.1.1 Mechanisms of action of QACs

The unique chemistry of QACs endows them with detergent properties and {speatrum 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 ksudface cleaning and deodorization.

Furthermore, QACs are well known for their bresgectrum antimicrobial activity, including vegetative
cells of grarpositive and granmegative bacteria, fungi, parasites, and lipophilic (enveloped) vittises

The proposed mechanism of action of QACs as membaatiee agentsnvolves several sequential
steps”. (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 a¢gs;ell 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 effetive against lipiecontaining virusesA schematic representation of QAC mechanism of

action is depicted ifrigurell.

Phospholipid bilayer Ry R Leading to cell lysis and death

Figurell: Schematic representation ahe mechanism of actiorof QACs
The antimicrobial effect of QACs is mainly due to disruption of microbial membranes through electrostatic
and hydrophobic interaction®eproduced frof
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3.6.1.2 Current regulation for BKC

In Europe he use of BK&s a disinfectanbr preservativeas regulated by the European Commission under

the Biocidal Products Regulation (EU) no. 528/2012 (the’BHARIis regulation governs the authorization

and placing on the market of biocidal products, of which BKC isBioeidal products are defindaly the
Regulatioras substancegr mixture consisting of, containing or generating one or more active substances
intended to suppres®r prevent the action of anharmful organisms that pose a threat to human or
animal health, as well as those that cause deterioration of natural or manufactured materials.
Neverthelessbiocidalproducts can present risks to humansgjraals, and the environmenfccording 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 GroBpeBuse oits

biocidal function, BKGenerallymay fall under either Main Group 1 or Main Group 2. la thseof 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 includeseveral productypes (PT)based on the intended area of
application—such as omumanhygiene(PT 1)or ondisinfectants and algaecides not intended for direct
application to humans or animafBT 2)yeterinary hygien€éPT 3)Food and feed area disinfectants (PT4)
drinking water disinfectant$PT 5)The BK@ased spray disinfectant discussed here is intended for use

on household surfaces and therefore correspond®io2Disinfectants and algaecides not intended for
direct application to humans or animalghe purpose of the BPR is to facilitate the placement of biocidal
products on theEU market by harmonizing the rules governing their authorization and use. It also
establishes a Union list of approved active substances maintained biutepean Chemicals Agency
(ECHAY°. Therefore a fundamentatondition 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 | of Regulation (EU) No 528/20l2the United State€PA regulateshe registration,
distribution, marketing and use of pesticides under the Federal Insecticide, Fungicide, and Rodenticide
Act (FIFRAY. According to U.S. regulationdisinfectants are classified as pesticides, as they are
considered substances or mixtures intended to prevent, destroy, repel, or mitigate pé&stkiding
microorganisms- on inanimate surfaces. On the other hand, tHeS. FDAs responsible for
regulatingdisinfectants and antiseptics intended for use on the human body, such as hand sanitizers and
surgical scrubgn 2016, the U.S. FDA banned the use of certain biocides in "Consumer Antiseptic Washes"
(products intended for consumer use with watdsgcause the data provided were insufficient to
demonstrate that these ingredients are Generally Recognized as Safe and Efl6&AS/GRAE] 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 alcolgbljing manufacturers extra time to provide data to fill gaps

related to safety and efficacyin 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 efficacyaafrtain biocides, has placed the approval of BKC for use in human
hygiene products such as consumer hand and body wash antisepticsler review?3. The use oBKdn

cosmetic products in Europe is regulated unBegulation (EC) No. 1223/2009. When used as
apreservative, its concentration muabt exceed 0.1%(Annex V), andth@a r ni ng “ Avoi d con
e y enwst be clearly stated on the producblal. When used fopurposes other than preservation, such

as inrinse-off hair products, it is permitted at concentrations of up3%. However, if the compound has

analkyl chain of C14 or shorter, thi@al concentration must not exceed 0.1%. In these as well, the

label must include the warning: Avoi d contact with eyes.”

3.6.1.3 Human healtkoxicity ofBenzalkonium chloride

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

BKC is classified as a substance of acute toxicity, Categmgotting that it is harmful if swallowed
(H302) or harmful in contact with skin (H312). Moreover, it is classified under skin corrosicat8gbry

1B, with the possibility ofcausing severe skin burns and eye damage (H314). Furthermore, BKC is
categorized as causing serious eye damage, Category 1 (HBI8)U.S. EPA reported the acute
toxicological profile of ADBAC, classifying it as Category |l fo{Lddal(median lethal dose¥ 304.5
mg/kg)and inhalation toxicity(0.054 < L& < 0.51 mg/L)and Category Il for dermal toxicitiyDo =930
mg/kg)'4 Furthermore, ADBAC is considered a Category | eye and skin irritant but is not classified as a

dermal sensitizerA summary of the acute toxicity data for ADBAC is reportdchivie4.

Table4: Summary of Acute Toxicity Data for ADBAC

Adapted from®
Acute Acute Acute Primary Primary
Dermal
oral dermal inhalation eye dermal -
- o o . R sensitization
Toxicity Toxicity Toxicity irritation irritation
study
(mg/kg) (mg/kg) (mg/L) study study
Animal
rats rats rats - rabbits guinea pigs
model
0.054 <
LDy LDy not a dermal
Results LDso N/A Corrosive
304.5 930 sensitizer
<0.51
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Repeateddose toxicity studies involving oral administration of ADBAC-181at 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 (NOAELsufsohmonic 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
mice®®. 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 prolyigrnal and
developmental oral NOAELs for ADBAC-THEL2vere determined to be 10 and >100 mg/kg/day,
respectively, in rats, and 3 and >9 mg/kg/day, respectively, in rabbits, with no evidetaratofjenicity.
Furthermore the EPA also concluded that ADBACs are not carcinogenic, mutagenic, or gé#étoxic

Table5 reports the repeated dose, reproductive, and developmental toxicity studies for ADBATEC12

Table5: Repeated Dose, Reproductive, and Developmental ToxiDigta for ADBAC C16
Adapted fron§®

NOAEL
Study type Animal model (mg/kg/day) Notes
Mortality due to local
_ Lethal dose: _
Repeated dose rats or mice Gl effects at high
toxicity study 500
doses
Chronic toxicity
study dogs 14
Subchronic toxicity
study mice 192
(90-day)
: . No adverse
Reproductive toxicity rats 73 (parents/
study progeny) reproductive effects
10 (maternal), .
Developmental / No teratogenic effects
o rats >100
Teratogenicity Study observed
(developmental)
Developmental / i 3 (maternal), >9  No teratogenic effects
rabbits
Teratogenicity Study (developmental) observed
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In conclusion, acute toxicity studies indicate that the substancesligist to moderateacute toxicity,

while repeated dose toxicity studies suggest that the chemicathast effects on the gastrointestinal

tract. ADBAC is not considered to be mutager@productive, ordevelopmental

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

Commi ssion’s guideline on excipients in the | abel
medicine containing BKC must include mandatory informatidhermpackage leaflet, with a reporting

threshold of zeré>1% These statements vary depending on the route of administration of the excipient

and are informative about possibielated side effect®r interactions. In

Table6 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
guidelineson excipients in the labelling and package leaflet of medicinal products for human use
Adapted fron®

Route of Information for the Package
Threshold Comments
administration Leaflet

This medicine contains x nBKC
All routes of in each <dosage unit><unit
. - - Zero - - - -
administration volume> <which is equivalent tc

X mg/<weight><volume>>

From the limited data available,

BKQOmay be absorbed by soft there is no difference in the
contact lenses and may chang: adverse event profile in children
the colorof the contact lenses.  compared to adults. Generally,
You should remove contact lens however, eyes in children show i

before using this medicine and stronger reaction for a given

put them back 15 minutes stimulus than the adult eye.
afterwards. Benzalkonium Irritation may have an effect on
Ocular Zero chloride may also cause eye treatment adherence in children.

irritation, especially if you have Benzalkonium chloride has beer
dry eyes or disorders of the reported to cause eye irritation,
cornea (the clear layer ahe symptoms of dry eyes and may
front of the eye). If you feel affect the tear film and corneal

abnormal eye sensation, stingin  surface. Should be used with

or pain in the eye after using thi caution in dry eye patients and ir
medicine, talk to your doctor patients where the cornea may b

compromised. Patients should be
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monitored in case of prolonged

use

BKQOmay cause irritation or
Longterm use may cause oedem
Nasal Zero swelling inside the nose,
of the nasal mucosa
especially if used for a long time

Benzalkonium chloride may
_ cause wheezing and breathing
Inhalation Zero o =
difficulties (bronchospasm),

especially if you have asthma

Use duringoregnancy and
Benzalkonium chloride may
lactation is not expected to be
irritate the skin. You should not
associated with harmful effects tc
apply this medicine to the
Cutaneous Zero the mother as cutaneous
breasts if you are breast feedini
absorption of benzalkonium
because the baby may take it it
chloride is minimal. Not for
with your milk o
application to mucosa

Oromucosal,
Benzalkonium chloride may
rectal and Zero =
) causelocal irritation
vaginal

The average BKC concentration in medicinal products for the different routes of administration is as
follows'%%;

1 ocular use: 0.04L. mg/ml

1 nasal use: 0.09.33 mg/ml

1 auricular use: 0.08.2 mg/m|

finhal ation use (metered dose): 2.21 pg/ dose

1 inhalation userebulizersolutions, suspensions or emulsions):-0.2 mg/mi

1 cutaneous use:0.0% 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 podsitio define a clinically safe threshold applicable to the
general patient population. As per the Guideline on Excipients in the Dossier,-bycease benefitrisk
assessment must accompany the marketmghorization The application for the use of agservative

should include a justification for its inclusion and proposed concentration, evidence of safety and efficacy,
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details of the control method, stability of the concentration during storage, and appropriate labelling
information'®, 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 labellinguiregnents, the name of the QACs,

their percentage, and the EPA registration nunpet’®
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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 thereftabelled as very toxic to aquatic life (H400).
Furthermore, BKC also exhibits letggm (chronic) aquatic toxicity (Category 1), and is classified as very
toxic to aquatic life with longasting effects (H410)he results of acute and lorigrm of EPA express
concern toxic to aquatic species, including fish, invertebrates and algp@experimenal acute toxicity

data for ADBAC Catb indicate LGo values for fish ranged fro®.28 to 1.4 mg/L, witlrathead
minnowbeing the most sensitive species {4.€0.28 mg/L)Sheepshead minngwa marine species,
showed an L4 of 0.86 mg/L.Amongaquatic invertebratesDaphnia magnavas particularly sensitive,

with a 48hour EGyof 0.0058 mg/LMysidopsis bahiand Crassostrea virginicalso showed acute toxicity

with LGY/EGo values 00.092 mg/Land0.048 mg/L, respectivelifthe EPA lortprm toxicity assessment

of ADBAC C126 on fish Fathead minnowy invertebrates Daphnia magnandMysidopsis bahig and
sedimentdwelling organismsGhironomus tentarjsshowed no effects on reproduction and growth at
concentrations of 32.2 ug/L, 4.15 ug/LO8ig/L, and 260 mg/kg dw, respectiv&lyThedistribution of
ADBAC in the environment is primarily founds@diments (over 95%), with the remaining portion in
water, and none in soil or air. Ti®sitively charged naturef these molecules allows them to form
complexes with naturally occurrimegaively charged componenia soils, sediments, and dissolved
substances in water. They adsorb to negatively charged surfaces thimnighnteractions, and to nen

polar molecules vigan der Waals forcessoils consist of a complex mixture of organic amatdanic
components, which can interact with surfactants depending on environmental conditions, particularly pH
and ionic strength. The organic fraction includes both-hamic substances, such as proteins and natural
macromolecules, and humic substancesiich 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 compound®. Additionally, silicaS i )Oquartz, 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 nteractions with cationic surfactants such as BRi@ accumulatiorof ADBAGs greater

with increasing alkyl chain lengfi Furthermore, esidual BAC has been detected in various water
sourcesworldwide at trace levels, ng/L to mg/lL.mostly in wastewater effluents from hospital or near
pharmaceutical plantand ingreywaterand instormwaterf112 Liao et al. conducted a study to assess
residual BKC concentrations in various environmental sources across 13 countries, reporting maximum
|l evel s of 30 mg/ L i n® VWa éneironmantalty redligtié concentragiond BKC d u s t
were observed to pose serious ecological riJkse estimated halfife of ADBAC in water at pH 9 is 379

days, and 15183 days at pH8*. Therefore, microbial biodegradation of BKC in wastewater treatment



plants is highly beneficial, as it helps to reducdntpact ontoxicity and the potential risks it poses to
both ecosystems and human healtBeveral ricroorganismsvere reported to becapable of degrading
QACsincluding ones belonging to the genus Pseudombf&s Thalassospira spBacillusiiabensis!!®

and Aeromonas sp.’ They metabolize BACs producing benzyldimethylamine (BDMA), a product 500
times less toxic than BKC, and a kaigin alkyl group by dealkylationlowever, the enzymes involved

and the dynamics of the complex microbial communities participating in the BKC detoxification process
remain to be fully elucidatéd. An improved understanding of the optimization of B#&gyrading
processes may be crucial foeducing environmental exposure to the biocide and, consequently, for

refining risk assessment strategies

3.6.1.5 Antimicrobial resistancand tolerance

As previously discussed, the use of QAGsticularly BKCis 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 thei
persistent presence in the environment. This environmental accumulation can promotieteéopment

of decreasedsusceptibilityto both disinfectants and antibiotic¥he termresistanceefers to the ability

of a microorganism to grow despite exposure to high concentrations afraibiotic, and it is typically
guantified by the MIC. In contraghlerancedescribes the ability of microorganisms to survive transient
exposure tdhigh concentrations of an antimicrobial agent without a change intNIEfurther distinction
isdecreased susceptibilityhich refers specifically to an upward shift in M¥Because disinfectants act

on multiple cellular targets, resistance tends to emerge less frequently than with antibiatidsvhen it

does occur, it typically results in only modest increases in MIC vdfeeghis reason, in most cases
involving disinfectants, theermstoleranceor decreased susceptibilijmay be more appropriate than

resistancé?1.122

The microbial mechanisms mdduced susceptibilityo QACs that have beaeportedin vitroare several

including

1 increaseof efflux pumps byupregulationor via horizontal gene transfeithat contribute to
decreasing the concentration of antimicrobi&fs'?4

1 downregulation of poringonsidered a way for their absorpti&fy

1 changes in the overall membrane compositi(protein, fattyacids angphospholipid content?5,

1 biofilm formation, as a community of microorganisms attached to solid surfaces surrounded by
their secreted exopolysaccharide matfik

1 biodegradationof BKC by dealkylation decreases its toxicity to microorgaft&ms
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Whilst severalin vitro investigations have been conducted to assess the role of BKC in antimicrobial
resistance- often reporting reduced bacterial susceptibilitycurrent evidence remains insufficient to
support a significant contribution to resistance in clinical praéticdloreover, most of these studies did

not use commercial formulations or simulate-ise concentrations, which are essential for drawing
conclusions relevant to reatorld 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 hampgarison
across studies and limits clinical interpretatiéh

When BKC is incorporated into a formulated product rather than used as an aqueous solution alone, the
presence of excipients or adjuncts appedto significantly enhance its microbicidal activfy Indeed,
excipients such as surfactants, chelating agents, or fragrances may exhibit intrinsic antimicrobial
properties and enhance the overall efficacy of the microbicidal formul&fonFurthermore,
understanding the amount of active substance released from embedded products, as well as its

bioavailability, is essential for evaluating their antimicrobial effectiveligss
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3.6.2 Limonene

Limonene(CoHis, 1-methyk4-prop-1-en-2-ylcyclohexenealso known as (#)-Mentha-1,8-diene; CAS
number: 5989-27-5) isa naturally occurring terpene widely found in Citrus essential tyifscally present
as acolorlessliquid. It exists in two enantiomeric formsp-limonene and.-limonene- as well as in a
racemic mixturgFigurel?2). Limonene has a molecular weight of 136dZ6hol, a log Kow = 4.57 and it is

insoluble in waterand soluble in ethandt. It is a colorless liquid with\aaporpressure of 2 hPa at 25 °C.

2 G

(R)-(+)-Limonene  (S)-(-)-Limonene
Figurel2: Enantiomeric forms op-limonene and.-limonene
Terpenes are plantlerived compounds that exhibit significant biological activities and sendei@snse
mechanisms for plants against herbivores and pathogens. Limonene, a monocyclic monoterpene, displays
various biological effects, including antimicrobial, aaltergenic, antioxidant, aninflammatory, and
immunomodulatory propertie$2Limonene has a pleasant, lembke scent and is relatively inexpensive,
making it widely used as a fragrance in cosmetics, household cleaning products, biocides, air fresheners,
polishes and waxes. Furthermore, limonene is widely used as a flavor adiditingeny common foods, as
it is considered GRAS by the U.S. FDA for use as a flavoringlagenene is among the most frequently
employed fragrance compound$n a studyanalyzingthe composition of 283 commercial products,
fragrances were present in 526 of the samples, with limonene identified as thest usedragrance in
76.9% of these casebloreover, limonene was detected in 70.7% of rirsk products and in 73.3% of

makeup items=3,

3.6.2.1 Toxicity of limonene

According tahe Globally Harmonized Syste@HB of the United Nations anthe CLHRegulation pure
limonene isclassified as follows:

1 Skin corrosion/irritation, Category 2 (H318uses skin irritation;

T Skin sensitization, Category 1B (H31h7dy cause an allergic skin reaction;

91 Aspiration hazard, Category 1 (H30#py be fatal if swallowed and enters airways.

Regarding environmental toxicity, limonene is classified as:

1 Aguatic acute toxicity, Category 1 (H4089ry toxic to aquatic life;
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1 Aguatic chronic toxicity, Category 3 (H41#3rmful to aquatic life with londasting effectgTable
7.

R-(+)}Limonene itself is not considered inherently allergertiat is it considered a prkapten. Upon

handling and storagethey form sensitizingcompoundsby air oxidation such as limonene oxide,
limonene2-hydroperoxide carveoland carvoneKigure13). As a result, limonene is classified as a skin
sensitizef*%. The autoxidation of Limonene can be preventmihgantioxidants in the formulation of the
cosmetic product.Therefore, it must be carefully selected to prevent it from acting as a skin
sensitizerButylated hydroxytoluené one of themost usedantioxidants, as it carries a minimal risk of
sensitization. According to clinical data, théergens present in oxidized limoneaee considered by
the Scientific Committee on Consumer SafeBCCSb be of high concern, with a significant risk of

sensitization. Their oxidized fraction, specifically the peroxide content, should not ex0qgmhi=°.

A

Carvone
o)
OOH
Limonene Limonene2-hydroperoxide Limonene oxide

\ OH

Carveol

Figurel3: Chemical structure of limonene oxidation products
Adapted fromt6

Limonene is not classified atassified as acutely toxiédccording to the UN GHS Annex 4, it may be
har mf ul i f swall owed. The or al LDso i n rats is gl
Limonene was not classified as causing serious eye damage or irritation and not classified as mutagenic,

carcinogenic or reproductive toxicant.
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Table7: Environmentaltoxicity of Limonene (ata fromECHA)

Adaptedfrom 31
Aquatic toxicity (acute)
Value ) .
Species Exposure time
(mg/L)
LGo 0.46 fish 96 hours
EGo 0.3 aquatic invertebrates 48 hours
ErGo 0.32 algae 72 hours
Aquatic toxicity (chronic)
Value _ _
Species Exposure time
(mg/L)
EGo <0.67 fish 8 days
EGo 0.19 aquatic invertebrates 21 days
NOHR 0.19 fish 8 days
NOH 0.05 aquatic invertebrates 21 days

3.6.2.2 Regulation of limonen@ cosmetic products

In particular, fragrance substances are regulated as cosmetic ingredients under Regulation (EC) No
1223/2009Their presence in cosmetic products must be
Certain fragrance substances have bedentified by the SCCSo cause allergic reactions or skin
irritations, and their use in cosmetic products must be limited and regutétdd particular, 26 fragrance
allergens- including limonenewvere identified and listed in Annex (Bntries 6792) of the Regulation.
Fragrance contact allergyccurs when the skin is exposed to a sufficient amount of fragrance allergens.
However, once developed, contact allergy ikfedong condition, characterized by aftered immune

system reactivity, which causesymptoms taecur upon reexposureto the allergen.

Preventionof contact allergy is possible throughoperlabelling which alerts consumers to the presence

of allergens, allowing them to avoid products that could trigger a reaction and prevexpasure.

When present at concentrations higher than 0.001% in leavg@roducts 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 “Yarfum” or “aroma’
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3.7Formulation of eco-friendly polyglycerol esters of fatty acid as antimicrobials or as

emulsified agent$or cosmetic products

3.7.1 Glycerol as byproduct fromBiodieseproduction

Since 1800, the global population has experienced an unprecedented nearly eightfold increase, a trend
that is expected t@ontinue, reaching approximately 10.3 billion by the f8@B0$38.13 This rapid growth

has resulted in tremendous energy consumption and the consequent depletion of natural energy
reserves such as petroleum, coal and natural g&urrently, fossil fuels serve as the primary energy
sources worldwide. Nevertheless, they represent an unsustainable ogi&ng finite, norrenewable,

and major contributors to climate change through
consumption trends persist, fossil fuel reserves are projected to face critical depletion within the next 50
years??. 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'fat¥he 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 fuggbway, heawduty, 2 and 4cycle engines}. Biodiesel
reduced particulate matter emissions by up to 478te of the top five greatest health risks worldwiéke

- nitrogen oxides by anywhere from 0% to 10%, hydrocarbons by up to 67%, and carbon monoxide by as
much as 47%Accordingto data from thelnternational Grains Council (IG§I9bal biodiesel production

has been increasinig recent yearswith more than71.5milliontonsproduced in 2@3. EU s the leading
producer of biodiesel, with the United States, Brazil, Germany, Indonesia, and Argentina among the top
countries driving the biodiesel markét

Biodiesel is fatty acid methyl esters (FAME) derived from renewable biological sources such as vegetable
oils, animal fatsused cooking oil®r waste greaseThe most common edible oils used for biodiesel
production are palm, soybean, sunflower, rapeseed and peanutoif§, whereasother non-edible olil
sources are jatropha, pongamia, mahua, yellow oleander, castor, andffeem

Transesterification is a convenient and widely used method for biodiesel production. In this process, oils
aretrans esterifiedvith shortchain alcohols, typically methan@leOH)or ethanol(EtOH) in the

presence of either Bomogeneous or heterogeneous catalyst, or enzyme catalysis, with glycerol as a
byproduct(

Figurel4).
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Figurel4: Transesterification of a triglyceride with to obtaimethyl 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 deforestatioht present EU policies aencouraginghe transition to

the use ofrenewableenergy, supporting cooperation between EU countries towards this gioeti as
Renewable Fuel Standard (RFShe USA and the Renewable Energy Directive (RED) in Ebftofiee

update to the Renewable Energy Directive 2023/2413 (REDcHpses the target for the share of energy
from renewabl e sources in the Union’s gross final
aim of reaching 45%. To reduce the high production costs of biodiesel, the efficient utilization of crude
glycerol- a major byproduct- 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 byproduct, generated at approximately 10% (w/w) during biodiesel prodactad it has a wide
varietyof industrial applicationsmainly 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 ddlternative usescross different fieldsThe increasing number of patent applications in
recent years highlights the growing interest in exploring various strategies for the reuse of glycerol
obtained from biodiesel productidf?. 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) fimrost traditional glycerol markets. Indegcrude glycerol obtained from biodiesel
synthesis has aubstantial yellow to dark brown coloratiand contains glycerol (¥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. Adta resu
crude glycerol typically contains impurities such as monoglycerides, diglycerides, glycerol oligomers,
polymers MeOH soap, catalysts, salts, vari ety of -“gmyrcyeroddariMONGH)oOm@N
The presence of impurities can affegycerolphysical, chemical and biological propertidse purification
process typically begins with the neutralization of free fatty acids and any dissolved basic catalyst,

followed by the removal of excedeOHvia distillation, and concludes with purification through vacuum
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distillation®3, Notably, the FDA Notification to Industry (updated in April 2014) advised manufacturers
that receive or use biodieselerived ingredients to exercise caution in preventing the inclusion of
Jatrophaderived substances in FB@gulated products. A recent iy on the risks associated with
Jatrophaderived ingredients concluded that toxic compounds present in Jatropha oil were retained in
both the glycerol and protein eproducts. As a result, industries were warned about the potential
substitution or incorpration of oils, glycerol, and proteins derived from the Jatropha pant

The purification process required to make glycerol suitable for use invdlyle products is often highly
expensive and, in some cases, not economically feasible. Refined glycerol is classified based on its purity
level: technical grade glycerol contaiapproximately 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 produtts

Figure 15 showsthe variousapplicationsthat glycerolpresents as a raw material across different areas,

from pharmaceutical, cosmetic and personal cerehemical and food industries.
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Figurel5s: Various industrial applicatios of glycerol across different fields
Created with BioRender.com

3.7.2 Glycerol
Glycerol (also known as glycerin; CAS Ne8Eb ) , with the molecular forn
containing three hydroxyl groups (

Figure 14). The IUPAC name of glycerol is proparig3triol. Glycerol is a clear, watevrhite, viscous,

sweettasting hygroscopic liquid &Tthat 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 watdteOHand ethanol but less soluble in acetone, diethyl
ether, and dioxane, and is almost insoluble in hydrocarbons -tbrain aliphatic alcohols, fatty oils, and

halogenated solvent&®.

3.7.2.1 Glycerol utilization

Various valuable chemicals and products can be obtained tarde glycerol, a byproduct of biodiesel
production(Figurel6). Among the most promising approaches is biological conversion, a highly selective
process that operates under neambient temperature and pressure conditiongany bacteria and
yeastsare capable of metabolizingrude glycerol under both aerobic and anaerobic conditions, leading

to the formation of several valuadded compound$’. These includ€or example 1,3-propanediol,
ethanol, 2,3butanediol, lactic acid, succinic acid, citric acid, dihydroxyacetone (DHA), and hydrogen.

For instance, 1;propanediol is a monomer used in the synthesis of polyethers, polyurethanes, and
polyesters and 2,3butanediol is mainly applied in asymmetric syntheses and fuel additiveactic 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 acrg acid, propylene glycol, ammblylactate polyme¥®. Citric acid is widely
employed in the food and beverage industfywhile succinic acid is used in the manufacture of synthetic
resins, biodegradable polymers, chemical intermediates, and additives

DHA, one of the most commercially valuable products derived from glycerol, is extensively used in
cosmetics, medicine, and pharmaceuticgfsimarily as a selfanning agent. Remarkably, DHA can fetch

a market price up to 227 times higher than that of purified glycerol, highlighting its economic
significancé®. Finally glycerol is a versatile raw material foydrogenproduction witha favorable high

yield conversion.Hydrogen has plenty of applications, it can be used as energy source, or in chemical
industry as byproduct to obtain other chemicals such as cyclohexane, formic acid, hydrochloric acid,

polyurethane and methacrylatés.
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Figure 16: Some of the various valuable chemicalthat can be obtained fromcrude glycero
transformation

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 firapplications for the surplus glycerol resulting from increased
biodiesel productionGycerol purification is a laborious and costly process; therefore, crude glycerol from
biodiesel production may be used in animal feed, provided that FDA recommave@dHlevels remain

below 150 parts per millidfi*. 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 processs required to use glycerol in most of its industrial applications. Glycerol
isGRASecognizedby theU.S. FDAor multiple uses across pharmaceutical, food, and cosmetic and
personal care productAccor ding to the U. S. FDA’ s Voluntary
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 viscositydecreasing agef. Glycerol is employed as a versatile excipient in a wide range of
pharmaceutical formulationsincluding oral, topical, parenteral, and ophthalmic preparatiemghere it

is used as a esolvent, humectant, plasticizer, sweetening agent, viscosity nenddnd preservativi®.
Glycerol is furthermore employed in ovtre-counter drugs, such as anorectal drug products, dermal
protectants, in ophthalmic drug products, and in oral health care prodficts

Glycerol findsvastapplicationsfor food as ehumectant,sweetening agent, solvenbodying agent, and

plasticizer for example in confectionery and chewing gums. Glycerol is industrially used in coatings,
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polymers, tobacco products, adhesives, antifreeze, cleaning agents, explosives, pesticides, and
softeners®®. As previously discussed, the use of refined glycerol in most industrial applications typically
requires USHrade glycerol with a purity above 96%, but the purification process is often costly and not
economically feasible. However, purified glycerol carcbnverted into valuadded chemicalssuch as
solketal and glycerol carbonatethat help justify the cost of purificatidf®. Among these, glycerides,
particularlyglyceryl monoestersrepresent another category of vakaglded compounds with significant
applications in the cosmetic industry, which will be discussed further in this sedtloneover,
monoglycerides and diglycerides can be used in the manufacturing of biodselover, before using

crude glycerol, another option to remove fatty acid esters as impurities would be to convert them into

mono- and diglyceride&®.

3.7.3 Glyceroysis to obtainvalueadded monoglycerides

Glyceryl monoester®r monoglyceridesare esters of glycerin witlvarious fatty acids including for
example glyceryl laurate, glyceryl palmitate, glyceryl stearate and glyceryl oleate. An example of a glyceryl
monoester is reported ifrigurel?.

o)

HO )

—— \ J
e

Glycerol Fatty acid chain

Figurel7: Chemical structure of a monoglyceride composed of glycerol estetifiéth a fatty acid
chain

Glyceryimonoesters are not pure monoesters, but are mostly mixtures with raotig and triestersn a

ratio of approximately 4:4:2, respectively. Differently, other sogrgaaranteed a minimum purity of
commercial and conventional monoglyceride of 90% with accounting 10% impu@hegryl monoesters

are generally considered safe for use in cosmetics and have a wide, where they serve mostly as emulsifiers
and skin conditioning agent$lyceryl stearate has the highest usage frequency, appearing in 5,153
formulations, and the highest maximum concentration in leaveproducts (17% in deodorant). Glyceryl
ricinolate has the secondhighest maximum concentration in leaw® 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 assessm&niAcute and repeated dose toxicity studies on various
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glyceryl monoesters have shown low toxicity through oral, dermal, and inhalation routes, with high LD50
values (>2,00820,000 mg/kg) and no significant adverse effects observesum chronicor 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 @B#fizedn the U.S. for human
and/or animal use, including glyceryl behend®lCFR184.1328)aurate (21CFR184.1505)inoleate
(21CFR184.1505)leate(21CFR184.1323)almitate(21CFR184.1324nd stearaté21CFR184.132#)r

human use. Some of the monoglyceryl monoesters were recognized as penetration enhancers such as
glyceryl laurateln the present study, particular attention was given to glyceryl lau@ie)and glyceryl
palmitate (GP) which were synthesized from glycerol and lauric acid, and frommglyaed palmiticacid,
respectively

Glyceyl laurate (GsHs0Os, CAS Registry Numbdi42-18-7) can be as crearolored paste, white
crystalline, white to crearsoloredpowder or white pelletsGLis practicallyinsolublein water, soluble in
MeOHandEtOH hardlysoluble to readily soluble in acetordiethyl etherand heptane. It has a molecular
weight of 274.4 ghol anda faint/ fatty odor.

Glyceyl palmitate (GoHssOs, CAS Registry Numb&42-44-9) is white, crystalline solid @&Twith a
molecular weight of 330.51 g/moGPis insoluble in water but soluble in organic solvents like ethanol,
DMSO, and oilsGL and GP are commonly used in cosmetic products as sdnditioning agents,
emollients, surfactants, and emulsifiefihe CIR Expert Panel reported thaRdil5,GLwas listed in 210
products,101 in leaveon products, 106 in rinseff products and 3 in products diluted for (bath) usggst

of them used for dermal contact. Instea@Pappeared in 4 products 2015, 3 leav®n and 1 rinseoff.
Glyceryl monolaurate (GMIg a natural antimicrobial agent with potent activity agai@am-positive

coccj Bacillus anthracisfungi andcertain viruses The growth ofStaphylococcuand Streptococcuss

i nhi bited at a concentration of 20 pg/ ml , whi ch
"media. However,Staphylococcuspecies can eventually overcome this inhibition, likely through the
production of GMEdegrading lipases, and resume growthGML is generally ineffective against gram
negative bacteria withan intact outer lipopolysaccharide layérat prevents the antimicrobial agent
penetration. Although GML is a surfactant, it dowed disrupt lipopolysaccharide&ML has been shown

to inhibit the production of several toxins fro8taphylococcus aurewat a concentration that was not
growth- inhibitory, including toxic shock syndrome toxin alphahemolysin, and protein A, as well as
superantigens produced t§treptococcus pyogenéd Additionally, GML prevents the induction of
vancomycin resistance EBnterococcus faecald has demonstrated inhibitory effects on anthrax toxin
production.Lauric acid also exhikian antitoxin activity but at a concentration that resultéa 200-fold

higher than GMLThe proposed mechanism of action involves GML integrating into the plasma membrane

due to its lipophilic nature, thereby disrupting signal transduction pathwslgseover, 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 chemokiffe&ML thus represents a promising duaakting topical
microbicide for application on human mucosal and skin surfaces. In addition to its bactericidal properties,
it helps maintain epithelial integrity and prevents inflammatiénAs a result, GML has been investigated

for use in wound dressings aridtravaginal devices, such as tampons, to suppress bacterial toxin
production. Indeed, it was demonstrated that GML administrated as gel reduced vaQaralidaand
Gardnerella vaginalism women, but not normal flora lactobacti®. 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 va@tagphylococcus
aureusand Streptococcus agalactiaeas well as reduce interleukB secretion, thereby reducing
inflammation'’”.

Certain fatty acids, particularly polyunsaturatesg-chain fatty acids and mediwrhain saturated fatty

acids such as lauric and myristic acids, as well as specific monoglycerides like GML and glyceryl caprate,
exhibit virucidal activity against enveloped viruSé$® They cause disintegration of viral envelopes
through their incorporation in the lipidic membrane and destabilization of the bila@gvlL was
demonstrated to prevent the transmission of tkamian immunodeficiency virus, commonly used as a
model forHuman Immunodeficiency Virus researefhen applied to vaginahucosaas gein non-human
primates®. 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 tilhe high content of GML in human niftk

Glycerolysis processsterifies glycerolwith one, two or threeequivalentsof free fatty acidgo produce
monoglycerides, diglycerides, and triglycerides, wldoh widely used asurfactantsandemulsifiers in

food, cosmetics and pharmaceutical industri@sgure18). The reactiontakes place under mixing and
involves the use of a catalyahd high temperature with water as froduct. Glycerolysiss a reversible
reaction that must be driven forward by using an excess of glycerol or by removing {h®dyct,
typically through nitrogen purging or vacuum distillation, which increases molecular collisions. Nitrogen
purging is also empl@g 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 hightptogaind®

The purity of employed glycerol highly affects the outcome of the reaction, causing drop of conversion
rates andmonoglyceride selectivityThe use of a catalyst thanergeticallyfavors the pathway is
therefore employedo enablethe use of milder reaction conditions in terms of temperature and pressure.
Indeed, te use of temperature higher than 250°C must be avoided since it could cause pyrolytic

degradation of fat¥° 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 s td 45%

and finally promoting the progress of the reactidtigher is the fatty acid chain, lower is the glycerol
solubility. The highest conversion of free fatty acids was reported at@%0

Furthermore catalyst increases the selectivity towards the desired produotseringproduction of by
products Three types of catalysare available enzyme/biecatalysisheterogeneous and homogenous
catalysis Enzymatic catalysis is generally less employed in industries due to high cost and longer reaction
time. Moreover, impurities or the employed solveint the reactioncan inhibis the enzymatic catalyst

such aslipases. However, enzymes provide milder operating conditions, higher product selectivity
minimal side reactions andimple purification process Lipasesare a class of esterases that can be
employed in biodiesel production and glycerolysigoroces$®418 In lipasemediated glycerolysisthe
catalytic triad—typically consisting of serine, histidine, and either glutamic acid or asparfatens a
charge relay systenwhich activates the nucleophilic attack by glycerol on the ester bonds of
triacylglycerol&°e,

Homogeneous catalysexist in the same phase as the reactwiaind therefore provide faster reaction

rate. Theyare mostly employed for the industrial production of glyceriddsce they arecheap and
require moderate conditiols of reaction, but they generate side products and intensive purification
issues. Alkali homogenous catalysts such as such as NaOH, KONaQEtDK, and NaQ8sare widely
used?®. However, they are associated with issues related to undesired soap formation, as fatty acids react
with alkoxides to produce alkaline sodfs Acid homogenous catalysts avoid soap formation, and they
are commonly employed in glycerolysis such as sulphuric actdlugne sulfonic acidp-TSA,
hydrochloric acid and heteropolyacid$

Heterogeneous catalystre in different phasesompared to thdiquid reaction mixture. Thanks to the
different phase in which they are, their recovery is easy, and they can be remsdéghg the process
economical. Certain of them suffer fromgh cost, stability problemer inhibition by impuriies Soap
formation is reduced with alkali heterogeneous catalysts, and the toxic and corrosive issues associated
with homogeneous acid catalysts are minimiz8dme examples of acid heterogenous catalysts are metal
oxides, sulfonated ghon materials, cation exchange resins, and zeolites. Heterogeneous alkali catalysts

are alkaline oxides, hydrotalcite, metallic salt, anion exchange resins, and 2&86lites
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Figurel8: Glycerolysis reaction to obtain monoglyceride, diglyceride and triglyceride
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4. Materials

4.1 Encapsulation of curcumin in chitosahelled nanobubbles as‘agr een” ant i

formulation against antibiotic resistance

All the chemicals, the bacterial culture and the instrumentations are the ones reported iarticte:
Munir Z, Molinar C, Banche G, Argenziano M, Magnano G, Cavallo L, Man@asali, R, Guiot C.
Encapsulation in Oxygdmoaded Nanobubbles Enhances the Antimicrobial Effectiveness of
Photoactivated Curcumirinternational Journal of Molecular Science023; 24(21):15595.

https://doi.org/10.3390/ijms242115595

4.2 Formulation of a household disinfectant spray based on benzalkonium chloaded

nanodroplets

Chemicals

All the chemicals were purchased BigmaAldrich (St. Louis, MO, USA). All chemiatlized for HPLC

analysisvere analyticalgrade and commerciallgccessible.

Bacterial culture

The bacterial strains used in this section included gpasitive bacteriuns. aureuATCC 29213, gram
negative bacterid. coliATCC 25922 arfll aeruginos®ATCC 27853, and a clinical straiobaumannii
MDR. Mueller Hinton broth (MHB, Sigmddrich, Spain) powder and Nutrient agar (NA, Thermo Fisher,
UK) were used according t dweerh88tryptomerand sadium chiodde s
(SigmaAldrich, Germany) were used to prepare the neutralizing solution for the quantitative suspension

assay (0.5% v/v Tween 80, 0.1% wiptone, 0.85% w/v cysteine, water).
Instrumentations

Dialysis membrane (Spectra/Por cellulose membrane, cutoff 14 KDa)
Dynamic Light Scatteringdtasizer PRO, MalveRanalytical, UK)
DDSolver addh of Microsoft Office Excel for drug release modelfihg
GraphPad Software, version 9 (San Diego, CA, USA)

=A =4 =4 -4 =4

HPLGwvas performed using a Shimadzu system equipped with a UV/Vis det&RB2OAV,
Markham, ON, Canaddjor the analysis of BKC fFleermo Scientifit’Acclaini™Surfactant Plus
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column (150 mm x 3 mm, 3 Uum pore size;wadher mo
employed. For the analyseslofi monene, a reverse phase C18 <col
pore size; Agilent 5 TC18 Santa Clara, CA, United Stateas used.

1 Multi-compartment rotating cell system (Heavy stirrer, LAISS Apparecchi scientifici)

1 pH meter (model 420A,AISS Apparecchi scientfici

1 Rotational viscometer (Brookfield LVBWN, Brookfield Engineering Laboratories, Middleboro,

MA, USA)

Spectrofluorometer (EnSigltautomated multimode plate reader, Perkin Elmer)

Du Nolly ring tensiometer (Kriss GmbH K 10 PST Hamburg, Germany)

Digital homogenizeUltra-Turrax® 18 digital[KA®NVerke GmbH & Co. KG, Staufen, Germany)

= =| = =4

Optical TensiometefAttension Thetd.ite, Biolin Scientific)

4.3 Development of emulsified formulations based on glycerol and glycerol formal fatty acid

estersderivatives as personal care products

Chemicals

All the chemicals were purchased by Sigitdrich (St. Louis, MO, USA). All chemicals utilized for HPLC

analysis were analyticgrade and commercially accessible.
Instrumentations

1 Dynamic LighScattering Zetasizer PRO, Malvern Panalytical, UK)

1 DSC/7 differential scanning calorime{@erkinrElmer, Branford, CT, USA) that was equipped
with a TAC 7/DX instrument controller and the Pyris Manager program

GraphPad Software, version 9 (S2irgo, CA, USA)

Lyophilizer (LIO5P model, 5Pascal, Trezzano, Italy)

Multi-compartment rotating cell system (Heavy stirrer, LAISS Apparecchi scientifici)

pH meter (model 420A,AISS Apparecchi scientifici

= =4 =4 4 =

Perkin Elmer system 2000 FT8pectrophotometer Data acquisition was carried out using
Spectrum software versioB.0.2 Perkin EImer Corporation (Perkin Elmer Inc., Hopkinton, MA,
USA).
1 Rotational viscometer (Brookfield LVIDVY Brookfield Engineering Laboratories, Middleboro,

MA, USA)
1 Shimadzu HPLC system (S#@BYV, Markham, ON, Canada) equipped with a UV/Vis detector with
a reverse phase C18 column (150 -GL& Santallar§ mm,

CA, United Statedpr 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 m@i8)wasdsed mm, 5
Spectrofluorometer (EnSight automated multimode plate readePerkinElmer Inc., Waltham,

MA, USA)

Du Nouy ring tensiometer (Kriiss GmbH K 10 PST Hamburg, Germany)

Digital homogenizeUltra-Turrax® (T18 digitdKA®WVerke GmbH & Co. KG, Staufen, Germany)
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5. Methods

5.1 Encapsulation of curcumin in chitosahelledn anobubbl es as a “gree

formulation against antibiotic resistance

5.1.1 Preparation of curcumidoaded NBs

Blank chitosarshelled NB (Blank C$IBs), arcuminloaded chitosarshelled NBs (CWCSNBs)and
curcumin oxygeroaded chitosarshelled NBs (CuOxyCSNBs)were formulatedas described.

1 Blank C®IBs To prepare theblank CS\Bs firstly Epikuron 200® (3% w/ and palmitic acid (0.5%
w/v)were dissolved n et hanol . DHAPand distille@water wpreé adadefl to thethanolic
solution A nano emulsionwas obtained byhomogeniation using an UltrarurraX® for 2 minutes.
Finally an aqueous solution of chitosan (2.7%vwpH 4.5) was added drop lrop to form the

polymeric shell.

I CureCSNBs: Curcumin was loaded into both the core and the shafll NBs Curcumin was
encapsulated in the core by adding its solution imithyl2-pyrrolidone (NMP)to a preformed
mixture of Epikuron 200® and palmitic acid. Whereas, curcumin was encapsulated in the shell in the
form of curcuminconjugated chitosan (CCC), which was first synthesized and subsequently
incorporated into theNBs Toprepare CCC, the Schiff base reaction was emplogedeported in
Figure 19'°0°L This way, the electrophilic carbonyl carbon of curcumin was attacked by the
nucleophilic nitrogen atom of thamino group in chitosan, forming the imine group (Schiff base),
resulting in the conjugation of curcumin to the chitosdihis reactiorresultsin a stable conjugate
called imine group or Schiffbase. Thismethod ensures efficient attachment of curcumin to the
chitosan backbone, enabling its integration into tNeB 'steell for enhanced functionalityFirstly,
chitosan (2.7% wi) was dissolved in acetic acid (pH 4.5), which provided a positive charge on the
molecule, catalyzing the reactiomhen, a 0.1%/v ethanolic solution of curcumiwas added tdhe
chitosan solution under stirring at 700 rprh 20°Cfor 30 minutes Afterwards the reaction mixture

was br ou gdnd leftttoomix@wernighCbefore being cooled down.
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Figurel9:The Schiff base reaction between chitosan and curcumin

A covalent bond is formed betweaitosan to curcumirms iminegroupor Schiff bas€CCCY!

1 CureOxyCSNBs:For oxygen | oading within NBs, t he forn
minutes prior to the deposition of the polymer shellCCwas then dropwise incorporated into the

mixture under magnetic stirring, while maintaining continuous oxygen purging.

5.1.2 Physiechemical characterization aurcumin-loadedNBs

Physicochemical characterization of the NBs included measurements of average diameter and
polydispersity index (PDI) by dynamic light scattering (DLS), and zeta po{@nitakvaluate surface
charge.Measurements were conducted at 259 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 reversephase Agilent RE18 col umn (250 ¢cm x 4.6 r

The developedietection method wasas follows: he mobile phase was a mixture of acetonitr{&&CN)
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and water(70:30 v/\), the flow rate was1 mL/minandcurcuminwas detectedat 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. Afterthe extraction, the chloroform was evaporatathder anitrogen stream and the
resulting curcumin residue was resuspended in 1 miMeOH prior to HPLC analysiBesides the
encapsulation efficiency (EE%) of curcuiogded NBs was determinedbye nt r i fugi ng 200
at 15,000 rpm for 30 minutes using an Amicon Ultra centrifugal filter devioe.ffEe curcumirthat
remainsin the ultrafiltrate wasanalyzedwith the describedHPLGnethod and the EE%alculated ashe

difference between the initial amount and the free curcumin, accordin@Etpuation4):

Equation4: Definition of encapsulation efficiency (EE%) fourcuminloaded formulations
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The loading capacity (LC%) of NBs was calculated by measuring the absorbance-dfiedddBs, which
were first resuspended in 1 mL bfeOH sonicated for 15 minutes, and then centrifuged at 15,000 rpm

for 5 minutes. Th&.C was calculatedith the following equation(Equation5):

Equation5: Definition of loading capacityL®%6) for curcumidoaded formulations
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Moreover, HRLCanalysis was conducted teerify EE% and LG®th the previously describechethod.

5.1.4 Invitro releasestudyof curcumin from NBs

Thein vitro release kinetics of curcumin from NBs over time was studied using a-coutpartment
rotating cell system with théormulationsplaced inside the donor chambers. A sgrarmeable cellulose
membrane with a cubff of 14 kDa was selected to separate the donor and receiving chambers. The
receiving phase consisted of a 5% w/v solution of lBtelodextrin for all formulations. The expment

was carried out over 48 hours, during which 1 mL samples were periodically collected from the receiving
phase at predetermined intervals aneplaced with 1 mL of the betayclodextrin solution. The

withdrawn samples weranalyzedusing HPLC

5.1.5 Minimum inhibitory concentration

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MB@ of

different types ofNBs were determinedwith and without 3 hours LED exposure for photodynamic
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activation The bacterial strais were cultured, and the inoculum was standardized to 0.5 McFarland
standard (approximately 5 x 108 CFU/ mL). This i nc
Two 96well microtiter plates were set up for the study. One plate was kept in the dark, while the other

was exposed to LED |Iight for three hours. After i
from wells showing no visible bacterial grdwand streaked onto BHA agar plates. These plates there

incubated again at 37°C for an additional 24 hours. The MBC was defined as the lowest concentration of

NBsthat completely prevented bacterial growth on the agar plates.

5.1.6 Timekill kineticsassay

TheTimekill Kinetics test was employed to determine thactericidal or bacteriostatic activity dfBson

a specific bacteriatrain, following CLSI guideline& bacterial inoculunfl®® cells/mL) for each bacterial
strainwas prepared from an overnight cultur8ixwell 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 LEDXfighties,

whil e the other was maintained in darkness. Dat a
24, 48, and 72 hours.

5.1.7 Evaluation of NBs uptak®y bacteria through Confocal Microscopy Analysis

Bacteria(E. coliS. aureusandE. faecaliswere cultured in BHI broth(1 x 1@ colonyforming units

(CFU)/m), pelleted,resuspended in PBS 1x and incubated either without (control) or with 10%- v/v
coumarinlabeled NBs for 3 hours and 24 hours with agitation at 160 rpm in the dark at 3Fdidwing

i ncubati on, 50 pL al i guNBsuspensidbns wehegplacedoontd pdihyisinea nd b a
coated microscope slides and |l eft to air dry. The
(PI, Invitrogen) prepared itx phosphate buffered salingolution PB$and incubated in a humid chamber

at 37 °C for 15 minutes to dry. For imaging, the samples were mousmedimaged byconfocd

microscopy.

5.1.8 Lactate Dehydrogenase assay

LDHis a stable intracellular enzyme that is rapidly released upon membrane disruption following cell lysis.
The quantification of LDH is a weBtablished assay for assessing cell viabiliyperimentally,LDH
catalyzeshe oxidationof lactate to pyruvate while reducing NA® NADHand H". NADHand H' is then
oxidized back to NATwith the concomitanteductionof a tetrazolium salt (INTEp formazanthat exhibits

the absorbance at 490 ni¥t. Finally,the amount of formazan generateid directly proportional to the
levelof LDH releasedntended as the degree of cytotoxicityhe 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 exposuteDH assay was performed with controls for spontaneous (bacteria +

buffer) and maximum release (bacteria + 3% TritehOX). After centrifugation (13,000 rpm, 10 rhin

200 pL of b aowasconbiaddvistuhs p2eOn spilomf assay buffer. For
150 pL of bacterial suspensi-NO.10Wa su Lmisxuepde rwiatt ke n4 5
with 100 pL LDH Rmlbpated, incobat&dat 3d 1Cifoo 30 min, mnd @divity measured

at 0, 4, and 24 durs Cytotoxicity (%) was calculated as LDH release relative to co(Emqlstion6):

Equation6: Percentage of cytotoxicity based on LDH release

P#UOT O oA WEB AT OAH 3bi 1T OA2 Rliil HAG0A

5.1.9 Reactiveoxygenspeciesguantification

A fluorometric method was employed for tlieactive oxygen speci€RO$determination based on the

oxidation of the fluorescent probe 2';dichlorofluorescin (DCF)2 ' -Dighlorodihydrofluorescein

diacetate (HDCFDA) wakydrolyzedto HDCF (400 p M) by a dodiurmhydroide mL o f
(NaOH to 0.5 mL of 10 mM+-LDCFDA solution dissolved ethanol Then,H,.DCFwas stored at room
temperature (RTjor 30 minbefore being neutralizeavith 10 mL of 50 mM phosphate buffer (pH 7.2).

When exposed tdROS, HDCF is oxidizetb produce thefluorescentmoleculeDCF. The fluorescence
intensity wasdetected with the use o& spectrofluorometer at the emission and excitation wavelengths

of 485 and 530 nirespectively Avolume ofthe preparedH.DCF solution was added to each sample to
achievef i nal ¢ onc e n The ampiepwersEncubatedid thqudslrk for at least 20 miat RTto

allow the reaction to reach completiorFluorescence intensity was measun@ithin 60 minutes. All

experiments were conducted in triplicate.

5.1.10 Oxidativestressevaluation

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 addimhiobarbituric 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 (BlankNBS, OXyCSNBs, CurCSNBs, Cur©xyCSNBs) were

tested following this procedure: 0.1 mL of distilled water, 0.2 mL of SDS, 1.5 mL of phosphoric acid, and
100 pL of Il iposomes weddi prepaokdlOOopLowedt bg 1 ¢
of TBA solution was adde8amples were heated at 100 °C for 45 min, cooled, extracted whtktdnol,

and the supernatant was analyzed by UV spectrophotometry at 535 nm. The absorbance 6f BADA

adductsreflected 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 chloaded

nanodroplets

5.2.1 Determination ofthe Critical Micelle Concentration of Tween 20 and BKC

The CMC valuedf Tween 20 and BKCeve 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/murface tension of surfactant solutions was conducted using a Du Nouy
ring tensiometer. Measeame nt s wer e conducted in triplicate. A
concentration was plotted, showing a decrease in surface tension as the surfactant cotioentra
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 oBKGNDs formulations

5.2.2.1 Preparation of the first generation of BHNDs

A library of BK®IDs containing 1%v/v of limonene was developed with three different BKC
concentrations, a low BKC concentration (0.08884, an intermediate BKC concentration (0.08%),

and a high BKC concentration (2. 4%6), as reported iriTable8. The first generation of BKEDs exhibited

a core of DFP in which limonene was dispeysed a shell oBBKCaqueous solution. Tween 20 was used

as an emulsifier to stabilize ti¢Dsby reducing surface tension and preventing phase separation.

1T BKENDs 0. 008% w/ v

TheDFRcored NDs formulations were preparstharting froma refined manufacturing method previously
describedin section5.1.1 Initially, 54.5QuUL of limonene was incorporated into 29515 of DFP in an ice

bat h. Then, drop WwhTweomp,2B08quéeowd w@ol3Wd i on and
aqueous solution were added under vigorous stirring. Agreilsion was formed by gradually adding the
appropriate amount of ultrapure water to the mixture, continuing the stirring process. The sysaartien
homogenized using an UltrBurrax® homogenizer for 2 minutes at 25,000 rpm until a homogeneous nano
emulsion was achieved.

1 BKENDs 0. 08% w/ v

To obtain BKBIDs 0. 0 8 %, 150 pL of a 30 mg/ mL BKC aqueou
mixture DFP, limonene and Tween 20 in an ice bath. Then,-arpoésion was formed as previous by

gradually adding the appropriate amount of ultrapure watemder stirring. The system was then
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homogenized with UltrdTurrax® homogenizer for 2 minutes at 25,000 rpm until a homogeneous nano
emulsion was achieved.

1 BKEGNDs 2. 4% w/ v

To obtain BK®IDs 2.4%4.65 mLof a 30 mg/mL BKC aqueous solution were added drop by drop to the
mixture DFP, limonene and Tween 20 in an ice bath. Themrdsion was then homogenized with Ukra

Turrax® homogenizer for 2 minutes at 25,000 rpm until a homogeneous nano emulsion weg.form

Table8: A library of BKENDswith 1%v/v of limonene
Three different BKC concentration®re useda low BKC concentration (0.008% w/v), an intermediate
BKC concentration (0.08% wi/v), and a high BKC concentration (2.4% wi/v)

Volume composition (mL)

Tween 20 BKCaqueous

Formulations DFP Limonene H.0 Total volume
(3%v/v) solution
BKC 0.008% w/v 0.150
0.295 0.055 0.300 4,95 5.65
(w/o DFP) (from 3 mg/mL)
BKC 0.08 % w/v 0.150
0.295 0.055 0.300 4,95 5.65
(w/o DFP) (from 30 mg/mL)
BKC 2.4 % wlv 5 mL
(w/o DFP) 0.295 0.055 0.300 (from 30 mg/mL) - 5.80
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5.2.2.2 Preparation of thesecond generation of BKIIDs

In the second generation of BKNDs, the core of DFP was replacethintaining only 1%/v of the

essential oil limonene A library of BKGIDs without DFP was developed at three different BKC
concentrations (0.008%/v, 0.08%w/v and 24%w/v) aslisted inTable9.

1 BKENDs 0. 008% w/ v without DFP

Il nitially, 300 pL of a 3% Tween 20 aqueous sol uti
added wunder vigorous stir feiusign iaoforrbed bysgtadually adding | i m
the appropriate amount of ultrapure water to the mixte, continuing the stirring process. The system

was then homogenized using an UHlFarrax® homogenizer for 2 minutes at 25,000 rpm until a
homogeneous nano emulsion was achieved.

T BKGNDs 0. 08% w/ v without DFP

ToobtanBK®IDs 0. 08 % without DFP, 150 pL of a 30 mgl/r
drop to the mixture of limonene and Tween 20. Then, a@maulsion was formed as previous by gradually

adding the appropriate amount of ultrapure water undgirring. The system was then homogenized with
Ultra-Turrax® homogenizer for 2 minutes at 25,000 rpm until a homogeneous nano emulsion was
achieved.

T BKEGNDs 2. dithoutvidFR/

To obtain BK®GIDs 2.4% without DFE mLof a 30 mg/mL BKC aqueous solution were added drop by drop

to the mixture of limonene and Tween 20. The q@mulsion was then homogenized with Ukfairrax®

homogenizer for 2 minutes at 25,000 rpm until a homogeneous nano emulsion was formed.

Table9: A library of BKENDswithout DFPwith 1% of limonene
Three different BKC concentrations were used, a low BKC concentration (0.008% wi/v), an intermediate
BKC concentration (0.08% wi/v), and a high BKC concentration (2.4% w/v)

Volume composition (mL)

Tween 20 BKCaqueous

Formulations Limonene _ Hz0 Total volume
(3%vi/v) solution
BKC 0.008% w/v 0.150
0.065 0.300 4.95 5.45
(w/o DFP) (from 3 mg/mL)
BKC 0.08 % wi/v 0.150
0.055 0.300 4.95 5.45
(w/o DFP) (from 30 mg/mL)
BKC 2.4 % wiv 5
(w/o DFP) 0.055 0.300 (from 30 mg/mL) i 535
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All the disinfectants were prepared and stored in spray bottleRRtmimicking the real conditions of a

cleaning product for the house.

5.2.3 Physicochemical characterization of BKDOs

The average diameteRDland ¢ of t he f or mul avialvemrZstasieeeRrat RTeea s u r
analyses were performedt 25 °C, dilihg samplesn ultrapure water (1:100v/v). Each measured value was

the average offtree. Then the pH of the formulations waseasuredwith a pH meter

5.2.4 Rheology studies of BKDs

Rheological measurements were performed using a rotational viscometer equipped with abl8SC4
rotating spindle. The samples weamalyzedat a controlled temperature of 25°C control using a water

bath. BKENDs spray disinfectants were stored &Tand directly used fothe rheological studies. The
formulations were transferred into the viscometer's measurement chambe8 mL of volume. The

viscosity was measured at differeshear rates rangingfro®@6 t o 330 s ', with the

6 6, 99, 112. 2, 132, 198, 264, 330, 2614, 198, 132,
both low and high shar rate regions. For each shear rate value, the viscometer recordedytiamic

viscosity( nand the shear stressyhich were then plotted as a function of the shear rate. Three

replicateswere performed to ensure the reproducibility of the results.

5.2.5 Determination of the srface tension

The surface tensions of BRNDs (0.008%w/v, at 0.08%w/v and 2.4%w/v), with and without DiekRre
measured usin@g digitaltensiometerwith Du Noly ring methodMeasurementswere performed in
triplicate. The reduction in surface tension relative to water was compavitld the formulationsand with

BKC agueous 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 monitoricgor and pH changes, as well as the formation of
precipitation or phase separation. Additionally, partieleerage diameter and (measured byMalvern
ZetasizerPro), and viscositywere analyzed Formulations were exposed to different environmental
conditions, includindRT, 37°C, and extreme conditions (86°C), to simulate lonterm storage through

the accelerated agingssay
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5.2.7 Sray angle measurement

The spray angtof the disinfectantsvere measuredand compared with the ones of water andazfueous
solution of BK@t the same concentratiarPrior to thesetup of the spray angle assay, the disinfectants
were coloredto allow the visualization of their spray with two drops of a water solution of eosiw/A%

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.Exhuation7 was applied to measure the
spray angles.

Equation7: Definition of spray angle based on spray width and distance.

3 b OAIUCH Z\QZOmsE

Whered is the diameter of the spray and L is the distabeéwveen the nozzle and the blotting paper.

5.2.8 (ontactangle measurement

An optical tensiometer was employed to measure the contact angle of disinfectants to quantify the
wetting of a solid surfacée.g., glass, plastiby the disinfectant, providing an indication of its efficiency.
The contact angle is geometrically defined as the angle formed by a liquid at thephase boundary

point where a liquid, gas, and solid interselttwas measured by capturing and analyzing the shape of a
liquid droplet on a solid surface: a) a droplet of liquid was dispensed on the solidatelhsting a needle;

b) a highresolution camera captured an image of the droplet on the surface; c¢) the droplet shape was
fitted with the YounglLaplace theoretical model by the software, which calculated the contact angle by
detecting the baseline (solidiquid interface) and the tangent at the liquidapor interface.

The contact angles of the disinfectants were measured and compared with those of water and of an
agueous solution of BKC at the same concentration, as an indication of the wettability of the disinfectant.
A contact angle lower than 30° indicate®atimal wettability of the disinfectant, suggesting enhanced

spreading and surface coverage.
5.2.9 Colorimetric method for BKdetection

Thein situresidual BK@resencewas qualitativelyinvestigated with a colorimetric assay after mimicking
the householdcleaning action ofviping awaythe sprayeddisinfectant$®3. Bromophenol blu¢BPB) was
used asan indicator, since itpurple color at pH 7.4 turns blue upon complexation witfuaternary
ammonium compoundsThe disinfectantsbased on BKGvere sprayedonce on a glass surface.
Subsequently, they were dried with tissue papéren a solution of BP@0 ng/mL)in phosphate buffer
0.1 M pH 7.4vassprayed over the areahere the disinfectant was previously appliekthe performed

assay was schematizedrigure20. The solutions turing blue demonstragd the ability of BPB to detect
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BKC.The greater thecolor change, the higher the residual presence of BKC on the surface after the

disinfectants were wiped away.

The disinfectant was
wiped away with a tissue

paper mimicking —
SO household cleaning action P
J HyC THy cl N g
% ," B 8r |
NS re |~ & ye
R - R, R . .,;‘-— = ",\\‘.
R—N-Rag ™ N, o — ( = Jod -). g?‘ .0
i) Al o L it o A P
Ry ° i Vo gr
BPB was sprayed onthe

A blue color shift of BPB was
observed fromthe
complexation with BKC

area of application of the
disinfectant. Priorto
complexation BPB has a
purple color

The disinfectant based on
BKCwas sprayed overa
surface

Figure20: A schematic representation of the colorimetric asséyr BKC
The assay was performedter mimicking household action of wiping away the sprayed disinfect:
detect the residual BKC presenCeeated with BioRender.com

5.2.10 Quantitative determination of Benzalkonium chloridegth HPLC

The quantitative determination d8KGwvas performed usingraHPLGhimadzu system equipped with a

UV/Vis spectrophotometric detector. A mixe@dode chromatography column, the Thermo Scientific
AcclainiMSurfactant Plus (150 mm x 3 mmyi® pore size; Thermo Scientific, Waltham, Massachusetts,

USA), was employed, utilizing both revergathse and anio®xchange separation mechanistifs

The mobile phase consisted of a mixturead@Nand 75 mM KH,; PO, (pH 3, adj us
(v/v) ratio, pumped at a flow rate of 0.425 mL/min. The injection volume 2@&g L , and the <co
temperature was maintained a5°C.BKCquantification was carried out using the external standard

method, based on a standard calibrationrve prepared with six working standard solutions2B0

Mg/ mL). These solutions were obtained by adding

pg/mL) and diluting with water. Befotbei nj ect i on, t he sampl es were fil

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 col umgl8)(Thes 0 mm
column temperature was maintained at25&Chd t he sampl es were injected
mobile phase was a mixture of MeOH and water in a ratio of 85:15 (v/v) and the flowaatemL/min.

Limonene was detected with a wavelength of 204 nm. A calibration ¢dardenonene was plottedn the
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range of 0.51 0 0  pwgth serialdilutionin mobile phase fromd 0 O Ostopkgolution Prior to injection,

samples were filtered through a 0.22 pym filter.

5.2.12 Encapsulation efficiency and loadicgpacity

EE% and LC8b BKENDs,with andwithout DFP (0.008%, 0.08%ad 2.4% wi/v), were determined using
the established HPLC methdt Samples were diluted with akCMwater solution (1:1, v/v), centrifuged
(5 min, 60,000 rpm), and the supernatant was filtered before injectielE%was calculated using the

following equation, accounting for dilution factofiEquation8):

Equation8: Definition of encapsulation efficiency (EE%) BBKCNDs

Dol A A DO G mas i g | Er EDEA Of 01 AGETT O
° A UTAT ORATT Al # P

Instead, LC% of the formulatiomre calculatedusing the following formulg&Equation9):

Equation9: Definition of loading capacityL®%) for BKGNDs

b i AAEAmAAGBOG. | | T E+EDEA Of O ACETT O
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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

guantification. Thensamples were centrifuged (5 min, 60,000 rpm), and the supernatant was filtered

5.2.13 Invitro releasestudiesof BKGrom the disinfectants

Thein vitrorelease of BKC from all formulatiowgth and without DFPO;008% wi/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 thikifferent formulations was compared to that from aqueous solutions at the
same concentrations (0.008% wi/v, 0.08% wi/v, and 2.4% Whpredetermined timepoints,1 mL of the
receiving phase was withdrawn and replaced with an equal volume of water tadammasink conditions.

The release study was conducted for up to 24 hotlihe withdrawn samples were analyzedthg HPLC

BKC quantification methoand the percentage of release over time was plotted.

Besidesthe mechanism oBKC release froBKGNDs wasnvestigated by fitting thén vitroexperimental

results to different mathematical kinetic models (i.e., firstder kinetic model, Higuchi model,

KorsmeyerPeppas modelWeibull model, PeppaSahlin model, Hixse@rowell, and Gompertz). The
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release profiles of BKC were modelled with the -&ldf Microsoft Office Exc&DSolver for drug release

modelling®°.

5.2.14 Invitro release studies of limonene from the disinfectants

Thein vitrorelease kinetic of limonene from BKMDs was investigated using a multicompartment rotating

cell atRTup to 27 hours Each formulation was insed 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 SDSAIVL%t fixedtimes thereceiving phase was
withdrawn and replaced with the same amount of the aqueous solution of SDSMV1% maintain the

sink conditions Withdrawn samples were filtere@ . 2 2 panalyzedwith the HPLC method for

limonene quantificationThe cumulative % of release vs. time was plotted for the series of disinfectants.

5.2.15 Antimicrobial assay for BKC based disinfectants

MIC and MBCvalueswere determined using a serial twofold dilution method. The disinfectants were

diluted in a 96well microtiter plate to final concentrations ranging from 12 to 0.Q0§ /L (b2, 6, 3, 1.5,

etc.) for the formulation at a concentration of
suspension comlt athengl a0esCwdHre incubated at 37 °
lowest concentration at which no visible bacterial growth is observed. MBC is identified as the lowest
concentation 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 conducfetiowing the EN 1040:2005 guidelinés evaluating

chemical disinfectants and antiseptid®acterial culturevas grown on aviHB for 1824 hours. The

resulting suspension was then diluted with sterile isotonic sodium chloride to achieve a final
concentrat i dfiosinfulatd kA or Woknd comditions, an additional inoculum was prepared
with the same bact er i B),lincocporaticgeboving setuin aloumif tb @ finalCF U/ 1
concentration of 0.3 mg/rg in accordance with ISO EN 1040:2005 specifications. A volume of.@fL m

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 0.05L of water and 0.4mL of neutralizing solution, the procedure was

performed in a water bath at 20 °C, 5 minutes. Subsequently, serial dilutiongpedoemed,and 0.1 nb
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aliquots were plated ontdtNA CFUs were counted after 24 hours of incubation at 37°C. The bactericidal

effect was quantified using t Hquatiod®, o reduction f

Equation10: Logarithmic reduction factor (RF) used to assess bactericidal effect

YOoiliCowo 11TCQ
wherencis the CFU count before treatment andis 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 O
to 7, with higher values indicating greater bacterial reduction. According to established regulaiteria,

an antiseptic/disinfectant is considered effectiyv

intended application.
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5.3 Microdroplets formulated with fatty acid esters of glycefot the delivery of essential oils

5.3.1 Synthesis of Biodiesel

Biodiesel was obtained through a transesterification process using crude rapeseRdpmiseed oil is a
vegetable oil extracted from the seeds of ttepeseed plant. It is composeif triglycerides mainly of

oleic acid (C18:1), linoleic acid (C18:2) and linolenic acid (Ca8:@ported irFigure21.

O
™ . .
O/u\/\/\/\/\/\/\/\/\ oleic acid
O
linolei
O/”\/\/\/\/\/\/\/\/\ Inoleic
(@]

linolenic acid

Figure21: Molecular structure of rapeseed oil, mainly composed of oleic acid, linoleic acid and linolenic
acid

MeOH (221 g, 32.04 g/mol) and potassiumydroxide KOH 25 g, 56.11 g/mol) were added to dir
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
temperaturefor 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 removeMieOH Once no mordMeOHevaporated, he reaction wastopped,and

the mixture was allowed to cool. After cooling, glyalevas 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 mechanisis reported inFigure22.
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The same reaction mechanism takes place for the other fatty acids in the tnglyceride

Figure22: Transesterification for the synthesis of Biodiesel from rapeseed oil

5.3.2 Synthesis of a mixture of mondli, tri- glycerides of lauric acid arylycerol

Glycerol (552 g, 6 mol, 92 g/mol, 1.5 eq.) was stirred at 80°C Hlitex Pound-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. - SAmonohydrate (22 g, 0.12 mol, 190.22 g/molvas then introduced as a
catalyst. The reaction mixture was heated t801C 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. Themixture was then neutralized by slowly adding 3@ NaOHsolution (19.3 g, 0.15

mol, 40 g/mol), ensuring complete neutralization of the catalyst. Finallgegll(200 g, unreacted) was
separated by decantation, and the ester phase was washed with water (200 g) to remove residual
impurities. T final ester product was collectetithout further purification The reaction mechanisiis

reported inFigure23.
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Figure23: The Fischer Esterification like mechanism of action of the synthesis of a mixtuneasfo-, di,
tri- glycerides of lauric acid and glycerol
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5.3.3 Synthesis of a mixture of mondi, tri- glycerides of palmitic acid and glycerol

Glycerol (560 g, 6.0&0l, 92 g/mol, 2.0 eq.) was stirred at 80°C inliet round-bottom flask. Palmitic
acid (750 g, 2.92 mol, 256 g/mol, 1.0 eq.) was gradually added to theglgodrstirred until completely
dissolved. prSAmonohydrate(22 g reflux, a nitrp0.12 mol, 190.22 g/mol) was then introduced as a
catalyst. The reaction mixture was heated to 130°C umdsr atmosphere, and reduced pressur@.9
bar) for 4 hours. The reaction was monitored and stopped when no additional water was released,
indicatingcompletion of the esterification. The mixture was neutralized by adding\8@%aOHsolution
(14.7 g, 0.12 mol, 40 g/mol), ensuring complete neutralization of the catalyst. Glly280 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 colleatéthout further purification The reaction
mechanisnisreported inFigure24.
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Figure24: The Fischer Esterification like mechanism of action of the synthesis of a mixture of r;
di, tri- glycerides of palmitic acid and glycerol
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5.3.4 Synthesis of a mixture of mondi, tri glycerides of lauric acid and glycerol formal

Glycerolformal (5959, 5.72mol, 104 g/mol, 1.9 eq.) was stirred at 80°C in aifer 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.pSAnonohydrate(40 g reflux, 0.2 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 hour§he 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 NaOHsolution (28 g, 0.21 mol, 40 g/mol) to ensure complete neutralization of the catalyst.

Subsequently, glycerol formal was removed by strigpinat 170 °C under

nitrogen

After evaporation, the two phases were separated, and the organic phase was washed with water and

then filtered under vacuumThe final ester product was collected without further purification. The

reaction mechanismnsreported inFigure25.
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Figure25: The Fischer Esterification like mechanism of action of the synthesis of a mixture of mono

di, tri- glycerides of lauric acid and glycerfarmal

5.3.5 Synthesis of a mixture of mondi, tri- glycerides of palmitic acid and glycerol formal

Glycerolformal (628 g, 6.03mol, 104 g/mol, 2.0 eq.) was stirred at 80°C in aier round-bottom flask.

Palmitic acidg00g, 3.13mol, 256 g/mol, 1.0 eq.) was gradually added to the glycerol and stirred until

completely dissolved. -fSAmonohydrate (40 g reflux, a nitro, 0.2 mol, 190.22 g/mol) was then

introduced as a catalyst. The reaction mixture was heated@°@ undemitrogen atmosphere, and

reduced pressure-Q.9 bar) for 4 hoursThe progress of the esterification was monitored, and the reaction

was stopped when no further water was reledseindicating completion. The mixture was then
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neutralized by the addition of a 30%v NaOHsolution (28 g, 0.21 mol, 40 g/mol) to ensure complete

neutralization of t he

nitrogen and reduced pressurAfter evaporation, the two phases were separated, and the organic phase

catalyst.

Subsequentl!l vy,

was washed with water and then filtered under vacuuhie final ester product was collected without

further purification The reaction mechanisia reported inFigure26.
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Figure26: 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 Infr®RedSpectroscopy (FTIR)

Fourier transform infrared (FTIR) spectralaf synthesized glycerol esters with fatty acidsre recorded

using the KBr disc method on a Perkin ElImer System 2000 spectrophotometerd450D

acquired withSpectrum software version 5.0.2 (Perkin Elmer Inc., Hopkinton, MA, USA).

5.3.7 Differential Scanning Calorimetry (DSC)

cm

1) .

gl

Dat

Thermal analysis of the synthesized glycerol esters with fatty acids was performed using a DSC/7

differential scanning calorimetéPerkinrElmer, 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 unagemilow,

with an empty pan as reference. Each analysis was performed in triplicate.
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5.3.8 HPLQuantificationof the synthetizedatty acidestersbased on glycerol and glycerol formal
Thesynthetizedester mixturesglyceryl laurate (GL), glyceryl palmitate (GP), glyceryl formal laurate (GFL),
glyceryl formal palmitate (GFRyere quantified witha PerkinEImeHPLGystem equipped with &lexar

RIDdet ect or and a reverse phase C18 col u-@18).Tha 50 mmn
column temperature was maintainedBfand t he sampl es were injected ir
phase was a mixture of ACN and water in a ratio of 80:20 (v/v) with formic acid/. B¥d the flow rate

was 1 mL/min.The calibration curves for the monoesterf GLand GR, Lauroyrac-glyceroland D

Palmitin, were prepared by diluting 10 mg/mL stock solutippseviously preparechiMeOHwith 0.1%

v/v formic acid using the mobile phas®r i or t o i njection, samples were

5.3.9 CiriticalMicelleGConcentration of fatty acid esters of glycerol and glycerol fordetkermination

The CMC valuesf fatty acid esters of glycerol and glycerol formakres calculated. Different
concentrations ofdtty acid estersvere dissolvedn asolutionof water and ethanol (80:20, v/v %). The
workingconcentrations foiGLand GFLsolutions 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/mLG&and from 0.25 mg/mL foGFRdue

to solubility limitations.The sirface tension othe solutionswas measuredh triplicate using a Du Noly

ring tensiometer. A (¢logopshrfactaht canaemtratiancwas ptoteed, shiovang ( vy )

a decrease in surface tension as the surfactant concentration increased.

5.3.10 Preparation oMDsbased of fatty acid esters of glycerol and glycerol formal

A library ofMDsbased on fatty acid esteis glycerol and glycerol formatas developed with different
ester concentrationsas summarized ifablelOand inTablell. The MDs were formulated with tailored
modifications, based on established methods previously optimized for the preparation of curcamdin
BKGbased NDs, as described in sectibris1and5.2.2, respectivelyAtween 20 aqueous solution (3%
ViV, 100 pL) was ada@éed dinhoognefdorgS uwdlr soepq uteon ta vy, 300 plL
solution of esters at different concentrations ws added as surfactant and lipophilic core. The
concentratiors of GL used was 50 mg/mL and 0.3 mg/ theconcentration of ® used was0.3 mg/mL,

the concentrations of GRkere 100 mg/mL and 0.3 mg/mL and the concentration of GFP was 0.5 mg/mL
and 0.3 mg/mL.

A preemulsion was formed by gradually adding the appropriate amount of ultrapure water to the
mixture, continuing the stirring process. The system was then homogenized using afT WHaa®

homogenizer for 2 minutes at 25,000 rpm until a homogeneous ramolsion was achieved.

100



Tablel0: Composition ofMDsbased onglycerolesters

Volume composition (mL)

Ester
Tween 20 Total
Formulations Description Limonene ethanolic H:0
(3%v/v) _ volume
solution
GL (0.28 % w/v) + 0.300
Glyceryl _ 0.350 0.100 4.70 5.45
6.4 %v/v Limonene (from 50 mg/mL)
Laurate
GL (0.0018 % wiv) 0.300
(GL) _ 0.350 0.100 4.70 5.45
6.4 %v/v Limonene (from 0.3 mg/mL)
Glyceryl
GP (0.0018 % wiv) 4
Palmitate _ 0.350 0.100 0.300 4.70 5.45
6.4 %v/v Limonene ' ' (from 0.3 mg/mL)
(GP)
Table11l: Composition ofMDsbased on glycesl formal esters
Volume omposition(mL)
Ester
Tween 20 Total
Formulations Description Limonene ethanolic H0
(3%v/v) _ volume
solution
0.30

Formal mg/mL)
Laurate
GH. (0.0018 % w/v) - 0.30
(GR) _ 0.350 0.100 4.70 5.45
6.4 %v/v Limonene (0.3mg/mL)
Glyceryl GFR0.0028% w/v) +
e : 0.350 0.100 0-30 4.70 .45
Formal 6.4 %v/v Limonene (0.5mg/mL)
Palmitate  GFL (0.0018 % wi/v) 0.30
0.3%0 0.100 4.70 5.45
(GP) 6.4 %v/v Limonene (0.3 mg/mL)

5.3.11 Physicochemical characterizationrofcro droplets based on glycerol and glycerol foresters

The average diameter, PDI afaf the formulations were measured witMalvern Zetasizer Prat RT,
diluting samplesn ultrapure water. Each measured value was the averagehoé¢. Then the pH of the

formulations was measucewith a pHmeter
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5.3.12 Rheology studiesf MDsbased on glycerol and glycerol formal esters

Rheological properties were assessed using a rotational viscometer fitted with afi8S€pindle.
Measurements were conducted at a controlled temp
MDs stored atRT, were used directly without further treatment. An 8 mL aliquot of each sample was

pl aced into the viscometer’s measurement chamber.
rates from 66 to 330 s 1, 9Dpe22,j182 198 264, 30,dotlowedibye f o |
adescending sequence of 264, 198, 1 BehgviotAtOeach and 6
shear rat e, the dynamic viscosity (n) was recort

measurements were performed in triplicate to ensure data reliability and reproducibility.

5.3.13 In vitrorelease kinetics afsters fromMDs

Thein vitro release kinetics othe esters from theMDs was investigated using a multicompartment

rotating cellat RTover 26 hoursEach formulation was insed 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 wafsrfixed time points, the receiving phas&as withdrawn and

replaced with the same amount of water, to maintain the sink conditi@ssmnples were lyophilized and
subsequently resuspended in MeOH withONB60 f f or mi ¢ aci d, filtered thr
and analyzedusing the respective HPLC method. The cumulative percersfig@ster release over time

was then plotted for the series of esters

5.3.14 In vitrorelease kinetics of limonerfeom MDs

The in vitro release kinetics of limonene from thi@Ds was investigated using a multicompartment
rotating cellat RTover 26 hoursEach formulation was insed in the donor compartment (inL), 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 maintdime sink conditionsWithdrawn amples were
fitered0 . 2 2 pamalyzedwith the HPLC methofibr limonene quantificatin previouslyreported in
section5.2.11. The cumulative % of release vs. time was plotted for the series of eJteesn vitro
release assay of thdD formulation (GFL 0.56%#'v) was also conducted in SDS OviS6under 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 watexs the receiving phase.
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5.4 Formulation ofO/W emulsions as cleansers based on fatty acids esters of glyaedol

glycerol formal

5.4.1 Formulation otthe cleanser based on fatty acid esters

Different cleansersbased onthe various synthesized fatty acid estesgre prepared(GL, GP, GFL and
GFP) in the form of emulsionghe oitin-water (O/W) emulsions were prepared using the hot
emulsification method, which involves separately heating the oil and water phases before combining
them under highshear mixing using an inverse emulsification process.

Composition of water phase:

1 Deionized water (préooiled to eliminate microorganismsj)s. to 100%

1 Sodium benzoate (0.3%v)

1 Xanthan gum (1%/v)

1 Glycerol (3%w/v).

Composition of oil phase:

1 Each ester mixtursenesboth as lipidand emulsifierGL, GP, GFL and GFP.

The emulsions were carried oatcordingto 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 hydratelfthourunder mixing. Subsequentl

glycerol was added and stirred for an additiot&Iminutes.

In parallel, the oil phase was prepared by heating the ester mixtur@{6b°Cuntil complete fusion was
achieved. The emulsification process was carried out by gradually adding the water phase into the oil
phase underhigh shearmixing, following thenverse emulsification method. Initially, the low water
content led to the formation of avater-in-oil (W/O) emulsion, which progressively inverted intocrAn-

water (O/W) emulsioras more water was incorporate.formulation study was conducted to deteime

the optimal amount of the estemixture 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%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 microsecopy.

conclusion, optimized emulsions wepeepared foreach ester GL, GP, GFL and GFP.

5.4.2 Rheological studies of the cleansers based on fatty acid ester of glycerol and glycerél forma

Rheological measurements the final emulsionased on glycerol and glycerformal wereperformed

using a rotational viscometer equipped with an SXB4rotating spindle.The fow experiment was
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performed ata constantemperature of25° Cusing a water bath. The emulsions were storedR@and

directly used for rheological studies. The formulations were transferred into the viscometer's
measurement chamber in 16 mL of voluisied measuements over a range shear rate of 0.11to 22 s

Therange of shear rates was selected to cover both low and high shear rate regions. For each shear rate
value, the viscometer recorded thiynamic viscosity n ) , which was then plotte

shear rate. Three replicategere performed to enswe the reproducibility of the results.

5.4.3 Sability ofthe cleansers based on fatty acid ester of glycerol and glycerol formal

The stability of the emulsions was assessed over time by monitoring changes in viptbaity particle
morphology using microscopic analySike analysis was conducted at time zarul after one month.

I n addition, the cleansers under went an accelerat
under thermal stress. Following the accelerated aging test, the viscosity and partigidologyof the

cleanseswere evaluated.

5.4.4 Quantificationof fatty acid ester of glycerol and glycerol formal loaded in the cleansers

The content offatty acid estes of glycerol and glycerdbrmal loadedin the cleansers was quantified
using the HPLC quantification method for the esters developed in sest®8 For the quantification,
100pL of each ester was extractélaree timesin 300pL of chloroform. The chloroform phase containing
the ester content was evaporatexhd then the died residue was resuspendéa 1ml ofa suitable solvent

for its dissolution. Methanol with 0.1%/v of formic acid was used for GL and GFL, while a mixture of
Acetone and DMSO (81%) was usedor GP and GFP. The samples witered 0.22um prior to beng
analyzedwith the HPLC.

5.4.5 Invitrorelease kineticef the fatty acid esters frorthe cleansers

Thein vitro release kinetics dfatty acids esters of glycerol and glycerol forrfraim the cleansersvas
investigated using a multicompartment rotating celler 90 minutesEachformulation wasinsertedin

the donor compartment (1mL), which was separated bgiaysis 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 amountvadér, to maintain the sink
conditions. The withdrawn samples wdyg@philized and resuspended in 0.3 mL of #eeording solvent

to be analyzedby HPLC analysiBhe cumulative % adsterrelease vs. timavasplotted for the series of

esters
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5.4.6 Franz cell diffusion assay the fatty acid esters from theleanserghrough porcine skin

In thein vitro permeation study prcine skin waselectedas skin model due to its wallocumented
similarity to human skiin terms of morphology and permeabilt§1° The animal ears were collected
immediately after the suppression and stored-&5 °C for up to four months. Thirty minutes before the
start of the experiment, the piglet ears were thawed in a physiological soluticRTaihe skin was
examined to select the parts with integrity and absenc8asfisbefore to becut into 4 cm2 square pieces

The permeation study waperformed in a Franiype static diffusion cellshat were placed under
continuous stirring on a plate stirrerqGare skin pieces were mounted between the donor and receptor
chamberheld together by a clampvith the stratum corneum facing the donor chambdihe physical
integrity and the absence of leakage of the employed skin was assessed pouring distilled water in the
Franztype cells.The volume of thereceptor compartment was 9 mL, and it was filled witater as
receptor fluid The temperature of the system was maintained at 32*€ by circulatimof thermostated
waterin 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 permeationstaaarried 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 ovaronger period 080 min At selected time points (&, 10, 15,

30,45, 60and90min) 9.0 mL of each receptor sample waghdrawn andimmediatelyreplacedwith an

equal volume of wateto maintain sink conditions. All thexperiments were conducteid triplicated.The
withdrawn samples were lyophilized and resuspendeduitablemobile phase to banalyzedoy HPLC
andysis.The donor phases werenllected,and the esters wre extracted with the previously explained
method. After the experiment, the skin was washed with 3 mL of water. Torayhlayerof the skin
(stratum corneum) was separated from the viable layers of the skin, epidermidis and dermis by stripping
method.Accordingly, he skin flaps werstripped 28timeswith adhesive tap&o separate the horny layer

The adhesive tapis applied for 10 seconds undailittle pressure andhen removed. The strip fractions
aredissolvedn 6 ml of EtOH put under stirring for 24 hours arahalyzedvith HPLC analysis. The residual
skin fractionsthat represent epidermidis and dermisere thereafter cuinto small piecesnd extracted

with 10 mL okthanolandanalyzedvia HPLGfter 0.22nm filtration.

The permeatiorof a substance through the skin was calculated with the permeation flux (Bpated

in Equation11:

Equation1l: Permeation fluxJcalculated as the mass transported per unit area and time.
Q0

0 ———.
o Qo

where dQ is the amount of substance permeatgd 6rmg), A is the area of exposed membrane or skin

(cm3, and t is the time (hours).
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6. Results and discussion

6.1 Encapsulation of curcumin in chitosanh el | ed nanobubbl es as a

formulation against antibiotic resistance

The result®btained in this part of the thesis led to the publication of the following research paper, where

| am listed as first cauthort®”

Munir Z, Molinar C, Banche G, Argenziano M, Magnano G, Cavallo L, Mandras N, Cavalli R, Guiot C.
Encapsulation in Oxygdmaded Nanobubbles Enhances the Antimicrobial Effectiveness of
Photoactivated Curcuminnternational Journal of Molecular Science®023; 24(21):15595.

https://doi.org/10.3390/ijms242115595

6.1.1 Phystochemical taracterizatiorof NBs

Thephysicochemical parameters blank NBs and loaded NBscluding average diametd?D| and{are
reported inTable12. NBs exhibited an averagiameter of approximately 438 nm, with an increase in

diameter observed after the respective loading of curcumin and oxygen (511 nm and 521 nm).

Tablel2: The physicochemical characteristics of curcurdisaded NBs
b.&a SEKAOGAGSR Iy I @SNF3IS RAIFYSGESNI 2 F. ThelrdisiParer YI (S
reported as the mean * standard deviati@D)n = 3) Adapted fromt®”

_ Average Diameter Polydispersity Index y
Formulatiors
(nm)+ SD +SD (mV)x SD
Blank NBs 438 + 18 0.15+0.06 +35+1
CurcCSNBs 511+ 25 0.28 £ 0.02 +30+2
CurcOxy-CSNBs 521 + 30 0.29 £ 0.02 +31+1

A positive(was measuretéh Blank NBdue to the presence of chitosan in the shell, while the inclusion of
curcumin in Cur€€SNBs and Cur©xyCSNBsslightly reduced the positive charge. Coalescence, an
aggregation process that can occur between NBs, was prevented by sufficientlg vagres.The pH
range of NBsanged from 4.8 to 5.40. It was observed that the diameter of NBartiallyincreasedafter

two months ofstorage but remaining below 600 nrimdeed, as shown iRigure27, 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 firheefore, pH and{values were equivalent

over 2 months of time
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Figure27: The average diameter of the Cu€SNBs, and Cur©Oxy-CSNBsadter 2 months

The blue bar of the histogram corresponds to measurements at time 0 amddkelor after 2 months
Reproduced frof{”

All the NBs formulations weranalyzedusing fluorescence microscopyn Figure 28, a fluorescence

microscopyimage ofCureCSNBscan be observed. They showspherical shape with fluorescent steell

that confirm the presence d€C@n the surface.

Figure28: Fluorescence microscopy image GtircCSNBs
Curcumin igonjugated to the NBs shell and dissolved in the core (scale bar 50B@pnoduced frorf?
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6.1.2 HPLC quantification of curcumin

Curcumin was successfuiycapsulated both in the core and within the chitosan shell of Wi high
ERovalues of 87.8 % and 89.2%, respectively for Q8NBs and Cur©xyCSNBs(Tablel13). An LC%

value below 10% was measured for all NB formulations.

Tablel3: EE% and LC% GtircCSNBs and Cur©xy-CSNBs
CureCSNBs andCureOxyCSNBsexhibited highEE% valuesnd LC values around 5%&dapted front®”

Encapsulation ) ) Curcumin concentration
_ o Loading capacity _
Formulatiors Efficiency in NBs
(LC%)
(EE%) (Mg/mL)£ SD
CurcCSNBs 87.7 4.3 743144
CurcOxy-CSNBs 89.2 53 743+49

6.1.3 In vitrorelease study of curcumin fro@ure CSNBs and Cur©xy CSNBs

In the in vitro release study of curcumin from Cu&SNBs and Cur©xyCSNBs,the release reached
69.14% and 66.98%, respectively, after 48 hottigure 29). These resultsuggest that curcumin is

released with sustained kinetics over time.

Invitro release of curcumin from Curf€SNBs and Cur©xy-CSNBs

80
70
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40
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Cumulative % curcumin release

0 2 5 10 20 30 40 50
hours

==¢=CUurc-NB (%) === Curc-oxy-NB (%)

Figure29: Thein vitro release kinetics of curcumin from the NBs
The results are reported as the meaSR(n = 3). The release profile of G@8NBs and Cur©OxyCS NE
demonstrated a sustained release of curcumin from both the NB formulations oveAtiaggtedfrom?®’
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6.1.4 Minimum inhibitory concentratiorof Cure CSNBs and Cur©xy CSNBs

The antibacterial activity of Cu€SNBs and Cur©xyCSNBswasevaluatedboth with and without LED

light photoactivation. The MIC values, reportediamblel4, show an increase in antibacterial activity after

three hours ofphotodynamic activation against all tested bactesthins, for both types of NBs. Indeed,

the MIC values of CHECSNBs and Cur©OxyCSNBs forE. coiwer e 46. 4 pg/ mL and
decreasing to 46.4 pg/ mL after phot oacdbsewedhi on. |
particularfor S.aureusandE. faecak. The MIC values fog. aureusver e 92. 8 pupug/ mL and
respectivel vy, wi thout LED exposure and they drorg
Mg/ mL. | n E.tfaecalisCueGSAIBs @rid CurOxyCSNBs forS. aureusver e 46 . 4 ug/ mL
92.8 pg/ mLedand28elrpgstmL and 46.4 pg/ mL after LEI

Tablel4: MICvaluesof CureCSNBs and Cur©xy-CSNBs

MIC values wereneasuredwith and without LED light photoactivation on different bacterial strains,
including E. coli, S. aureasd E. faecalisThe application of 3 hours of LED light resulted in MIC reduction
Adapted from'®’

MIC {ug/ml) MIC {g/ml)
Bacteria NO LED 3h LED

CureCSNBs  CurcOxy-CSNBs CurcCSNBs CureOxy-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 kineticsassayfor Cure¢ CSNBs and Cur©xy CSNBs

Cure CSNBs and CurOxy CSNBswere evaluated for antibacterial efficacy at three times the MIC of
curcumirt®® againstthe three bacterial strainsThe formulations werenalyzedwith and without three

hours of LED illumination different time pointsuntil 72 hours Among theested formulations, oxygen
loaded NBs exposed to LED irradiation exhibited the highest antibacterial activity, showing the greatest

MIC reduction values.

Escherichia coRTCC 25922

The findingsreported inFigure30, indicatedthat CureOxy-CSNBsexhibitedprolonged timekill kinetics

against thek. colistrain, especially when exposed to LED light. Oxygated NBs under LED irradiation
effectively restricted bacterial growth, achievin
that of free curcumin.Therefore the combination ¢ curcuminloaded NBs with oxygen and LED light

proves effective in eliminating even Gramgative bacteria lik&. coli
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Notably,the antibacterial activity of the NBs wast clearin the MIC and MBC evaluation because the
initial release of curcumin is minimal. However, in the tikilktest, the prolonged release of curcumin

from the NBs enhanceaintibacterial action over an extended period.

Staphylococcus auredsl CC 29213
For CureOxyCSNBs tested again§. aureusa significantly enhanced antimicrobial activity was observed
under LED irradiation, with a MIC value of 12 wug

to achieve comparable bacterial growth control over-d& period without LED exposureigure31).

Enterococcus faecallsTCC 29212
In the case of Cur©xyCSNBs against faecalisthe results reported in Figure 32, indicated that
effective bacterial growth inhibition relies dhe combined action of curcumin, oxygen, and LED

irradiation.

Log reduction following Curc.Cs - NB and Curc.Oxy - NB administration
(No LED) E. coli

1010+
mm CTRL

Bl Curc.CS-NB
B Curc.Oxy - NB

TO 90min 6h 20h 24h 48h 72h
Time
(A)
Log reduction following Curc.Cs - NB and Curc.Oxy - NB administration
(LED) E. coli

M CTRL
B Curc.CS-NB
Bl Curc.Oxy - NB

TO 90min 6h 20h 24h 48h 72h
Time

(B)

Figure30: Graphical depiction of the bactericidal effects of Cu@SNBs and Cur©xy-NBs againsE.

coli

(a) Timekill curves of both formulations in the absence of LED light expgbufiémexkill curves following

LED light exposure. Results are presented as mean + SEM from three independent experiments and
SELINBaaSR Ay [23 [/ C!lkY[ ® {dGF A aidteddSignifidante levelsivs & 4 |
control: *p=0.0332* p=0.0021** p = 0.0002, **** p< 0.0001 Reproduced fro&’
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Log reduction following Curc.Cs - NB and Curc.Oxy - NB administration
(No LED) S. aureus
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Figure31: Graphical depiction of the bactericidal effects of Cu@SNBs and Cur©xy-NBs againss.

aureus

(a) Timekill curves of both formulations in the absence of LED light expgbufiémexkill curves following

LED light exposure. Results are presented as mean + SEM from three independent experiments and
expressed in Log CFU/rblata were evaluated for significance by Studesiesst. Vs controls: * p =0.0332;

** p =0.0021;**** p < 0.0001. Reproduced fror’
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Log reduction following Curc.Cs - NB and Curc.Oxy - NB administration
(No LED) E. faecalis
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Figure32: Graphical representation of the killing activity again&t.faecalisof CureCSNBs and Curc
Oxy-NBs

(a) Timekill kinetics of the two formulations without exposure to LED ligifTime kill kinetics of the two
formulations with exposure to LED ligiiResults are shown as means + SEM from three independent
experiments and expressed as Log CFUs/mL. Data were evaluated for significance by Stesteis t
controls * p = 0.0332; ** p =00021,**** p < 0.0001. Reproduced frof’
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6.1.6 Evaluation of NBs uptake by bacteria through Confbtiatoscopy Analysis

Membrane damage induced by NBs combined with light irradiation, as well as the internalization of NBs
within bacterial cells, was examined using confocal microscejgyre 33 shows confocal microscopy
images of CuCSNBs after exposure to LED light for 3 hours and 24 hdbwcCSNBs showed
adherence to the E. coli cell wall without evidence of internalization at bdtbus and 24 hourA). In

contrast, CureCSNBsseemed to benternalized by staphylococd) and enterococcid.

Bacteria Bactgria Bacteria
+ 6-coumarin-NBs 3h  + 6-coumarin-NBs 24h

Figure33: Confocal microscopy images showing G@8NBs interacting with bacterial cells

Panel A illustrates adhesion t&. colicell walls, while panel8 and C display internalization b$s.
aureusand9 @ FIF SOlIfA&ax NBaLISOGA@Sted . OGSNRIFTE &dza LIS
incubated with 10% coumariiabelledNBs for 3 and 24 hours. Fluorescelatzelling red = propidium

iodide (PI); green = coumarin. Images acquired at 60x magnific&igproduced frof’
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6.1.7 Lactate Dehydrogenasessay

The release of LDH served as an indicator of bacterial membrane damage resulting from the antibacterial
activity of NBs. Specificallyigure34 showed the percentage of release of LDHGorecCSNBs and Curc
OxyCSNBs against different bacterial strajrsoth with and without LED irradiatiorin 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, wibh was attributed to the production of ROS induced by the presence of

oxygen and LED irradiation.
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Figure34: LDH release activity of CHE€SNBs and Cur©xy-CSNBs with and without exposure of LED
light againstdifferent bacterial strains

Panel A illustratesthe LDH assay fdt. colipanelB for S. aureugnd panelCfor E. faecalis. Data were
evaluated for significance by Studerti®st. Vs controléwithout LED)* p =0.0332; * p = 0.0021; *** p
= 0.0002; **** p < 0.0001Results are shown as means + SE¥B).Reproduced froi{’
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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 oxygienp r ia NBs,rag e

well as the exposure to LED ligtit or 3 h)on ROS production, whicinduces oxidative stress and,
consequently, celamage The results showed that Cubased 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 factéiigure 35). Furthermore, it was

observed that ROS production decreased as the curcumin content in the NBs increased.
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Figure35: ROS productiomuantification

A higher ROS production amount resulted from 3 ha#Bapplication(0¢3 h)and when oxygen was
presentat high and low concentrations of curcumin in CGENBs and CureCSOxyNBs. Results are
shown as means + SEReproduced frofi’
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6.1.9 Oxidativestressevaluation

The antioxidantctivity of curcumin loaded in NBs was assessed using/tbé test, and the results are
shown inFigure36. A decrease in MDA levels, a marker of oxidative stress, was observed in the cdrcumin
loaded formulations compared to the blank NBs. This demonstrated that the antioxidant activity of

curcumin is preserved when encapsulated in NBs (p < 0.001).
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Figure36: The antioxidant activity of curcumin loaded in NBs was evaluated

CureCSNBs and CurOxyCSNBs demonstrated dnighly significant reduction in lipid peroxidation
compared to blank NBslenoted by *** indication p<0.00Data were evaluated for significance by
Students #est. Results are shown as means + S&&B).Reproduced frofi’
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6.2 Formulation of a household disinfectant spray based on benzalkonium chloaded

nanodroplets

Aresearch papebased on the results of this part of the thesis is currently in preparation

6.2.1 Determination ofCritical MicelleConcentration of surfactants

For the development ofesicular formulations of household disinfectants based on BKC, the CMC of the
starting materials was evaluateds amphiphilic moleculesfTween 20 and BKC spontaneously form
micelles in water when their concentration exceeds GMlDe IndeedTween 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.v@M€sof BKC and Tween 20

were determined as the concentratiat 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 BKGgafil.19
(Figure37).
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Figure37: 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 formé&ieated with BioRender.com

6.2.2 Preparationof BKENDs

A formulation studyfor the development oBKGNDs was conducted to evaluate their stability over time
and their physicochemical propertissich as average diameter, Piid { at different concentrations of
BKC, Tween 20, and limonene. The formulation study ofNEB that aimed to obtain stable nano
systems, is summarized Trable15.

Initially, BKENDs were prepared without essential oil. Subsequently, W86 of limonene was
incorporated to enhance their antimicrobial activitiowever, both formulations-with and without

limonene—were found to be unstable without the addition of Tween 20, which acts as a surfactant and
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emulsifier. Therefore, its presence was essential for system stability, but its concentration was reduced
from 6% to 0.2%/v to minimize the use of synthetic chemicals, thereby reducing both toxicity and
environmental impactThe stability of he formulationswith 1%v/v of limonenewas then evaluated at
various BKC concentrationasnging from 0.005% to 0.03¢4v. BKGNDs displayedn average diameter
ranging from around 400 nm to 900 nm and a positfyattributed to the presence of the cationic
surfactant.The particlediameterappeared to be inversely proportional to the BKC concentrations, with
progressively smaller sizedgerved at higher concentrationSome formulations exhibited PDI higher
than 0.3, probably due to a not homogenous preparation or a toodomcentrationof surfactants
BKCconcentration was then raised to 284v, aligning with typical levels in household disinfectants, as
requested by the partner compangt the highest concentrations, the particle sizes reached their lowest
values, generally remaining below 500 nm. In this case, the BKC concentration exceeddétlitted
CMC, resulting in a differetype of nano system, specifically micella@glitimately, the DFP core of the
BKC nano emulsion was replaced with limonene due to concerns about its environmental peeséstdn
non-biodegradability. The percentage of limonene was studied at 1% and/6%but it was then
maintained at a maximum of 1%v to minimize the risk of allergic reactioriBhe formulations with 6%

v/v of limonene displayed higher sizes than the ones withvA26Although at higher BKC concentrations,
the formulations could be formed without Tween 20, they lacked homogeneity, showed high PDI, and
contained larger particlesBuilding on this formulation study, a library optimized BKGNDs was
developed with varying BKC concentrations (0.008%, 0.08%, andv4Using 0.16%/v of tween 20

and 1%v/v of limonene(Tablel16).Two distinct generations of BKMDs 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 ndsodegradability All the finalBKGNDswere stored atRT.BKGNDs

exhibiteda milky appearance.
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Tablel5: A formulation studyfor the preparation ofBKGNDs
The following BKBIDs wergrepared: BKGIDs, 1%/v Limonene BKEDs, 1%/v Limonene BK@Ds with increased BKC % and-BiKGwithout DFP The

presence of Tween 20 was necessary to ensure homogeneity and smaller particle sizes, even though particles couldtktllfdriive formulation study
was assessed over different BKC concentrations (low, intermediate and high) to evaluali®Bi¢Gnation. Limonene concentration was reduced to(\/9p
to minimize the risk of allergic reactidResults are shown as means + SD (n=3)

DFP Tween 20 BKC Limonene Size PDI y
ND Formulations Annotations
(%)viv (%)viv (%)wiv (%)viv (nm)x SD +SD (mV)x SD
Not stable without
5 - 0.1
Tween 20
BKCNDswithout -
5 0.1 0.01 - - - -
Limonene
5 0.2 0.005 -
5 6 0.005 -
5 - 0.005 1 - - - Not stable without
5 - 0.01 1 - - - Tween 20
5 0.1 0.01 1 - - - -
5 0.2 0.005 1 - - - -
5 6 0.005 1 - - - -
1%v/v Limonene 5 0.2 0.08 1 890+94 0.60+ 0.07 +30.33+1.95 -
BKCGNDs 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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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

1% v/vLimonene
5 0.1 1.8 1 342 +8.1 0.32+0.01 +41.47 + 2.32

BKCGNDs
5 3 1.8 1 587 + 28 0.18 +0.05 +32.23+1.84
with increased % of

BKC 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
0.2 1.6 1 155+ 6.0 0.19+0.01 + 43.60 + 2.67
- 1.6 6 553 + 32 055+ 0.03 + 40.89 + 3.53
BKCNDs without 0.2 1.6 6 448+ 10 0.28 +0.04 +22.82+0.77
DFP 0.2 1.9 1 294+ 25 0.30+0.03 + 42.57 + 3.26
- 1.9 6 961 + 10 050+ 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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Tablel6: Percentage composition of optimized spray disinfectants

BKGENDs were prepared with and without DHRveen 20 was present in low quantity to astuseogeneity

and small particlesA range of BKC concentrations, from low to high, was used to investigate the
concentrationdependent behavior of BKIDs Limonene 1%/v was used to limit théncoming of allergic
reactions

. DFP Tween 20 BKC Limonene
Spray disinfectants
(%)Vviv (%)Vviv (%)wiv (%)Vviv
BKGENDs 0.008% wi/v 5 0.16 0.008 1
BKGNDs 0.08 % wi/v 5 0.16 0.08 1
BKCENDs 2.4 % w/v 5 0.16 2.4 1
BKGENDs 0.008% wi/v
- 0.16 0.008 1
w/o DFP
BKGNDs 0.08 % w/v
- 0.16 0.08 1
w/o DFP
BKGENDs 2.4 % w/v
- 0.16 2.4 1

w/o DFP
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6.2.3 Physicochemical characterizationBiKGNDs

BKGENDs exhibited a nanometesized structure and a positive surface charge, due to the BKC cOEdinig.

17r eport s t he av eandpHef BKSGIDRsmtdow antermedfai2 and higKCGconcentration
(0.008%, 0.08%, 2.484v). Theaveragediameter of NDs increased after BKC loading, rising from 540 nm in
blank NDs to 79hm in BKENDs at 0.008%v/v, while { valuesshifted to a positive value. At higher BKC
concentrations- specifically above the CMUnicelles 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, wherd\Bis@t 2.4%v/v exhibited sizes around 118

nm. Meanwhile, thel value of the formulations increased as the BKC concentration rose. The pH of the

formulations remained stable, ranging between 4. 5.

Tablel7: Physicochemical parameters of blank and loadBEGNDs

BKGNDs exhibited a nanometsized structure and a positive surface charge. The average diameter
decreased increasing BKC concentration due to micelle form@tieess positive after BKC loading and pH
was aroun4.5 and 5.5Results are shown as means + SD (n=3)

_ Average Diameter Polydispersity Index y
ND Formulatiors pH
(nm)+ SD (PDI)x SD (mV)+ SD
NDs blank 54023+ 68 0.40£0.01 -12.01 £ 0.59 5.10
BKEGNDs 0.008%y/v 79112+44 0.30 £ 001 +32.76+0.58 5.50
BKGENDs0.08 % wiv 27300+ 14 0.28+0.04 +65.47+1.05 4.40
BKGNDs2.4 % w/v 119.12+1.26 0.17+£0.03 +73.67+2.98 4.50
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BKGENDs without DFP exhibited a nanomesézed structure, measuring below 250 nm, with a positreat
increased with BKC concentratiofihe dimensions of the secomggneration disinfectants are smaller than
those of the first generation, likely due to the absence of the DFP compombatpH of the formulations
remained stable, ranging between 4.8nd 5.8. InTable18the average diameter, PO}potentialand pH

are reported.

Table18: Physicochemical parameters &KCGNDs without DFP

BKGNDsw/o DFPexhibited a nanometesized structure and a positive surface charge. The average diameter

was lowercomparedto BK6 54 @A GK 5Ct RdzS (2 GKS oaSy0S 2F 5cC
pH was around!.5 and 5.8Results are shown as means + SD (n=3)

Average Polydispersity
ND Formulatiors y
Diameter Index pH
w/o DFP (mV)x SD
(nm)x SD (PDI)x SD
BKENDs0.008%w/v (w/o DFR 252.12+ 16 0.20+ 0.06 +4.91+1.11 5.82
BKEGNDs0.08 % w/w/o DFB 226.00+ 1.66 0.24+ 0.01 +11.73+ 2.00 4.50
BKENDs 24 % w/v(w/o DFP 243.13+ 23 021+0.@ +15.44+ 1.25 5.33
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6.2.4 Rheology studies of BKNMDs

The rheological profiles of BKMswith a DFP coré).008% wi/v, 0.08% w/v, and 2.4% Wwiverecompared
with water and plotted as flow curves (shear stress vs. shear rate) and viscosity quisessityvs. shear
rate). BKGNDs exhibited a typicdewtonianfluid behavior, maintaining a constant viscosityths shear
rate increased, as shown Figure38. The slope of this line is low, indicating that BYIQs are Newtonian
fluids with low viscosity. In the viscosity curve, BYU5, as Newtonian fluids, form a horizontal line,
confirming that viscosity remains constant regardless of the shatar (Figure 39). Formulations with a

constant viscosity allows an easy and unif@pneadwith longterm stability.

Shear stress vs. shear rate

0.5
~ 0.4-
a -e- water
o 0.37 =~ BKC-NDs 0.008% wiv
Z 0 —& BKC-NDs 0.08% wiv
g - ¥ BKC-NDs 2.4% wiv
z
9 0.1

00 1 1 1 1

0 100 200 300 400
Shear rate (1/s)

Figure38: Shear stress vshear rateof water and BKENDs at 0.008% w/v, 0.08% w/v and 2.4% w/v
BKGENDs exhibited a typical Newtonian fluid behavior, maintaintegstant viscosity as the shear rate
increased

Viscosity vs. shear rate

10+
—_ 8
g —-@— water
% 6 -m- BKC-NDs 0.008%w/v
_é’ —4— BKC-NDs 0.08%w/v
§ 44 —¥ BKC-NDs 2.4%wl/v
(7]
> 2

0 1 1 1 1

0 100 200 300 400
Shear rate (1/s)

Figure39: Viscosityvs. shear rateof water and BKENDs 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, BHIS, as Newtonian fluids, form a horizontal line, confirming that
viscosity remains constanegardless of the shear mt

The rheological profiles of BKMDs without DFP at 0.008% w/v, 0.08% w/v, and 2.4% w/v remain consistent
with those of firstgeneration BK@IDs, exhibiting Newtoniabehaviorwith low viscosityln Figure40 and

Figure41the flow curves and viscosity curves of formulations without DFP are reported.

Shear stress vs. shear rate

0.4
- water
© 0.3 g BKC-NDs 0.008% wiv
g (w/o DFP)
7]
o BKC-NDs 0.08% w/v
5 0.27 “* (wlo DFP)
s BKC-NDs 2.4% wiv
o -
< 0.1 (w/o DFP)
0.0 T | 1 1
0 100 200 300 400

Shear rate (1/s)

Figure40: Shear stress vs. shear ratef water and BKGNDs at 0.008% wi/v, 0.08% w/v and 2.4% w/v
without DFP

BKGNDswithout DFPexhibitedtypical Newtonian fluid behavior, maintaining a constant viscosity as the
shear rate increased

Viscosity vs. shear rate

10

8- —-@— water
§ g BKC-NDs 0.008%w/v
T 6 (w/o DFP)
= BKC-NDs 0.08%w/v
5 4 " (wio DFP)
S BKC-NDs 2.4%w/v
[7)] - . (o]
>, ¥ (wio DFP)

0 T T T 1

0 100 200 300 400
Shear rate (1/s)

Figure41: Viscosity vs. shear ratef water and BKENDs at 0.008% w/v, 0.08% w/v and 2.4% w/v without
DFP

In the viscosity vs. shear rate curve, B¥@swithout DFR as Newtonian fluids, form a horizontal line,
confirming that viscosity remains constant regardless of the shear rat
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6.2.5 Surface tension studies of BIDs

The surface tension of BHNDs at 0.008% w/v, 0.08% w/v, and 2.4% w/v was compared to tipatrefwvater

andof aqueous BKC solutieat equivalentconcentrationsAs expectedwater exhibited the highest surface
tension (~70 mN/m). ThBKC aqueous solutiat 0.008% w/wshowed anot significantreduction in surface
tension compared to water, indicating minimal surfactant activity at this low concentratimeed, this
concentration was well below the calculated CMC of BKC (1.1&dnhg

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#¢ was slightly lower than at 0.08% wi/v, the difference was
minimaland not significantindicating that surface tension had already plateaued near the CMC.

However, for alBKGNDs formulations a substantial decrease in surface tension was rfoggdighting their
enhanced detergent capabilitlevenat a concentrationat 0.008%w/v (Figure42). Thisbehaviorcan be
explained by the presence of an additional surfactant, Tween 20, in theNBKiGrmulatiors, which has a

very low CMC of 0.01 mgiL. Moreover, the naneemulsion seems to improve the surfactant distribution,
making it more effective compared to standard aqueous BKC solufibese findings indicate that tH&KC

NDs effectively lowersurface tension, enhancing their detergent and wetting properties even at low

concentrations.
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Comparison of Surface Tension of BKC-NDs

150- $55858
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—_ | 5588
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Figure42: Comparison of surface tension between BRIDs, BKC aqueous solution and water
BKENDsexhibited the highest reduction isurface tensiorregardless oBKC concentratio(D.008% wi/v,
0.08% w/vand 2.4% w/v). BKC aqueous solution above 0.08%exhibitedno significant differences with
BKENDs. BK®IDs showed excellent detergent capacity and wetting propeiiat are expressed as mean

+DM=3)Ones | &8 ! bhz! F2{t26SR 08 {ARI]1Qa Ydzkfiekadhed O2Y

reduction in surface tension between water and B3 {*** p<0.0001), and between BKC 0.008% w/v and
BKGENDs 0.008% w/{**** p<0.0001)

A similar reduction in surface tension was observed for-RR€ without DFFA-{gure43). These results
suggest that both formulations exhibit excellent detergent capacity and wetting properties, even at a low

BKC concentration where the agueous BKC solution alone is not effective.
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Surface tension BKC-NDs w/o DFP
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Figure43: Comparison of surface tension between BRIDs w/o DFP, BKC aqueous solution and water
BKENDsw/o DFPexhibitedthe highest reduction isurface tensiomegardless oBKC concentratiof®.008%

wiv, 0.08% wi/vand 2.4% w/v). BKC aqueous solution above 0.08% wi/v exhibited no significant differences
with BKENDs. BKGIDsw/o DFPshowed excellent detergent capacity and wetting propers#36ENDs w/o

DFP exhibit lower reduction sfirface tensiomegardless oBKC concentratiorData are expressed as mean
+P(M=3)Onegt & !'bh+x! F2{t2gSR o6& {ARI]1Qa Ydzt GALIX S 02"
between water and BKRDs (*** p<0.001, **** p<0.0001), and betweerKB 0.008% w/v and BRDs

0.008% wi/v (** p<0.01)
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6.2.6 Spray angles dhe disinfectants

The formulatiors were stored in a spray bottlenimickinga future household application of the product

The s pr ayefes todghle anglé€ teal liquid, flowing out from theozzle of thespray bottle, forms
between thecenterlineand the outer edges.he 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 swiayrasults in a

wider coverage of the disinfectant, that allovggeater disinfectant efficiency.The spray anglesf the
disinfectants were calculated and reportedTiable19.

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 betweed04B.50°. The spray angle of the disinfectant
formulations was significantly greater than that of the BKC aqueous solution, with the higthesbbserved

for the formulations at 0.008% w/v containing and lacking DFP, reachin@°9&¥s 88.0°, respectively.

Then, the formulations at 0.08% wi/v, both with and without DFP, still exhibited wide spray anglesQsf 86.1
and 83.9°, respectively. At 2.4% wiwell above the CM&he spray angle values were significantly reduced

to 68.70° and 46.9°. At this higher corentration, the formation of micelles likely to contributdo system
stabilization, thereby reducing liquid dispersion during spraylindeed, 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 covetdye

In conclusion, the BK@Ds, 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-BKCformulations, both with and without DFP,

at a BKC concentration of 0.008% w/v and 0.08% Wigure 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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Tablel9: The spray angle measurement

The spray angle of the disinfectarasdifferent concentrations (0.008, 0.08 and 2.4 % w/v) was compared
with water and BKC aqueous soluti@ighe same concentrationrshowing wide spray angle for formulated
BKC

Formulatiors { LN e |Yy
water 62.00°
BKC 0.008% wi/v 43.60°
BK@.08 % w/v 48.90°
BKC 2.4 % wiv 42.00°
BKGNDs 0.008% wi/v 95.%
BKGNDs 0.08 % wiv 86.10°
BKGENDs 2.4 % w/v 68.70°
BKGwv/o DFP0.008% wiv 88.10°
BKGn/o DFF0.08 % wiv 83.90°
BKGw/o DFP2.4 % wiv 46.90°
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BKC 0.0086w/v BKC 0.08 /v BKC 2.4 %/v

BKGNDs 0.008 %v/v BKGNDs 0.08 %w/v BKGNDs 2.4 %w/v

BKGNDs w/oDFP 0.008 %v/v BKGNDs w/o DFP 0.08 % w/v BKGNDs w/o DFP 2.4 % w/v

water

=

Figured4: Spray of each disinfectant formulation on blotting paper that were used to measure $peay angles
Disinfectants showed a wider spray coverage than BKC aqueous solutions at the same concentrations. Di
with BKC 0.008%/v and 0.08%w/v exhibited the greatest liquid dispersion, with consequargpectechighes

efficiency
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6.2.7 Contact angle measurement

The contact angle was measured for the BYQs formulations, both with and without DFP, and compared

to BKC aqueous solutions at the same concentrations and to pure \(&dbte 20). Measurements were
performed on two different surfaces-glass and plastie-to mimic various household cleaning scenarios
(Figure45,Figure46).

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 potetiyagreater disinfectant efficiency due to better
spreading on surface$he best results were observed for BKDs formulations near and above the CMC

specifically, BKGIDs at 0.08 % w/v and 2.4 % wi/v, both with and without DFP. For example:

1 On glass surfaces, contact angle8.@9°(with DFP) an®.02°(without DFP) were measured at 0.08
% w/v, while at 2.4 % wl/v, contact angles1df82°(with DFP) and1.02°(without DFP) were
observed.

1 On plasticsurfaces, contact angles 28.48°(with DFP) an@.12°(without DFP) were measured at
0.08 % wiv, while at 2.4 % w/v, contact angled b62°(with DFP) an&.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 disinfectagffectiveness on various household surfaces such as glass and

plastic.

Table20: Contact angles dBKGNDs with and without DFP

Disinfectantsimproved wettability compared tdBKC aqueous solutions at the same concentrations.
Disinfectants with BKC 0.08% wi/v aBdi% w/v exhibited thdowest contact angleswith consequent
suspected highest efficiency

_ Contact angled * 0 Contact angled ‘obna
Formulations _
on a glass surface plasticsurface

water 31.82° 36.16

BKC 0.008% wi/v 54.79° 67.48
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BKC 0.08 % wiv 37.09° 46.748
BKC 2.4 % wiv 20.18 36.67
BKGNDs 0.008% wi/v 24.19° 37.93
BKGNDs 0.08 % wiv 8.09° 28.48
BKGNDs 2.4 % wiv 11.82° 11.62
BKC w/o DFP 0.008% w/v 2303 26.57°
BKC w/o DFP 0.08 % w/v 9.02° 9.1
BKC w/o DFP 2.4 % wiv 11.02° 5.05°

BKC 0.008% w/v

BKC 0.08% w/v

20.18°

BKC 2.4% w/v

24.19° s

BKC-NDs 0.008% w/v

8.09°

11.82°

BKC-NDs 2.4% w/v

BKC-NDs 0.008% w/v (w/o DFP)

BKC-NDs 0.08% w/v

9.02* —

BKC-NDs 0.08% w/v (w/o DFP)

Figure45: Contact angleof disinfectants on glass surface
The calculated contact angles fisinfectants in comparison with BKC aqueous solutions and water

glass surface

11.02°

BKC-NDs 2.4% w/v (w/o DFP)
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. e - A &
46.74° 36.67°
BKC 0.08% w/v BKC 2.4% w/v

P 11.62°

e c— -
BKC-NDs 0.08% w/v BKC-NDs 2.4% w/v

BKC-NDs 0.008% w/v

e 5.05°

BKC-NDs 0.008% w/v (w/o DFP) BKC-NDs 0.08% w/v (w/o DFP) | BKC-NDs 2.4% w/v (w/o DFP)

Figure46: Contact angleof disinfectants on plastic surface
The calculated contact angles for disinfectants in comparison with BKC aqudatins and wateon
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 Botte.the
formulations, with and without DFP, showed no phase separation or degradation overQiweethree
months BKENDs 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 iNBis@t 2.4% w/v, wherthe BKC
concentration exceeded CMC, thus favoring micelle assembly.

The stability of BKBIDs was evaluated ovetix months atRTby monitoring the average diameter. The
results, which are reported iRigure47, indicate a progressivend significantiecrease in particle size over
time for all formulations At an initial time, the BKBIDs at 0.008% w/v exhibited the largest particle size,
with an average diameter af91 nm. Afterl month, the particle sizawere significantly reduced t816nm,

by 3 monthsto 118 nmand by six months to 22 nriror the other formulations, the initial particle sizes were
already smaller compared to the 0.008% w/v formulation. The-BRE€ at 0.08% w/v started with an average
diameter of273 nm, which decreased t249 nm after 1 month to 174 nm at 3 monthsreaching 129 nm at

6 months The BKENDs at 2.4% w/v had an initial particle sizeld8 nm, 149nmafter 1 month, and
decreased over timéo 141 nmat 3 monthsandto 5 nm at 6months Thesefindings suggest that all BKC
NDs undergo a&ignificantreduction in particle size over time, eventually reachagproximately<20nm

after sixmonths, with the most significant decrease observed for ##% w/v formulation(5 nm) This
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behavioris likely due to the gradual reorganization of the system, leading to micelle formation originated

from DFP evaporation or stabilization of formulations.

Stability of BKC-NDs at rt over time
1000

800
600
400+

200

Average diameter (nm)

O0time 1 month 3 months 6 months

Figure47:The average diameter dKCNDs over six months &RT

Barsrepresentmean+ D (n=3) Statistical analysis was performed using tway ANOVA with Factor A
(Time) and Factor B (Average diameter). A significant main effect was found for Fut@.@001Factor B
OLF ndnnnmd FYR UGKSANI AYyGiSNY OlAzy

differences between selected groups

BKGNDs werestored atdifferent temperatures RT, 37°C, 45°C) over 1 mondimd changes in particle size

were monitored(Figure48). Even at different temperatures the average particle diametasreduced after

mm BKC-NDs 0.008% w/v
= BKC-NDs 0.08% wiv
=3 BKC-NDs 2.4% w/v

OLF ndnnnmO d

1 month across all formulations, with higher temperatuségnificantlyaccelerating the decreasét timetO,

the BKENDs at0.008% w/vhad the largest particle size, with an average diameteraif nm. Afterone
month at RT, the BKENDs at0.008% w/vexhibited a reduction in particle size 816 nm, while thed.08%
w/v formulationdecreased t®49 nm andthe 2.4% wi/v formulation remained around its value reaching 149
nm. When stored aB7°C, the BK@IDs ai0.008% w/vhad a particle size &89 nm, while the0.08%
w/v formulation reached®70nm, and the2.4% w/vformulation decreased t440 nm.At 45°C, the reduction

in particle size wathe most significantwith a reduction of BKEBIDs 0.008% wi/v, BKNIDs 0.08% and BKC
NDs 2.4% respectively &3.6 nm, 107 nmand3.2 nm. These results suggest that higher temperatures

accelerate the reduction in particle size, even fall bel®® nm, likely due to enhanced molecular mobility

and reorganization of the system.
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Stability at different temperature in 1 months

1000
£ 800
3] mm BKC-NDs 0.008% wi/v
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<
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Figure48: The average diameter dBKCGNDs subjected to different temperaturesRT, 37°C, 45°C) over 1
month

Barsrepresentmean+ D (n=3). Statistical analysis was performed using tway ANOVA with Factor A
(Temperature) and Factor B (Average diametesjigAificant main effect was found for Factor A (p<0.0001),
CFrOU2NI . oLF¥Fndannnamd FYR GKSANI AYGSNI OlGA2Yy O6LF ndnn
differences between selected groups

Figure49 presentsthe average diameter of BKKIDswithout DFP at 0.008% wi/v, 0.08% w/v and 2.4% w/v
oversixmonths atRT The results show progressiveeduction in particle size diameter over time to values
below 100 nm as in the case of BIDs However,the initial averagediameter for all the formulation is
approximately250 nm.Specifically, the particle size of BKC formulations at 0.008% w/v decreased ffom 25
nm to 145 nm after one month and further to 12.76 nm after three mordhdg 22 nm after 6 monthsAt
0.08% wl/v, sizes ranged from&8m to 168 nm after one monthto 116 nm after three monthand to 25

nm after 6 monthsFor the 2.4% w/v formlation, sizes decreased from24m to 6.2 nm after one month

to 99.7 nm after three monthand to 48 nm after 6 months

BKC-NDs over time rt w/o DFP

300~
E
S - wm  BKC-NDs 0.008% wiv
E 200 (W/O DFP)
2 _ BKC-NDs 0.08% wiv
s = (wio DFP)
©
® BKC-NDs 2.4% wiv (w/o
o 100+ = DFP)
o
>
<
0= | 1
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Figure49: The average diameter of BKNIDs without DFP over six months BT
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Bars represent mean &D (n=3)Statistical analysis was performed using tway ANOVA with Factor A
(Time) and Factor B (Average diameter). A significant main effect was fouRddimr A (p<0.0001), Factor

OLF ndnnnm0 FYR GKSANI AYGSNI OQGA2Y oLF ndannamoud t
differences between selected groups.
Figure50 illustrates the effect of increasing temperaturBY 37 ° C, and 45 °C)> on p
similarly to what was observed for BlIDs—those higher temperatures led to a reduction &verage
diameter. After 1 month at 37°C the BIIDs without DFP have an average diameter below 150 nm, that

reaches values under 100 nm at 45°C.

Stability at different temperature in 1 months w/o DFP

300
E
= = - BKC-NDs 0.008%
E 2004 w/v (w/o DFP)
£ _ —, BKC-NDs 0.08%
g = w/v (w/o DFP)
@ _ BKC-NDs 2.4% wi/v
g 100 = (w/o DFP)
()
>
<

0- | | |

Otime rt 37°C 45°C

Figure50: The average diameter dBKGNDs without DFP subjected to different temperatureRT, 37°C,

45°C) over 1 month

Barsrepresent mean +[3 (n=3) Statisticalanalysis was performed using tweay ANOVA with Factor A
(Temperature) and Factor B (Average diameter). A significant main effect was found for Factor A (p<0.0001),
CFHrOG2NI . o6LF ndnanmy YR GKSANI Ayl SN Oiedled gigniicadt n ®n n
differences between selected groups

Figure51 showsthe average diameter for all the BRDs, with and without DFP, over 6 months at 45°C

where particle sizes reached values bel@@ mm.
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BKC-NDs over time 45°C

1000
mm BKC-NDs 0.008% wiv
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< FI DFP)

0- mll #lin -
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Figure51: The average diameter odBKGNDs,with and without DFPsubjected at 45°C over a period of 6
months

Bars represent mean iDS(n=3) Statistical analysis was performed using tway 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 @& Y LI NA a2y o¢dzl SeQa | {50
differences between selected groups

Finally, BKENDs exhibited reduction in size ovéime, and the solutionbecame transparent. High
temperatures facilitate the average diameter reduction. This behavior is explained with the formation of
micelles. However, the BKNDs arebelievedto efficiently functionover time.Indeed, wide spray angle dn
significant reduction in surface tension was found for 2.4% fefmulation, with and withoutDFP, that
alreadyafter few daysexhibited atransparent 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 BK(eavismed BPBwas
employedas a colametric indicatorthat through ionic complexation with cationic ammonium groups turn
from aviolet colorto ablue color. Figure52 showsthat increasing the concentration of BKC at a fixed BPB
concentration progressivelythe color resulted in a more intense blue shift, moving away from tiaet

colorof the negative controfwater).

water BKC 0.008 %owl/v BKC 0.08 %w/v BKC 2.4 %w/v

Figure52: Safe and easy colorimetric method for the detection of BKC
Greater the concentration of BKC, higher is the shift colorvwiolatto blue consequent to the complexat
between BPB and cationic quaternary ammonium groups

The residual BKC presencetbr surfacewas qualitatively monitored with thestablished colorimetric method
after mimicking the cleaning action of wiping away the disinfectant wighue paper. At each concentration
(0.008% wi/v, 0.08% w/v, and 2.4% wi/v), both types of formulatiengh and without DFRP-were compared to

BKC aqueous solutions. Both types of formulations likely retained a higher presence of BKC after the removal
disinfectants bywiping, with a consequent blue shift of tleelor marker. InFigure53is presentedhe ability to

maintain BKC dafisinfectantsn comparisorwith BKC aqueous solutions.
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BKGNDsw/o DFP
0.008 %w/v

BKGNDs w/o DFP
0.08 % wlv

BKC 2.4 9%V BKGNDSs 2.4 %v/v BKGNDs w/o DFP
2.4 % wiv

Figure53: Colorimetric method after mimicking the cleaning action of wiping away the disinfectant with a tissue p
Disinfectants at different concentrations (0.008% w/v, 0.08% w/v, and 2.4% wi/v) exhibited an increased hiotoi
compared with BKC aqueous solutions indicating their ability to maintain the active molecule after wiping awi

disinfectants
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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 repeased
chromatography, which can affect the efficiency of its quantification. The strong, undesirexkcbange
interaction between the quaternary analyte and residuddrsdls on the surface of silidzased 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 mixedke 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 reverspldase column. The ionic strength and pH of the mobile phase influence the

behaviorof the cationic surfactant, which in turn affects retention and potentially the peak shape.

In Figure54 is reported the chromatogram of BKC atconcentrationrangef r om 5 t o 200 pg/ n
using the Acclaim Surfactant Pluscolumn t h 75 mM KH, PO, (pH 3, adjuste

mobile phase.

Chromatogram of BKC

800000
700000
600000
5 gL
500000
© 1 0g/mpL
:T:) 400000 2 0 a/ral.
300000 - g/mIL
200000 g
—1 0 @/m
100000 Gfmh
0 —2 0 @/mp

0.00 1.00 2.00 3.00 4.00 5.00

minutes

Figure54: Chromatogramof BKC
BKC chromatograms atamncentration rangeof 5 nn >3k Y[ aK2gSR Gé2 LISF1a |
min and 2.50 min.
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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

constituen€®,. The calibration curves for both peaks (2.19 min and 2.50 min) demonstrated linearity over the

concentration range of 5 to 200 pg/ mL, wi tiurer egr e
55).
Calibration curve of BKC
7000000 y = 30287x 12287
6000000 R2=0.9993
5000000
4000000

Y = 9775.9% 48501

Area

3000000 R2=10.9976 & rt: 2,19 min
2000000 e o rt: 2,5 min
00000 | g
o e
0 50 100 150 200 250

BKC concentratior~g/mL)

Figure55: Calibratior] curve of BKC o A
Calibrationcurves2 @S NJ 1 KS 02y OSY N} GA2Y NIy3IS 2F p (2 wnn
0.998 forpeaks at 2.19 min and 2.50 mibata are expressed as mean ®=3)
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6.2.11 Quantitative determination of Limonene with HPLC

The chromatogram of limonene @t concentrationrangef r om 0.5 to 100 pg/ mL wa:
reverse phase C18 columith a mobile phase of MeOH in water in a rat®15 (v/v). The peak of limonene
was observed at 70min (Figure56). The calibration curve dimonene wadinear between the range 0.5 to

100 pg/ mL with a r egasswwenibiguresroef fi cient of 0.999

Chromatogram of Limonene

250000
0.5 pg/mL
s 150000 2.5 ng/mL
o}
b3 w5 pg/mL
100000
=10 pg/mL
50000
=50 pg/mL
0 —I-L* 100 pg/mL

0.00 2.00 4.00 6.00 8.00 10.00 12.00
minutes

Figure56: Limonenechromatogram
Limonene chromatograrat a concentration range of.8-1n n > 3k Y[ péaKa? ar&dntioh time of
7.60 min

Calibration curve of Limoneney — 23817 + 26111

3000000 R2 =0.9985
2500000 .
2000000
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Area
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Figure57: Calibration curve of limonene
The calibration curve was lineaver the concentrationrange 6f5tolnn >3k Y[ A GK NBINBa
of 0.99
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6.2.12 Encapsulation efficiency and loading capaoitBKC

The EE% and LG&uesof BKCdisinfectants- with andwithout 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 B&Mesfor all the formulations as showrin
Table21 and inTable 22, respectivelyl. C% valueacreased significantly with BKC content, from 0.82%
0.008%w/v to 67.22%at 2.4 % wl/v, reflecting the higher proportion ofthe active ingredient successfully

encapsulated in the system.

Table21: BEE(%) andLC(%) ofBKC irBKGNDs at 0.008%, 0.08% and 2.4

The high EE% values demonstrated an excellent encapsulation of BKGND®B&eoss all formulations,
ranging from 93% to 99%.C% valueiscreased significantly with BKC content, from 0.8#%BKGENDs
0.008%w/v to 67.22%0f BKENDs 24 %w/v. Resultare expressed as mean + SD (n=3)

Encapsulation

_ - Loading capacity BKCconcentration
Formulatiors Eficiency
(LC%} SD (mg/mL)+SD
(EE%} SD
NDsBKC 0.008% w/v 99.00+ 2 0.82+ 0.(8 0.08 +0.0005
NDs BKC 0.08% wi/v 94.00+ 1 7.19+0.31 0.78 +0.01
NDs BKC 2% w/v 93.00+ 7 67.22+5.19 24.55 #0.18

Table22: BEE(%) and C(%) ofBKC irBKENDswithout DFP at 0.008%, 0.08% and 2.4

The high EE% values demonstrated an excellent encapsulation of BKGNDs across all formulations,
ranging from 9% to 99%LC% valuescreased significantly with BKC content, frormi58 of BKGNDs
0.008%w/v (w/o DFP}0 70.29 %of BKENDs 24 %w/v (w/o DFP)Resultsare expressed as mean = SD (n=3)
Encapsulation Efficiency Loading capacity BKC concentration

Formulations

(EE%} SD (LC%} SD (mg/mL)+ SD

NDsBKC 0.008% wiw/o DFP 97.50+1.10 0.75+ 0.0L 0.08 + 00006
NDs BKC 0.08% w(w/o DFP 99.17 +1.71 7.18+0.11 0.82 +0.02
NDs BKC 2% wi/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 LG&uesof limonene forBKENDs- with and without DFR at 0.008% wi/v, 0.08% w/v, and

2.4% wi/v were determined using the established HPLC metlioshnenewas incorporatedvith EE%alues
aroundranging from 90% to abovEO0%, as shown iTable23 and Table24, 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 ding 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 apparen¥®&@&lues greater than 10@. Nevertheless,

the resultsare likely toindicate a high EE%of limonene across all formulationsC% valuesemained

relatively low but consistent with moderate levels of limonene incorporated.

Table23: B2 and Cbvaluesof limonenein BKGNDs at 0.008%, 0.08% a2d4%w/v
The high EE% values demonstrated an excellent encapsulaimoonénein BKENDs across all formulations,
rangingfrom 90% to above 100%Resultsaare expressed as mean = SD (n=3)

Encapsulation

_ o Loadingcapacity Limonene concentration
Formulations efficiency
(LC%X SD (mg/mL)x SD
(EE%} SD
NDsBKC 0.008% w/v 10200+1.01 0.86+ 0.0 8.59 + 0.04
NDs BKC 0.08% wi/v 104.00+1.20 1.13+ 001 11.34+£0.11
NDs BKC 2% wiv 90.40 +1.88 0.76+£0.02 7.60£0.15

Table24: B2 and Cbvaluesof limonenein BKENDswithout DFP at 0.008%, 0.08% and 2.9%y
The high EE% values demonstrated an excellent encapsulatioroonénein BKENDs(w/o DFP)across all
formulationsaround100%.Resultsare expressed as mean = SD (n=3)

Encapsulation

_ o Loading capacity BKC concentration
Formulations Efficiency
(LC%¥ SD (mg/mL)+ SD
(EE%} SD
NDsBKC 0.008% wi/v
10300+0.27 0.87+0.02 8.73+£0.02
w/o DFP
NDs BKC 0.08% wi/v
106.00+1.17 0.89+ 001 8.91+0.10
w/o DFP
NDs BKC 2% wi/v
10500+ 1.27 0.90+ 0.1 8.80+0.11
w/o DFP
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6.2.14 In \tro release studiesf BKC from BKRDs

The release profile of BKC from BKDs with and without DFRwas compared to that of a BKC solution in
water at the same concentrations, 0.008% w/v, 0.08% w/v, and 2.4% wi/v, as is shown respecHigalyan
58, Figure59 and Figure60. In amulticompartment rotating cell,ite release of BKC at 0.008%y from BKC
aqueous solution reached up to 80% within 24 hodrse release oBKCat 0.008% w/v from thenano
emulsionsexhibited a more sustained release due to its formulation within a nanostruckigere58 shows

that the release of BKC from tmano emulsionxhibit an initial burst, followed by a progressively slower
releasephase From BK@Dswithout DFP, BC release was lower, with less than 60% released within 24
hours. Fom BKGNDs, BKCrelease was even slower, reaching only 40% over the same pd3umith

formulations included in nan@mulsion exhibit a more gradual releasén the beginning even more
accentuated for BKGIDs.

Release profile of BKC-NDs at 0.008% w/v

150-
& 100+ -#- BKC 0.008% wiv
o -~ BKC-NDs 0.008% w/v
@
o o BKC-NDs 0.008% wiv
@ 504 (w/o DFP)

O_

1 T 1 1 1T 1 1T T 1
0 0,250,50,751 15 2 3 5 24 48

Hours

Figure58: The BKCrelease profile of formulations at 0.008% w/from BKGNDs with and without DFP
compared to thatat the sameBKCconcentrationin aqueous solution

When encapsulated in nano emulsions BKC was releaseanwittitial burst, followed by a progressively

slower release phas®ata are expressed as mean2 (=3) Statistical analysis performed using Fway

l'bh+! F2ft26SR o0& {ARI1Qa YdzZ GALX S O2YLI NRazy (S35
(**** p<0.0001)

Over a 24hour period, the release profiles of BKC formulations at 0.08% w/v did not exhibit statistically
significant differencem all thetestedformulations TheBKC fre®.08% w/\Vformulation was released nearly

100% within 24 hourdBKC released froBKC-NDs 0.08% w/v demonstrated a slightly slower release,
stabilizing at around 80%. Meanwhile, BKléase from BKGIDs 0.08% w/without DFP showed the slowest

release, with less than 80% OK® released over the same period. All formulations exhibited a rapid initial

release within the first few hours, followed by a more gradettase
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Release profile of BKC-NDs at 0.08% w/v

150
S 100
® - BKC 0.08% w/v
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¢ 50 BKC-NDs 0.08% wiv
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T |
0 0,250,50,75 1 15 2 3 5 24
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Figure59: The BKC releasgrofile of formulations at 0.08% w/v from BK@8IDs with and without DFR
compared to thatat the same BKC concentratidn 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 releasdata are expressed as mean» ®=3) Statistical analysis performed using Fway

l'bhx! F2f{ft26SR 08& { A RIsho@e&d norsipificahtlefie& n€§) 2 YLI NAazy GSa
The formulations at 2.4% w/v exhibit sustained release when formulated as nanostructures, compared to the
more rapid release from the aqueous BKC solut@imoye 80%).BKC released from BWNDs 2.46 w/v
demonstrateda gradual release over the first five hours, reaching less than 70% after 24 hours. In contrast,
BKdrom theformulations 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.

Release profile of BKC-NDs at 2.4% w/v
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Figure60: The BKC release profile of formulations a14% wi/v from BKENDs with and without DFR
compared to thatat the same BKC concentratidn aqueous solution

BKENDsshowed amore controlled release, with approximately 70% released betieof the study. BKC
NDs without DFExhibited theslowest and lowest release, plateauing at around 6D&Ga are expressed as
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mean * ® (n=3) Statistical analysis performed using Fwd € ! b h ! F2ft26SR 0@
comparison test: time, formulation and their interaction showed significant effect (**** p<0.0001)

The BKC release from the BKDs at the lowst concentration (0.008% w/v) was more sustained than from

the formulationten-fold more concentrated (0.08% wi/v). Tieasonis probably that anore dilutedsystem
possessea smaller concentration gradient and less available interfacial area, thereby releasing more slowly.
At the highest concentration tested (2.4% wi/v), BKC release is even more sustained, likely due to micelle

formation, which reduces the amount of BKC immediately available for release.

Themain mathematical release modefer drug delivery(reported inTable25) were applied b BKC release
profiles topredict the releas&inetics of BKC from the formulatioBKENDs with and without DFP at 0.008%
wiv, 0.08% w/v and 2.4% wi/{Figure61, Figure62). The main mathematical models were fitted to the
experimental data from BKC release profiles, obtaining their goodnesswitHithe models reported in
Table26. The goodness of fis describedthrough R adjusted(Radj) and Model Selection Criterion (MSC).
The best model should be the one with the highesa&usted,which, unlike the regular R2, is more suitable

for comparing models with different numbers of parametekaother 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 goofit. By modelling BKC releade best goodness of fit was found with Pepiszehlin, Weibull

and Gompertz model with ar’&j between 0.95.99 and an MSC in most of the cases above Thie.best

fit model parameters are reported ihable27. The PeppasSahlinmodel considerswo competingrelease
mechanismsa Fickiandiffusional releaseand a relaxationalrelease The Fickian release originates from
molecule diffusiortriggered by agradient. The second mechanism is due to the presence of a polyinaer
swells in waterAlthough the BKC release profile fits the PepBablin model mathematically, the model is

not mechanistically representative of the system, as the formulation does not involve a polymer matrix
capable of swelliri§*. The Weibull modeailescribes exponential and sigmoid cui¥?eand it is well indicative

for an initial burst release. In particulaith b < 1 refers to a parabolic curve, displaying high initial slope and
followed bya deceleratingcontinuationrelease?®. Similarly, the Gompertz model well fits with BKC release
from BKENDs. Indeed, Gompertz is a simple exponential model avfiteep increase in the beginning and
converges slowly to the asymptotic maximal dissolutibinis release profile is consistent with thehavior

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 withfagtant molecules. Moreover, a portion of the BKC may be incorporated
into micelles, making it less immediatehvailable and resulting in a slower, sustained releddas
decelerating release pattern is particularly evident for BKC released froaNBKG@t 2.4% w/v, where the
micelle concentration is higher (above the CMC). In this case, BKC released froiD8KC1% w/v) without

DFP shows a marked slowdown in rekeafter 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.

Table25: The main mathematical model$or drug release

where in all models F is tifimction ©6) of drug released in time t; k are the release constants for each model;

h A4 GKS a0FfS FILOG2N IyR i Adiisth&l&tmek | LIS FF OG2NI A
Model Equation Note

1 Release isependent on
concentration
Firstorder O pntmm p Q 1 Used to describe thenolecule
dissolution in pharmaceutical

dosage forms

9 Controlledrelease formulations

_ _ B drugs from asolid and semsolid
Higuchi "0 Q 08 _ _

matrix system submitted to a

diffusing medium

9 Drug release from a polymeri
KorsmeyeiPeppas "0 Q o systemwith a complex mechanisn

of release

9 Drug release from a polymeric

_ _ system, where two contribution

PeppasSahlin O Q o Q o _ o
mechanisms (diffusional and

relaxational) are distinguished

1 Exponential and sigmoid curve
Weibull O pnm p Q7 a 1 Release profiles of matrix type drt

delivery

1 Smpler exponential model
Gompertz "0 pnmQad’ 1 Release profiles of high solubl

drugs with intermediate release rat
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Table26: The goodness of the kinetic release profile by fitting with mathematical models
Thekineticreleaseprofile was studiedrom fitting each experimental replicateith release model§=3). The goodness of fit for the different models is reported
as R adjusted and Model Selection Criterion (MSC). Release pwedite obtained withthe addin DDSolver

First order Higuchi PeppasSahlin RO Weibull Gompertz
Peppas

Formulations Readj MSC Radfj MSC| Radj MSC| Radj MSC| Radj MSC | Radj MSC
BKGNDs 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
BKGENDs 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
BKGNDs 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
BKGNDs 0.008% w/v (w/o DFP) 0.66 0.42 069 065 | 095 198 | 082 092 | 09 127 | 095 1.68
BKGNDs 0.08% wi/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
BKCGNDs 2.4% w/v (w/o DFP) 0.98 3.46 096 258 | 098 339 | 098 339 | 099 390 | 098 3.37

Table27: Parameters of the besfit models obtained with DDSolver
The parameters for the best fitting models were reported including Pepahkin, Weibull and Gompertz

PeppasSahlin Weibull Gompertz
Formulations k1l K2 m Radj MSC| a b Ti Radj MSC| a b Radj MSC
BKGNDs 0.008% wi/v 8.47 2 053 09 223|249 0.13 0.10 0.98 182 | 1.12 0.26 0.98 2.10
BKCENDs 0.08% wi/v 76.43 -1744 045 097 259 | 108 046 010 097 271|050 145 098 2.76
BKGNDs 2.4% w/v 3236 -321 045 09 276 | 3.05 052 010 097 3.02|125 112 0.98 3.27

BKGNDs 0.008% wi/v (w/o DFP) 41.03 -6.01 045 09 198 | 231 045 012 09 127|102 0.82 095 1.68
BKGNDs 0.08% w/v (w/o DFP) 72.28 -1549 061 097 247 | 115 048 010 095 204 |054 150 096 222
BKCNDs 2.4% w/v (w/o DFP) 17.27 1324 045 098 339|239 075 010 099 390 |1.07 143 098 3.37

152



BKC release from BK{IDs at 0.008% w/v
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Figure61: 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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6.2.15 In vitrorelease studies of Limonerimm BKENDs

Thein vitro release of limonene from the disinfectant formulatiomsth 1%v/v of limonene contentwas
evaluated over a 2hour period. A 1%/v limonene solution in SDS was used as a reference to assess the
influence of the formulation matrix on the releasehaviorof this volatile compoundThe results of the
study reported inFigure 63 showed that1%v/v limonene in SDS showed a release of 0.03%, whereas all
other disinfectants exhibited a release of less than 0.0ZPke low release values observed for the
disinfectant formulations, along with thsignificantreduction in donor phase concentration$able 28),
indicate that a substantial amount of limonene is lost through evaporation duin@@ 7-hour release study

in a multicompartmental rotating cellindeed, the percentage of retaineimonene in the donor
compartmentsdid 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 thafacilitated evaporationindeed, Limonene is moderately volatilemoleculewith a

vapor pressure of 2 hPa at 25 Hawever, the monolayer dKCGNDswere able to retain a higher limonene
content thanlimonene solution in SDiBat exhibited 3%o0f retention. Retentions 05%, 15%, and 6%ere
detectedfor BKGNDsand29 %,15%30%for BKENDs without DFRespectivelyat concentrations of 0.08%

w/v, 0.8%wlv, 2.4 % wlv. This resultuggess that the nano emulsios matrix offered more effective

protection of the volatile essentialil than limonene SDS solution.

Limonene release (%) from BKC-NDs

0.06+
BKC-NDs 2.4% wiv

BKC-NDs 0.08% w/v
BKC-NDs 0.008% w/v

BKC-NDs 0.008% wiv
(w/o DFP)

BKC-NDs 0.08% w/v
(w/o DFP)

BKC-NDs 2.4% w/v (w/o
DFP)

Limonene 1% SDS

taé

0.04+

0.02+

Limonene release (%)

¢

0.00=——ig

1 2 4 6 24 27

Hours

g

Figure63: Thein vitro release of Limonene from the spray disinfectants

The release was less th@rD2% over 27 hours stu@dgross all formulations. However, a great loss due to
evaporation of limonene is suspect&hta are expressed as mean» (=3) Statistical analysis performed
usingTweg @ ! bh+! F2ff26SR o0& {ARFI1Qa YdzZ GALIX S O2YLJ
showed significant effect (**** p<0.0001)
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Table28: Limonene % in the donor compartment after 27 hours
The monolayer of BKRDs were able to retain a higher limonene content thimmonene solution in SDS that
exhibited 3% of retention Amore effective protection of the volatile essentialioiBKENDsthan limonene
SDSolution was therefore observeResultsare expressed as mean b $1=3)

Limonene% in thedonor

Formulations
compartmentafter 27 hourst SD

BKCENDs 0.008% wi/v 5.82+2.82
BKGENDs 0.08% wi/v 15.07£4.91
BKGENDs 2.4% w/v 6.00+1.35
BKGNDs 0.008% wi/v (w/o DFP) 29.20+2.16
BKGENDs 0.08% wi/v (w/o DFP) 13.45+1.91
BKGNDs 2.4% w/v (w/o DFP) 20.84+1.73
Limonene SDS solution 3.06+x0.94

6.2.16 Antimicrobial activity ospraydisinfectantsbased on BKGIDs

6.2.16.1 Determination of MIC and MBC values

The MIC and the MBC values for both types of disinfectants, with and without Dégmcantrationof 0.08

% wiv were determined again&. aureusndE. coliand arereported inTable29.

The results showed that the nanoemulsionsing BK@IDs 0.08%with and without DFP, improved the
antimicrobial efficacy of the disinfectant, reducing the MIC fron6u§/mL in its aqueous formulation to
0.78 ug/mL againss. aureuATCC 29293. Antimicrobial efficiency likely increases adgaigsiiATCC 25922
with a MIC reduction from 25ug/mL t03.125ug/mL.

The MIC and MBC values were further evaluadgdinst two multidrugresistant strains oAcinetobacter
baumannii where an enhanced antimicrobial activity was observed (from2@2pg/mL for free BKC to 625
12.5 pg/mL for BK@BIDs, confirming its ability to improve BKC effectiveness even againsanediacterial
strains(Table29). The MBC values were generally comparable to those of free BKC; however, in the case
of S. aureusind A. baumannii BK@NDs exhibited slightly lower values than the free compound. Notably,
blank NBs containing 1% limonene displayed weak antimicrobial activity agaiosi{MIC at 50% relative

to the initial solution concentration), suggesting a possible synergistic effect whtarroalated with BKC.
(Table29).
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Table29: MIC and MBC valuesf BKGNDsat 0.08% w/v, with and without DFP, again§. aureus, E. coli
and A. baumanniiMDR

An increased antimicrobial activity was observed against the tested baetbea BKC was formulated in
BKGENDs Data are expressed as a range of values obtained inoiependent replicate experiments

S. aureus ATCC 29293

MIC

Formulations BKC [ pg/ mL] MBC

(% respect to starting solution)

BKGNDs 0.08% w/v 0.78 pg/ mL (O 0.78 upug
BKGENDs 0.08% w/v (w/o DFP) 0.78 pg/ mL (O 1.5 pg/
BKC 1.5 pg/ mL 15pg/ mL

Blank >50% >50%

Blank + 1% Limonene >50% >50%

E. coli ATCC 25922

MIC

Formulations BKC [ pg/ mL] MBC

(% respect to starting solution)

BKGNDs 0.08% w/v 3.125 pg/ mL ( 6. 25 pug
BKGENDs 0.08% w/v (w/o DFP) 3.125 pg/ mL ( 6. 25 pug
BKC 6.25 pg/ mL 6. 25 pug

Blank >50% >50%

Blank + 1% Limonene 50% >50%

A. baumannii MDR

MIC

Formulations BKC [ pg/ mL] MBC

(% respect to starting solution)

BKCGNDs 0.08% wi/v 6.25 pg/ mL (¢ 12.5 g
BKGNDs 0.08% w/v (w/o DFP) 6.2512.5 pg/ mL 12.5 g
BKC 12524 pg/ mL 12524 pg/

Blank >50% >50%
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Blank + 1% Limonene >50% >50%

6.2.16.2 Effectivebasic bactericidal activifEN 1040:2005)

A chemical disinfectant fulfills EN 1040:2005 criterion for liaeic bactericidal activitgf chemical
disinfectants and antiseptics whenreduction of 5 log bacteria cell count (CFU/mL) of the analyzed strain
occurs. According to regulatory standards, the efficiency criterion for antigdigiicfectanta gent s i s RF
-25, d e p ethedpeaifig application aredBKENDs, with and without DFP, exhibitedh RF greater

than 5 againsS. aureustarting from a concentration of 0.08%, under the testemhditions— 15 minutes,

1 hour, and 6 hours at 30°C as reported able30. No significant differences were observed regardless of
the presence of DFP at theame BKC concentration. After 15 minytéise disinfectants were already
efficient. Different to BK®IDs, 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 minunteparticular2.35+ 3.06. Therefore,
incorporating BKC into a nano emulsion improved its antimicrobial efficacy, enabling the use of lower
concentrations to achieve comparable disinfection outcomfsfser 1 hour, the reduction in bacterial cell
count (log CFU/njLobserved with BKBIDs at 0.08% w/v was comparable to that achieved with 2.4% wi/v,
indicating that the lower concentration exhibited similar disinfectant efficacy after 1 hour of exposure.
Moreover, nosignificantdifferences were observed when BSA was added to simulate the preseogaoic
matter (i.e. blood, serum, or bodily fluids) that may be present in-liéakituations.

In contrast, againgE. coli BKENDs at 0.008% w/v with or without DFP- achieved a 8og reduction in
bacterial cell count (CFU/mL), sisownin Table31. 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 again&. coli demonstrating that limonene alone has an intrinsic efficieagginst

this Gramnegative bacteriumBy ceencapsulating limonene and BKC, the antimicrobial efficiency of BKC
increasedprobably due to a synergistic effeligure64andFigure65show the timedependent logarithmic
reduction in bacterial cell count f@. aureusndE. coli respectively, using BKNDs at 0.008% w/v and
0.08% wi/v. These results are compared with those obtained using BKC in aqueous solution and blank

controls.
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Table30: The effective basic bactericidal activity (EN 1040:2088ainstS. aureus
Reduction of Log of bacterial cell count (CFU/mL) (RF) was evaluated by performing EN 1040:2005 against S. datetmite the basic bactericidal activity
of chemical disinfectants and antiseptics under the tested conditioh$ minutes, 1 hour, and 6 hours at 3@Atean + 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% wi/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
BKGENDs 0.008% wi/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
BKGENDs 0.008% wi/v (w/o0 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
BKGNDs 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
BKGENDs 0.08% wi/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
BKGNDs 2.4% wiv 6.24+0.16 5.03+0.08 5.39+£0.09 5.40+0.15 5.26+£0.22 5.34+0.07
BKGENDs 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

Logoof CFUs in the inoculum

5.24+0.16 5.03+0.08 5.46+0.13 5.40+0.15 5.33+0.23 5.34+0.07

(control without treatment)
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Table31: The effective basic bactericidal activity (EN 1040:2088instE. coli
Reduction of.og, of bacterial cell count (log CFU/mL) (RF) was evaluated by performing EN 1040:2005 against E. coli to determine theridal batvity
of chemical disinfectants and antiseptics under the tested condiibhsninutes, 1 hour, and 6 hours at 3@fi@an + SD of three independent experiments)

E. coli RF15 min RF1h RF6h
Formulations -BSA + BSA -BSA + BSA -BSA + BSA
Blank 479 +0.87 4.58 +0.82 5.41+0.11  499+1.02  437+119  4.48+179
BK.008% wiv 0.14 + 0.12 0.16 + 0.32 1.3+2.80  0.19+0.085 031057  2.24+3.60
BKGENDs 0.008% wi/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
BKGENDs 0.008% wi/v (w/o DFP) 5.13 £ 0.56 5.03 £ 0.48 4.76 £ 1.09 409+1.34 5.35+£0.22 5.85+0.48
BKC 0.08% wi/v 3.38+1.76 4.70+1.05 490+1.18 4.81+1.65 4.33+2.24 5.42 + 0.97
BKENDs 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
BKGNDs 0.08% wi/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% wiv 5.03 £ 0.47 5.03 £ 0.48 5.44 £ 0.13 5.57 £ 0.087 5.09 £ 0.46 5.85+0.48
BKGNDs 2.4% wiv 5.03+0.47 5.03+0.48 4.74 +1.42 5.57 + 0.087 5.38+0.19 5.85+0.48
BKGNDs 2.4% w/Yw/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
Logoof CFUs in the inoculum
5.03+0.47 5.03+0.48 5.44+0.13 5.57+0.09 5.39+£0.19 5.85+0.48

(control without treatment)
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Figure64: Reduction ofS. aureugaslogioCFU/mI.in presenceof BKGNDs at 0.008% w/v and 0.08% w/)
with or without BSA
Data are expressed as mean = SD of three independent experiments
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Figure65: Reduction ofE. coli(aslogio CFU/mI).in presenceof BKENDs at 0.008% wi/v and 0.08% w/with or
without BSA
Data are expressed as mean * SD of three independent experiments
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6.3 Micro dropletsformulated with fatty acid esters of glycerahd glycerol formal

The synthesis of thfatty acid esters of glycerol and glycerol formadre adapted from previously reported
procedureswidely used in industrial applicatiot?d2%4 The reactions were performed iarge batch2 L), in

the partner company research laborataand the obtained products were used asTibe purification of the
glyceroland glycerol formabasedesters 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 igatibn step is crucial and required by

international stamlards. Further synthesis and purification stepsgefre currently ongoing.

6.3.1 FTIRspectra

FTIR analysis can provide insighttbe formation of reaction productgigure66 shows thelR spectra of

glycerol palmitic acidGPandGFRPT he CH, / CH; stretchingo0oOb@andmobseomi
all spectra, indicating the presence of saturate#i €tretching vibrations from aliphatic chairBhe second

most intense band in all samples corresponds to the C=0 stretching vibration, characteristic of ester and
carboxylic acid groups, appearimgound 1700c m 1t . This band is positionec
palmitic acid, which exists as a free fatty acid, compared to its higher position in glycéyidesng and

sharp absorption band in the region of 11601 75 c¢m !, ¢ h a rQCcstretching,dastevidentiof e s
all esterifiedcompounds and absent in the IR spectrum of palmitic doidll samples, a band around 720

cm ' is also detected, whi ch Inithe IRasgedctrum dfiycerobtitt latgew t h e
band at around 320@3500c m is ‘attributed to the stretching €H. This band was still detected in glyceryl
palmitate, which is consistent with the presence of meand diglycerides that, depending on the degree of
esterification, retain at least one free hydroxyl grouft. around 10501150¢c m 1 etthiag GOt r

characteristic of alcohols was detected.
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Figure66: IR spectra of palmitic acidzPand GFP

6.3.2 Differential scanning calorimeti{pSGanalysis

The DSC thermogram of pure lauric aé¢itjgre67) shows a single sharp endothermic peakresponding
to its melting transitiorthat occursat approximately 445 °Cln contrast, the DSC profile of the synthesized

GLdisplays a more complex thermal behavior. Two distinct endothermic events are observed:

1. A smaller endothermic peak in the range of48 °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.hesecondpeak wasconsistent with the synthesis of glycerol monolaurate
with ahigher melting temperatures compared to lauric attidt suggest anenhanced thermal

stability, possibly due to the successful formation of the ester bond.

Moreover, GP and GFRitsplay distinct endothermic transitions, which differ significantly from the profile of
pure palmitic acid reported in the literature (melting around-62 °C)The DS@ermogram of GRexhibits
a broadand asymmetricatndothermicpeakat a rangeapproximatelybetween38-50°C probablyattributed

to polymorphism orsecondary products formed during synthedis.comparison, the thermogram of 8F
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shows a sharper and more defined endothermic transitisuggesting that the sample may contain fewer

sideproducts and a more uniform crystalline phase.

Lauric acid GL

GP GFP

Pesk =38.03 °C

Figure67: Differential scanning calorimetry{DSC) thermogram of lauric acid and the synthetized este
glycerol and glycerol formal (GL, GP, GFP)

6.3.3 Solubility of fatty acids esters of glycerol and glycerol formal

In order to define the analytical conditions for the evaluation of #ymthesized esters, we conducted a
solubility study in the most commonly used solvents and mixtufés. solubility of substances is classified
by US and European Pharmacopoeias as defin@dhie322°2% The solubility of the esters was evaluated
in different solventsand mixtures of solvents including waterDimethyl Sulfoxide (DMSO), MeOH, EtOH,
Acetone, NMP andCNBoth the series of glycer-basedesters and glycerol formabasedesters of palmitic
and lauric acid are insoluble in water, as they are lipophilic mole¢ligsle 33). In general, palmitic acid
(C16)basedesters exhibit lower solubility in polar solvents compared to lauric acid (&&edesters, due

to their longer alkyl chain which increases hydrophobicity.

As the polarity of the solvent decreasefor instance, wih DMSO and NMP solubility improves slightly,
typically classified as “very slightly soluble”
was observed foGLand GFL.likely due to their shorter alkyl chains and consequently lower hydrophobicity.

The solubility of lauratdased esters continues to increase as the polarity of the solvent further decreases,
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as seen wittiMeOHand EtOH However palmitate-based esters still show limited solubility in these alcohols.

“

ACN and acetone allow solubility ranging from Vel
20% DMSO to acetone (80:20 ratio), the solubility of palmitaies e d est er s i mproves,
solubl e” <cat egoriglikely due to she ®/melyiatin soleaticn eftect of the solvent mixture,

which better accommodates both polar and nonpolar regions of the ester molecules.

Table32: Solubility classificatioraccordingto US and European Pharmacopoeias
Adapted fronr?5:206

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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Table33: Solubility study ofthe synthetizedesters of glycerohnd glycerol formalnot purified)
The solubility of the synthetized esters of glycerol and glycerol formal that were not yet purified was evaluated in stiffegats, including water DMSO, NMP,

MeOH, EtOH, CAN, Acetone and mixture of Aceton®M®IO §0:20 and 20:80)

Dimethyl  N-Methyl-2-

_ _ Methanol Ethanol Acetonitrile Acetone: 80 % Acetone: 20 %
Esters Water Sulfoxide  pyrrolidone Acetone
(MeOH) (EtOH) (ACN) DMSO:20% DMSO: 80 %
(DMSO) (NMP)
Very . Very . . Very . :
Glycewl Very slightly Very slightly Very slightly Slightly Very slightly
Insoluble slightly slightly slightly
Palmitate soluble soluble soluble soluble soluble
soluble soluble soluble
Glyceyl Slightl Slightl Slightl Slightl Slightl
yeey Insoluble i i i Soluble i i Freely soluble Soluble
Laurate soluble soluble soluble soluble soluble
Glycewl . . Very . . . .
Slightly Slightly _ Very slightly Very slightly ~ Slightly Slightly _
formal Insoluble slightly Slightly soluble
soluble soluble soluble soluble soluble soluble
Palmitate soluble
Glyces! Slightl Sparingl Freel Sparingl Sparingl
ight arin ree arin arin
formal Insoluble gy Soluble batingy y patingy patingy Freely soluble Soluble
soluble soluble soluble soluble soluble
Laurate

166



6.3.4 Determination of theCritical Micelle Concentration of fatty acid esters of glycerol and glycerol

formal

The CMC valueof fatty acid esters of glycerol and glycerol formatrev measured aghe inflection

point where the slope of the surface tension curve significantly changes respectivielgure 68 and in
Figure69. Surface tension vs. log (concentration) was plotted to extract CMC values. CMC values are reported
in Table34. As expected, the CMC decreases vethincreasinglkyl chain lengthGLexhibited a CMC of

0.27 mg/mL, while&sPshowed 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.

Fatty acids esters of glycerol

55.00 i y =-6.972x + 28.87

T 50.00 R?=0.9816 y =-15.652x + 23.983
Z Rz =0.9821
€ 45.00 ke, " *
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(0]
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N 25.00 y =-12.706x + 16.51
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20.00 R2=0.9938
-3 -2 1

Log (Concentration) [mg/ml]

Figure68: Determination of CMC value$or GLand GP

The CMC values were measured thsinflection pointwhere the slope of the surface tension curve
significantly changes

The introduction of a formal ring iGFPand GFLprobably 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 CNBFla@ind GFPresulted from

these contributionsare respectively).17 mg/mL and 0.02 mg/mL.
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Fatty acids esters of glycerol formal
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Figure69: Determination of CMC values for GFL and GFP
The CMC values were measured thsinflection pointwhere the slope of the surface tension curve
significantly changes

Table34: Comparison of the CMC values of fatty acid esters of glycerol and glycerol formal

Esters CriticalMicelle Concentration (mg/mL)
Glyceyl laurate 0.27mg/mL
Glyceyl palmitate 0.06 mg/mL
Glyceyl formal laurate 0.17 mg/mL
Glyceyl formal palmitate 0.02mg/mL
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6.3.5 Development of a HPLERImMethod for fatty acid estersf glycerol and glycerol formal

A HighPerformance Liquid Chromatography with Refractive Index DetecitilLER) method was
developed forthe quantification offatty acid esters of glycerol and glycerol formalcalibration curve was
plotted for the monoesters ofGLand GR Lauroylrac-glycerol andD-Palmitin. The calibration curve of
Lauroytrac-glycerolwas linear between Q:10 mg/mL Figure70) and the one for BPalmitin was linear
between 02-10 mg/mL Figure71). The chromatogram of-Lauroyirac-glycerolshowed a retention time of
4.28 min and the chromatogram ofPalmitin aretentiontime of 12.2 min, respectivelyeported inFigure

72and inFigure73.

Calibration curve ofi-Lauroytrac-glycerol
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Figure70: The calibration curve oLauroytrac-glycerol
The calibration cie was linear between @:10 mg/mL

Calibration curve BPalmitin A
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Figure71: The calibration curve of BPalmitin
The calibration curve of-Balmitinwas linear between.@-10 mg/mL
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15 Chromatogram ofl-Lauroytrac-glycerol
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Figure72: Chromatogram of dLauroytrac-glycerol
A representativehromatogram of iLauroytrac-glycerol 0.5 mg/mL) showeda retention time of 4.28 min
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Figure73: Chromatogram of EPalmitin
A representativehromatogramof D-Palmitin @ mg/mL) showeda retention time of 12.@min
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6.3.6 Quantification of synthesized chemical mixtuadfgylyceol and glyceol formal-based esters

An HPLERImethod wasdevelopedfor the quantification of the synthesized chemical mixture, specifically
investigatingGL, GP, GH, andGH°. The developed HPERI method for the quantification of theynthesized
esters has some limitations. Specifically, it cannot detect compounds at concentrations below 0.1 mg/mL.
Since no purification step was performethe synthesized materials are a mixture of products
monoglycerides were not isolated and impurities remain in the final mixture. iduativelyimpacts the
solubility of the esters, which differs from the expected behav@onsequently, 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 HRu®ose limitsof detection were
alreadyhigh. 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 synthesiz&l (10 mg/mL) is shown ifigure 74. The retention time at 4.28
minuteswas attributed to themonolaurate,1-lauroytrac-glycerol.Based on the external calibration curve,

the main peak corresponded to @oncentration of 0.2 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 residggcted

lauric acid, as supported by its reference chromatogram reportdddare75. The remaining peaks may be

attributed to diglycerides, triglycerides, or other impurities, as the compound had not yet undergone

purification.

ZTldmin—=
4.

5.583 min[——=e

| T
1.200 min /L

3.961 min

-100-

Figure74: The chromatogram of the synthetizeGL
The chromatogranshowsthe characteristic peak of the monolauratelauroytrac-glycerolat 4.28 min and

the peak of lauric acid at 5.66 min
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Figure75: The chromatogram of lauric acid
The chromatogranshowsa peak at 5.66 min

Accordingly, the overall yield of the target compound from the synthesis can be approximated 8%23.7

with respect to the total mass of the crudeaterial.

6.3.6.2 Glyceryl palmitate

The synthesizeP(1 mg/mL) exhibited the chromatogram reportedkigure76. The main pealkat 12.80
min was attributed to the monoglyceride ofalmitin, whose chromatogranfigure73) reported the same

retention time. The retention time characteristic of palmitic acifliqure 77) was not observed in the

chromatogram.

T

min

+—2818min
+—8.463min
’,”;'1
2883

+—1.120min

Figure76: The chromatogram of the synthetize@P
The chromatogranshows the characteristic peak of theonopalmitate, BPalmitin, at 12.8 min
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Figure77: The chromatogram of palmitic acid
The chromatogranshowsthe peak of palmitic acidt 16.9 min

The concentration of the {Palmitin in the synthetized compound wealculated based on the calibration
curve as 0.3 mg/mlindicating a percentage of arour8D% ofthe monoglyceride ithe crude productprior
purification. Thecompound accounted for2%of the total detected chromatographic aréaterms of peak

area distributionasthe majordetectablecomponent under theemployedconditions
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6.3.6.3 Glyceryl formal lauratand palmitate

A representative chromatogram of tteynthetizedGFLwas reported irFigure78, where three main peaks
were identified at5.5 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.

Chromatogram of the synthetized GFL

W w b b
o 01 O U

=N
g O

Refractive index (URIU)
[ N
o (6)]

.

0 2 4 6 8 10 12 14 16
minutes

|
—

Figure78: The chromatogram of the synthetizeGFL

A representative chromatogram of GFL (1 mg/riihjeemain peakswere individuatedat 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 9.8vasmlotted inFigure79. In this case

no standard references were available, therefore the identification of the monoglyceride, as well as the

guantification of the components were not possible.

Calibration curve of the synthetized GFL
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Figure79: The calibration curve of the three peaks of the synthetiz€drL
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No peaks were observed in the analysisGFP 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/Mbreover, 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 currenainalytical 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.

Figure80: The chromatogram of the synthetize@FP
No peaksof interestwere individuated
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6.3.7 Preparation of micro droplets based on fatty acid esters of glycerol and glycerol formal

MDsbased on esters of glycerol and glycerol formal with lauric acid and palmitic were prefoardte
vehiculationof limonene The nanotechnology MDsthat was intensively studied during my research project
was here employetbr the vehiculationof essential od. Limonene was used as model molecule for the study,
since it was already employed in the development of spligjnfectants based on BKC. The essential oil
represented the lipidic core of the emulsigB.4%v/v). At this concentratioimonene 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 BKEbr future applications as skin cleanser, different essential oilsamiiimicrobial

and lenitiveproperties(e.g.Roman chamomilecan be used either alone or in combination with limonene.
Thanks to theirinherent 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 highdophilic compounds, such as limonene, which
are otherwise difficult to incorporate due to their strong affinity for oil phases.

For the preparation of MDan ethanolic solution of the ester was addidthe essential oitorecomponent

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@3ter (
0.002%w/v) in order to compare all the formulation§ween 20 was used as a surfactant and emulsifier,
with its concentration reduced to 05%%v/v in alignment with green chemistry princiglego stabilize the

oil phase within the outer aqueous shell of the droplé#croscopy imagesof the dropletsconfirmed that

the system is a biphasic colloidal dispersion, consisting of an oil prasaprisingof limonene—dispersed

as droplets within an aqueous phase stabilizedh®yemulsifiers, theylycerol and glycerol formalters and
Tween 20(Table 35). As a result, the formulations yielded a stable O/W emulsMitroscopy analysis

revealed particle sizes in the micrometer range, indicating that these systems should be classifiesl as

Table35: Microscopy images ofthe MDsbased on fatty acid esters
The microscop images confirmed their biphasic compositiortypical of emulsionghrough droplets
observation Images were acquired with 60x magnification

o Microscopeimage
Description -
(60x magnification)

GL (0.28 % w/\vh Limonene (6.4% v/v)

50 pm
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GL 0.002 % wi/v) timonene (6.4% v/v)

GFL (0.56 % w/v)l4tmonene (6.4% v/v)

GFL (0.002 % wi/v)L4monene (6.4% v/v)

GP (0.002 % wi/v) timonene (6.4% v/v)

GFP (0.0028% w/v)Ltmonene (6.4% v/v)

GFP (0.002 % w/v)Ltmonene (6.4% v/v)
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6.3.8 Characterization ofiDsbased on fatty acids ester of glycerol and glycerol formal

The physicochemical characterization olDsformulations revealed that they exhibited sizes greater than

1 um, except f or t hGhat 0.280% wiv,| whithisloowed anamomieteci droplet gize of
452.70 nm and a low PDI of 0.16. The smaller droplet size is likely due to the shorter alkyl cGATCaR)
compared toGP(C16), which confers greater hydrophilicity and a higher HLB value. This promotes more

efficient migration to the o#water interface, resulting in the formation of smaller, more stable, and more

monodisperse dropletd&~ur t her mor e, at this concentr aGlaxaeeds ( 0. 2
itsCMGvalueof 0. 27 mg/ mL, facilitating micededdeopldtsizemat i ¢
and i mproved monodispersity. I n contrast, at a | o

size increases signi fi dredropeysiza oBFLfarmuylatiooswasri@undddbg 3 7 2
significantly larger compared to those @f, likely due to steric hindrance. The presence of the formal group

(—=C H »)@ttached to the glycerol backbone introduces spatial constraints that reduce molecular flexibility.
This steric hindrance impairs efficient interfacial packimggulting in the formation of larger and more

pol ydi sperse dropled3d) (gobmdyamend tPdDI Megwluekhaf el er e d
formulations were found to be negative, with pH values ranging frad@ ® 5.50 (Table36). 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 neheir 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
guantities, the high specific surface area associated Wilbscan amplify the contribution of these ionized

FFAs to the interfacial charge. This effect becomes particularly pronounced when the FFAs-axpageit

at the droplet interface, leading to a measurable negatlv&ince no signs of instabilitysuch as phase
sepaation, change in color, or sedimentatienwvere observed, subsequent investigations were conducted

using the highest ester concentration for each formulation type.
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Table36: Physicochemical characterization MDsbased on glycel and glyceol formal -basedesters
tKS RAYSyaAiAzya 2F a5a 6SNB 20SNIOMy:R Y o & ZablEs veleK S T 2 N.
negativesand pHranging from 4.82 to 5.71Results are reported asSD(n=3)

_ Average Diameter  Polydispersity Index y
Formulatiors pH
(nm)+ SD (PDI)x SD (mV)x SD
GL (0.28% w/v) +
452.0+2 0.16+£0.01 -11.54 +0.31 5.32
Limoneng(6.4% v/v)
GL (0.002% wi/v) +
_ 3728+ 367 0.28+0.087 -11.52 +1.85 5.25
Limoneng(6.4% v/v)
GFL (0.56% wi/v) +
1525+ 413 0.35+0.04 -13.38 +1.85 4.82
Limoneng(6.4% v/v)
GFL (0.002% wiv) +
_ 7507+ B 0.63 +0.01 -0.97+£0.26 5.50
Limoneng(6.4% v/v)
GP (0.002 % wiv) +
2767+233 0.34+£0.02 -0.14+£0.03 571
Limoneng(6.4% v/v)
GFP (0.0028% wi/v) +
. 2454+ 127 0.29+£0.02 -21.2# 291 5.42
Limoneng(6.4% v/v)
GFP (0.002% wiv) +
2189+50 0.45+0.02 -8.91+4.40 5.48

Limoneng(6.4% v/v)
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6.3.9 Viscosityof MDsbased on fatty acids ester of glycerol and glycerol formal

The flowbehaviorof both GL and GPbasedMDswas investigated by plotting shear stress (Pa) against shear
rate (1/s).Both types of MDs are neNewtonian with a sheathinning (pseudoplastid)ehavior(Figure81).

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 Bhtrae.Viscosity

vs. Shear Rate Curve, the viscosity decreasesanitimcreasinghear rate, which confirms pseudoplastic

behavior Similarbehaviorwas observed for GFL and GF3ed MDsKigure82).

Shear stress vs. shear rate
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Figure81: Rheology profile of MDs based on glycerbased esters
MDs based on glycerol esters are fidewtonian with a sheathinning (pseudoplastic) behavior

Viscosity vs. shear rate
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Figure82: Rheology profile of MDs based on glycerol formabsed esters
MDs based on glycerfidrmal esters are notNewtonian with a sheathinning (pseudoplastic) behavior
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The rheologicabehavior of the MDs was evaluated through the application of the Power Law model,

described through the equation:

¢ +020

Qw

Where_ is the shear stresslu/dy is the shear rate, andandn are the Power Law constants, respectively
the consistency index and the fldvehaviorindex.In the Power Law model, a valuersfl corresponds to a
Newtonian fluid, while 0 1< 1 is a Shear Thinning (pseudoplastic) fluid rardl represents a Shear
Thickening (dilatant) fluidThe MDs exhibited n values in a range between0.38 (Figure83), falling into
the Shear Thinning (pseudoplastic) fluid, as it was concluded from the flow curves. WHileédues (0.054
0.069) indicate a less viscous fluid that flows easily under sheahehsvioris typical of dilute emulsions

(Figure84).

Comparison of the Flow Index (n) of different MDs
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Figure83: Comparison of the Flow Index (n) of Different MD
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Comparison of the Consistency Index (K) of Different MDs
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Figure84: Comparison of the Consistency Index (K) of Differéids

LowK values (0.050.069) indicatd that MDs areless viscous flugthat flow easily under shearthis
behavior is typical of dilute emulsions

In the Power Lawmnodel, values of 0 k< 1 for MDs indicated that are Shear Thinning (pseudoplastic) fluids

6.3.10 Encapsulation Efficiency ahdadingcapacityof Limonene in Glyceryl and Glyceryl Formal Ester

Based Microdroplets
Limonene was successfulgncapsulated in the MDs as is shownTiable 37. The EE% values were
approximately 100%; however, a slight overestimation of the limornam@ent 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 tensiohherefore, the formulations were able tlargely encapsulate

limonene

Table37: EE% and LC% values of limonene and limonene concentratid@lyceol and Glyceol Formal
EsterBasedMDs

The EE% values were approximately 100%, although some overestimation of the limonene percentage
occurred due to thehallenges in accurately dosing of limoneResults are expressed as mean + SD, n = 3

Encapsulation

_ o Loading capacity Limonene concentration
Formulations efficiency
(LC%X SD (mg/mL)x SD
(EE%} SD

GFP (0.0028 % wi/v) 101.35+3.20 5.60+0.18 54.80+17.00
GP (0.002 % wiv) 100.31+£0.44 5.54+0.02 54.23+0.23
GL (0.28 % wi/v) 134.00+1.80 7.40+0.16 7245+ 1.57
GFL (0.56 % wiv) 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 Laursii®sn

The EE% values@tandGFlweredetermined by HPLC analysis using the method described in SB&i8n
Theformulations demonstrated a higeE% valuder both lauryl esters, with of 10% forGLand 91.54% for
GFL(Table 38). The EE% of GFL was calculated from the calibration afrifee synthesized molecule
considering the peak at a retention time 8f80 min in absence of a standard referencéis peak was
considered the most relevant, as it is the most representative and shows the highest Ere&Ds
formulations containingGP and GFPwere not analyzed as their initial concentrations were below the
detectionlimit of the instrument(generally > 0.1 mg/mLJhe chromatograms of thielDs based oL (0.28
% wiv) and GFL (0.56 % wi/v) were reportedrigure 85 and Figure86. Thechromatogramof GL (0.28 %
w/v) showed the main peak dfie monolaurate, Jauroytrac-glycerol at 4.28 min and the peak of lauric acid
at 5.99 min, while the chromatogram ofHs (056 % w/v)showed the two peaks that were observed fo
glyceol formalat 9.80 min and 10.9 min. The HPLC analysisvdbsshowed two peaks with shifted retention
times compared tahoseobserved for thesynthetized crudeompound. This is likely due to interactions with
formul ati on excipients, or changes in the compo
chromatographic behavior

Both the chromatograms showed a peak at 7.88 min, whichidexgtified as limonene since limonene is a
small organic moleculeith a different refractive index than most mobile phasesludingACNO’.

Table38 The EE% valued GLand GFLin MDs
The formulations demonstrated a high Euefor both lauryl estersResults are expressed as mean + SD,
n=3

Encapsulation _
Ester concentration

Formulations efficiency
(mg/mL)+ SD
(EE%} SD
GL (0.28 % w/v) 109.4+ 1 0.75+0.01
GFL (0.56 % wiv) 91.54+ 2 0.18 + 0.03
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Figure85: Chromatogram of the MDs based GL (0.28% wiv)
In the chromatogram of theMDs basedGL 0.28% w/v)were identified the peak at 4.28 min as the
monolaurate (Hauroytrac-glycerol), the peak at 5.99 min of lauric acid and the peak at 7.87 min as limonene
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Figure86. Chromatogram of the MDs based & (056%W/v)
The chromatogram of thBIDs basedGFL (0.56% w/showedthe peak at 9.8 min and 1090 min

6.3.12 In vitrorelease assay of ester from Glyakand Glyceryl FormélaurateBasedmicrodroplets

The results of thén vitrorelease study of the esters fro@Land GFLdetected nopeaksof interestat any of

the investigated time othe withdrawn samplesfrom the recovery compartmentSome chromatograms of

both GL(Figure87) and GFL(Figure88) were here reported to show that no pea&§interestwere detected.
Therefore, it is concluded that the esters did not pass the dialysis membrane, and they are not released from
MDs. Glycerol and glycerol formabased esters exhibited significant surfemetive properties, as evidenced

by their ability to form a stable and walkganized interfacial film at the eilvater interface. This film
remained intact and did not collapse undarvitrorelease assgywhich is a crucial factor in maintaining the
structural integrity of the emulsions. As a result, no detectable release of the esters inteddiging 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 deted 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 quantificatioThein vitro release assay of GP and GFP was not performed

sincetheir concentratiors within MDswere below the detection limit.

Figure87: Releaseof GL (0.28 mg/mL) from MMGOmln
No peaks of interest were detected

Figure88: Releaseof GFL (0.56ng/mL) from MDs at 60 min
No peaks of interest were detected

6.3.13 In vitrorelease assay of Limonene from Glyceryl and Glyceryl FormaiBEzstedVIDs

Theresults of thein vitro release assay of limonerieom MDsare reported inFigure89. The graph showed
a limonene release study over the time up to 27 hawosn MDs An SDSolution oflimonene 1%v/v was
used as control, corresponding to free essential ©He limonene 1%v/v solution showed a slow and
progressivdimonenereleaseof approximately 0.04% after 27 hours, that likelglicatesgreatvolatilization
of limonene in theenvironment When limonene igncapsulatedn the different MDs limoneneis more
retained compared to free essential oil solution showitige highest release at 0.0098&6ter 27 hours
meaning a strongr retention andprolongedrelease. The addition of SBi GFL 0.56%/v - does not appear

to significantly increase limonene release compared to GFL Ovié§%vithout SDS Therefore,at the
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employed concentrations water and SDS 0y were comparables receiving phasén conclusion, the

MDs formulations drastically reduce limonene release compared to the free compound, confirming the
efficacy of glycerol estdrased encapsulation systems (GL, GFL, GP, GFP) in retaining the active ingredient.
Moreover, limonene was detected in quite high concentration in the donor compartment oMbe —
between 4380%, compared to the limoneneSDS 0.1%/v free solution at 3%l(@ble39). 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 limonéneontrast, theinterfacial film

formed by G-Land G-Pis characterized by a packing structure that may promote limonene release and
diffusion, instead of its encapsulation or retentidrhis result indicates that limonene within titDsis more
protectedfrom evaporationcompared to limonene free solution under the conditions of theitro release
assay.These findings suggest that the interfacial film formed by glyeara glycerol formabased esters is
exceptionally stable and resistant, making it particularly @ffe in stabilizing emulsions containing highly
lipophilic essential oils, such as limoner®mwever, as explaineoefore, a consistent amounof limonene,

moderately volatile substangéslost due to evaporation asnsall openingsare presentin the experimental
setup.

Limonene release (%) from MDs

0.06-
S - O GFL 0.56% w/v
()]
9 0.04 - GL 0.28% w/v
(0]
[ A- GFP 0.0028% w/v
= V- GP 0.002% w/v
2 0.02- ;
g . -l Limonene 1% SDS
.g -@- GFL 0.56% w/v SDS

0.00- :

4 6 23 25 26
Hours

Figure89: Thein vitro releasestudy of limonene from MDs

The in vitro release study of limonene from MDs showed that nano formulations drastically liechuene

release compared to the free compound, confirming the efficacy of glycerolbested encapsulation

systems (GL, GFL, GP, GFP) in retaining the active ingreDistat@re expressed as mean 2 Statistical

analysis performed using Twbl @ ! bh+! F2fft26SR o0& {ARIF1Qa&a Ydzt GALJ
and their interaction showed significant effect (**** p<0.0001)
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Table39: Limonene % in the donor compartmeratfter the release assafrom MDs
Limonene within theMDs is more prevented from evaporation compared to limonene free solution under the
conditions of the in vitro release ass&esults are expressed as mean + SD, n =3

Limonene % in the

Formulations donor compartment
after 26 hours+ SD
GFP (0.0028 % wi/v) 43.03+2.83
GP (0.002 % wiv) 56.58+10.73
GL (0.28 % w/v) 80.17+2.99
GFL (0.56 % wiv) 69.15+6.57
Limonene SDS solution 3.06+x0.94
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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 gbeefol

and glycerol formabased fatty acid esters to produce valadded products for cosmetic ushave now
attained patent pending statuéDom. n. 102025000011308 dep. 20/05/202/) particular, these esters
based on glycerol and glycerol formavere able to constitute the internal phase of O/W emulsions used as
cleansers, in addition to exhibiting emulsifying activity previodsisnonstrated during the preparation of
MDs. 1t is particularly remarkable that esters derived from biodiesebbyducts 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 develofeanses in the form ofO/W emulsionsusing previously
synthesized fatty acid esters: GL, GFL, GP, andSeYalO/W emulsfied cleansersvere prepared with
progressively increasing concentrations of thesgers, respectively for glycerol and glycerol formal series,
as summarized imable42 and Table43. Microscopy analysis oD/W emulsfied cleanserbased on the ester

GL revealed the presence of particulate structures at concentrations abovew®% whereas at
concentrations below 8%/v, the emulsions exhibited the typidaiphasicstructure of dispersed oil droplets

in a continuous water phase. As the concentration decreased frow/8%o 5%w/v, the droplet size was
progressively reduced, suggesting a decrease in aggregation. A similar trend was obs@Weemnulsions
containing GP, which exhibited even more pronounced aggregation at higher concentrations, likely due to
the lower solubility of palmitate esters compared to laurate estetse Tesults indicate that the smallest
droplet sizes were achieved at a concentration of &%¢ for both GL and GP. Consequently, the final
emulsions based on these esters, GL and GP, were prepared atwdvS8ster concentrationFor O/W
emulsions containing GFL, even at concentrations as high aswl2%he system maintained a well
dispersed oil droplet phase. Droplet sizdecreased progressively with lower ester concentrati@ss
expected indicating improved stability. In contras©Q/W emulsions formwted with GFP exhibited
aggregated structures at higher concentrations, which transitioned into smallerdspkkrsed droplets at
around 10%w/v. Based on these findings, an optimal concentration of8%was selected for emulsions
containing GFP and GFL, as this resulted in a stable dispersion of small didygdisal composition of the

O/W emulsified cleanserdased on fatty acid esters is reported Tiable 40. The size of thefinal O/W
emulsion droplets was determined by optical microscopy, resulting in an average diameter of approximately

1.5 pulmased orten independent measurements (n1f) (Table4l).
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Table40: Final compositiorthe O/W emulsified cleanses based on fatty acid esteis glycerol and glycerol
formal

Xanthan Sodium
Esters-based Esters Glycerol Water
gum benzoate
emulsions (%)wiv (%)viv (%)viv
(%)wiv (%)wiv
g.s. to
GL 5 1 3 0.3
100
g.s. to
GP 5 1 3 0.3
100
g.s.to
GFL 8 1 3 0.3
100
g.s.to
GFP 8 1 3 0.3
100

Table41: The average droplet diameter of th€©/W emulsiors, measured by optical microscopy, was
approximately1.5um

Results are expressed as mean + SDI() =

_ Average droplet diameter
Esters-based emulsions

(um) = SD

GL5 (%0)w/v 1.00+0.34

GP5 (%)W/v 1.56 + 0.71

GFL8 (%)w/v 1.00 + 0.53
GFFB (%)W/v 1.83 +0.70
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Table42: Microscopy imagesof the formulation study ofthe O/W emulsified cleanserdased on fatty acid esters at differertoncentrationsof GLand GP
Images were acquired &xmagnification

Ester mixture 5% w/v 8%w/v 10%w/v 12%w/v

Glycewl laurate
(GL)

Glyceyl palmitate
(GP)
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Table43: Microscopy images of theformulation study ofthe O/W emulsified cleanserdased on fatty acid esters at differertoncentrationsof GFL and GFP
Images were acquired &% magnification

Ester mixture 5%w/v 8%w/v 10%w/v 12%w/v

Glyceyl formal
laurate
(GFL)

Glycewyl formal
palmitate
(GFP)
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6.4.2 Measurement of he pH of theO/W emulsified cleansexbased on fatty acid esters of glycerol and

glycerol formal

The pH of theD/W emulsfied cleanserdased orbased onGL, GP, GFL and G#d?e in the range 06.20-

6.30 as reported inTable44. The pH values are consistent with an application on the skin since in accordance
with the natural slightly acidic skin pH about®8.90. The stratum corneum is al so
and it is the first important barrier for both permeability andtaneous antimicrobiadefense The pH of the

skin plays a crucial role in controlling the-gdebendent enzymes that lead tbe integrity of the skin barrier

through skirformation and skin renewal (i.glucocerebrosidasé¥. Changes in the pH derived from external

factors such as soaps, cream and detergents are impacting in the pathogenesis of skin disegafaeThe

the use of skin cleansing agents with a pH of abou0 &bmportant 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 mixtuveseover, auric

esters may hydrolyze more easily than palmitic esters, releasing more free acid and lowering the pH.

Table44: The pH of theD/W emulsified cleanserbased onGL, GP, GFL and GFP

Esters-basedO/W emulsions pH
GL5 (%)wiv 5.3
GP 5(%)w/v 6.20
GH.8 (%)w/v 5.2
GP 8(%)w/v 6.30

6.4.3 Rheological studiesf the O/W emulsified cleanserbased on fatty acid esters of glycerol and

glycerol formal

The rheologicabehaviorwas determined foGPandGL as well folGFPand GFLThe results were reported
respectively m Figure90 and inFigure9l, 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 -dfemdonian,
pseudoplastic or sheghinningbehavior As the shear rate increased, the shear stress also increased, but at

a decreasing rate, highlighting the emuThevissasitys abi
vs. shear rate curve confirms this profikccordingly at low shear rateshear thinning fluids will show a
constant viscosity value. At a critical shear rate, a large drop in viscosibsésved, which signifies the
beginning of the shear thinning regiomhisbehavioris typicalfor cosmetic emulsions thedre stable at
storageandbecomeless resistanto flow when subjected to stress, such as during application or spreading.

This rheologicaprofile allowsgood spreadabilityand ease applicatiorof the cleanseravhile maintaining

product stability during storage
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O/W Emulsiied cleanserdormulated 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
esterbased emulsions. Therefore, they appear thicker than the drased 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 ititamaavithin the internal

phase of the emulsion, typically resulting in higher viscosity and, consequently, greater shear stress at a given
shear rateThe rheologicabehaviorof the emulsified cleansemasanalyzedusing the Power Law model to
describe their flowbehavior The flow index was between 04119 confirming a pseudoplastiehavior,

which is typical and desirable in cosmetic emulsions, ensuring ease of application and improved spreadability
with a0 <n < 1typical of Shear Thinning (pseudoplastic) duA relatively high K between 23.42 and 29.49
Pa-sm™ indicated that the emulsions possess a stru
texture. These parameters suggest that the formulation behaves as a-shigaing system, becoming less
viscous upon application while maintaining a thick texture at rest, as expected fopéaifgrmance topical
products.These rheological properties are suitable for sealid formulations such as creams or emulsified
cleansers, offering botktability during storagendpleasant sensory characteristics upon uSemparison

graphs of n and k of the emulsified cleansers were reportddgare92 and inFigure93.

Shear stress vs. shear rate

50—

GL 5%w/v
GP 5% w/v
GFL 8% wl/v
GFP 8% wiv

Shear stress (Pa)

0 5 10 15 20 25
Shear rate (1/s)

Figure90: Theshear stress vs. shear rate curve file emulsified cleansers
The shear stress vs. shear rate curve displayed a nonlinear trend, indicativegwitmmian, pseudoplastic
or shearthinning behavior
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Viscosity vs. shear rate

250000
—~ 200000
(7]
©
o
S 150000
g ™ GL 5%wlv
= —— GP 5% w/v
§ 100000 — GFL 8% w/v
_t>g —a GFP 8% w/v

50000
0 T
0 5 10 15 20

Shear rate (1/s)

Figure91: Theviscosity vs. shear rate curver the O/W emulsified cleansers
The viscosity vs. shear rate curve confirmsibreNewtonian, pseudoplastic or shetdninning behavior

Comparison of the Consistency Index (K) of Different
O/W Emulsified Cleansers

35 -
29.49

X i

. 30 25.29 25.92
25 -
20 -
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10 A

Consistency index

5 4

0 - ]
Formulations

BGL5% mGP 5% GFL 8% 0OGFP 8%

Figure92: Comparison of the Kaluesof different O/W emulsified deansersbased on GL, GP, GFL and GFP
I NBflFdA@Ste KAIK Y dnfidaedtBaytheremudsions pdssgsR a straetbredpviscous & H
network, contributing to a rich and stable texaur
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Comparison of the Flow Index (n) of Different
O/W Emulsified Cleansers
0.2 0.19

0.13

0.11

Formulations

BGL5% mGP 5% GFL 8%0OGFP 8%

Figure93. Comparison of the rvaluesof Different Emulsified Cleansetsased on GL, GP, GFL and GFP
The flow index was between 0-0119 confirming a pseudoplastic behavior
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6.4.4 Sability ofthe O/W emulsified cleansersased on fatty acid estersf 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 microsgognalysis conducted on 10 representative samp(€able 45).

However, the O/W emulsions maintained their stability over time, with no evidence of phase separation.

Table45: Theaverage droplet diameter of the emulsigafter 1 month, measured by optical microscopy
Results are expressed as mean = SD (n = 10)

_ Average droplet diameter
Esters-based emulsions

(um) = SD
GL5 (%)wiv 2.30+0.34
GP5 (%)w/v 2.55 + 0.67
GFL8 (%)w/v 2.20+0.45
GFR8 (%)w/v 2.90+0.33

The rheological properties of th®/W emulsions were evaluated after one month to assess the stability of
the emulsions as a change in viscosity profilee results were reportetbr the series based on glyceiial
Figure94 and inFigure95 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 flowMoreover, an acceleratedaging test was performed on the emulsions after
incubation at 45°C for 72 hours. The results were reporteigure94 for the series based on glycerol and

in Figure 95 for the series based on glycerol formal. Under temperatstiessed 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 incrédseetic energy between particles that

can move more rapidly, leading to collisions. Moreover, heat can adelsgdration, increase the
concentration of the internal phase and promote aggregation phenomé&nhle46 presents the results of

the microscop 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 time0, 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 #rg@hulsions at any studie

conditions.

196



Shear stress (Pa)

GL-based emulsion

60— §S 888
—-o- (Otime
-
50— 1 month
- 45°C
404
30
20[llllllIllIllIllIllIIllIllIllII
0 20 40 60
Shear rate (1/s)
GP-based emulsion
80—

6

Shear stress (Pa)
I

0

0

§888

/‘/‘—’d - 0time

- 1 month
—A— 45°C

0

20 40 60
Shear rate (1/s)

Viscosity (mPa s)

Viscosity (mPa s)

GL-based emulsion

250000
200000
- O0Otime
150000 - 1 month
—4— 45°C
100000
50000
0
0 20 40 60
Shear rate (1/s)
GP-based emulsion
250000
200000
- 0Otime
150000 - 1 month
—A— 45°C
100000
50000
0
0 20 40 60

Shear rate (1/s)

Figure94: The rheological properties of glycerdbased emulsifieccleansers after 1 montland after accelerated aging test
Over time and nder temperaturestressed conditions the emulsion showed at the same shear rate a greater shear stress. The emulsion becomes more

thicker. Data are expressed as mean + SEM. Statistical analysis performe@®usingy ANOVA followed HyunnetQ a

Ydzf G A LY S. TOeshehdlstie

vs. shear rate curve was significant greater after the accelerated aging*té&s{p<0.0001) and in the case of GL after 1 montt £<0.01) in comparison tc

time
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Figure95: The rheological properties of glycer@drmal-based emulsified cleansers after 1 monémd after accelerated aging test

Over time and ndertemperaturestressed conditions the emulsion showed at the same shear rate a greater shear stress. The emulsion becomes more
thicker. Data are expressed as mean + SEM. Statistical analysis performe®nswgy ANOVA followed lyunnetQ & Y dzf ( A LI S. TBe2shehdlstheds:
shear rate curve was significant greater after the accelerated aging*t&%tp<0.0001) and in the case of GFL after 1 month p<0.01) in comparison to 0 time



Table46: Microscopy images offatty acid estersbased emulsified cleanser@ RT and after the accelerated aging assay
Data were acquired at 60x magnification

Estes-based emulsions GL 5%w/v GP 5%w/v GFL 8%w/v GFP 8%w/v

AtRT

At RTafter one month

Accelerated aging assay

under 45° C for 72 hours
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6.4.5 Quantification of theglycerylesters concentration in the prepare®/W emulsified cleansers

The O/W emulsified cleansebased onGL (5%)w/v was quantified with the established methaafter
extraction of the ester ithloroform as described iBection5.3.8 The chromatogram was reported Figure

96 where the peak at 4.3 min (glyceryl monolaurateLauroytrac-glycero) and 5.7 min (lauric acidyere
identified. The concentrationof the monoester 1-Lauroyirac-glycerol of 2.6 mgml was quantified by
extrapolation from the calibratiourve.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.

VI

Figure96: Chromatogramof the O/W emulsified cleansebased onGL(5%9 w/v

The chromatogranexhibits the peak ahe retention time o#.3 minidentified asl-Lauroylrac-glycerol and
the peak at 5.7 miidentified adauric acid

The O/W emulsified cleansebased onGP (5%)w/v was quantified with the established methaafter
extractionand the chromatogram was reported Figure97 where the peak atl2.3 mincharacteristic of
glyceryl mongpalmitate (D-Palmitin) was recognizedlhe concentration of monoester incorporated into the
cleansemwas quantified by extrapolation from the calibration curve ePBImitin Out of the theoretical 15

mg/mL monoester content, 50% (i.e., 7.46 mg/mL) was effectively loaded into the formulation.

MR

EHF
.o

Figure97: Chromatogranmof the O/W emulsified cleanser based on GB%)w/v
Thechromatogramshows the peak at 12.3 min characteristic eP&mitin
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Finally, theO/W emulsified cleansebasedGFLshowed the peaks thatvere observed for the synthetized
esters(Figure98): the peak athe retention time of5.5 min that isdentified as lauric acid and the two peaks

at 8.8 min and 9.8 mjrwhich here were detected at 9.25 min and 10.29 mis previously discussed, peaks
shift in retention timesccurredwhen a compound is formulatedlie topossibleinteractions with excipients

The concentration of the components at each was quantified by extrapolation from the calibration curve,
obtainingrespectively a concentration of ZBmg/mL, 24.27mg/mL and 23.66mg/mL. A total of 80 m¢gmL

of ester (8 %v/v was used in the preparation of tremulsified cleanser.

Figure98. Chromatogram othe O/W emulsified cleanser based on GR%)w/v
The chromatogranshows thepeak at 5.5 min (lauric acid) and the two peaks at 9.25 minl&h29 min

As previously discussed, the quantification of the esters using the established method presents some
limitations. Since the synthesizedono esters were not purified, impuritiegdiglycerides and triglycerides
remainin the samples, potentially altering their properties and behavior. Solubility, in particular, is affected,
which is especially problematic when using HR., @s it hinders detection at low concentrations. Moreover,
when esters are extracted from the cleaners, their concentration is furthéuced due to losses incurred
during the extraction proces3.herefore, 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 pendingfurther synthesis and purification will lmarriedout in the nearfuture.
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6.4.6 In vitrorelease assay of ester from Glyokand Glycenl Formal-basedO/W emulsified cleansers

The results from thén vitrorelease assagf glycerol and glyceol formalbasedestersfrom cleansershrough

the dialysis membranen Franz cebhowed that nacharacteristic peaks of the estengere detectedin the
withdrawn samplegrom the receiving phasat the investigated times up to 60 minutéBhe 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 tharace amounts were released but remained undetected due to the low
sensitivity of the analytical method cannot be excludedleed, he fact thatno detectable compounds were
observed, which may balsoattributed to their concentration being below the detection threshold of the
established methodAs explained beforajue to its relatively high detection limits, the method fails to detect
the esters when present in small amounta. representative example of chromatograshowing no

detectable peakss presented below(Figure99).

Figure99: Release assalyom the dialysis memblrgﬁ”ewa GE%)w/v at 60 min
No peaks of interest were detected

In the donor compartmentshe esters were detected in a percentage similar to the one detected in the
analysis ofhe extracted residuérom cleanserin particularGPat 44.80 %{Figure100) and GLwas found at

a percentage of 15.90 ¥0.46(Figurel01l), andThe concentratinsdetected forGFlwere respectively 34.89
mg/mL+ 0.96, 18.26 mg/mk1.26 and 19.37 mg/mk 0.47 (Figure102). The results likely confirm that the
content of esters detected in theleansersvas almost completely found in the donor compartmentbis
observation highlights the high physical and chemical stability ofQR& emulsions, suggesting that no
significant breakdown or release of the internal lipophilic phase ocduZensequently, the esters were not
able to permeate across the dialysis membrane, which may reflect the integrity and robustnesssf¥he

emulsion structure.
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Figurel100 Quantification of GP(5%)w/v in the donor compartmentin the in vitro release assay

1

1 1 1 1 i

Figurel01 Quantification of GA.(8%)w/v in the donor compartment in then vitro release assay

!

|

|
Figure102 Quantification of GL(5%)w/v in the donor compartment in then vitro release assay

6.4.7 Franz celtliffusionassay of ester from Glyceryl and Glyceryl Forped¢edemulsified cleansers

The Franz cetliffusion assayor glyceol and glyceryl formabased emulsified cleansedemonstrated that
the esters did not permeate across pig skin, since no characteristic peaks of the esters were déteeted.

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 candidaties the development of safe and effective topical cleansérs.
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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 cleangemrspresentative examples are reported below

- at 30 min and 90 mitor GL5% wi/v(Figure103, Figurel04).

=L A 30 - =i 31 - 3

{0

e

Figurel03 The release 06GL5% w/vafter 30 minin the Franz cellliffusion assay
No peaks of interest were detected

<=L & 90 - =I 1 - 1

4

Figurel04 The release oGL5% w/vafter 90 minin the Franz celtliffusion assay
No peaks of interest were detected
In the donor compartments the esters were detected in a percentkgaehe one detected in the analysis of

the emulsified éeanser

1 GLwas found at a percentage 0620 %= 0.52 (Figure105);

1 GPat 79.03 % 5.32 Figure106);

1 The concentrations detected f@FLwere respectively 17.05 mg/mt.3.81, 24.27 mg/mk 4.35 and
8.99 mg/mL+ 3.74 at5.70 min, 9.0 min and 10.8 min (Figure107).
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Figurel06 The chromatogram of the donor compartment é3P5% w/v after Franz celtliffusion assay
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Figurel07. The chromatogram of the donor compartment é3FL8% w/v after Franz cellliffusion assay

The resultsare likely to confirnthat the content of esters detected in thedeansersvas almost completely
found in the donor compartmentsShereferences peakef the esterswere not detectedin the horny layer

of the skin (stratuntorneum) and in the viable layers of the skin, epidermidis and dermis, as reported as an
exemplification forthe case ofGFL irFigure108 and inFigure109. 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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Figure108 Chromatogram of GF8% wi/v extracted from the horny layer of the skin
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Figure109 Chromatogram of GFB% wi/v extracted from the viable layers othe skin, epidermidis and
dermis
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7. Conclusions

In conclusion, various antimicrobial formulations were developed with #im of mitigating the
environmental impact associated with conventional antimicrobials, disinfectants, and personal care
products. This work is in line with the European strategies aiateghcouragingoward a cleaner, more
sustainable, and competitiveconomidransition. The development of these formulations was guided by the
principles ofeco-design, which emphasize environmental sustainability throughout the entire product life
cycle. Specifically, the design process prioritized the use of natural aed/able ingredients, minimized the
incorporation of toxic substances, and promoted thedorizationof innovative technologies and theese

of industrial by-products as raw materials for new applications, thereby embracingrcalar
economyapproach. In the first part of the thesis, a delivery system for the natural antimicrobial
agentcurcuminwas developed in the form of Cu@SNBs and Cur©xyCSNBs, using natural polymers such
aschitosan, with minimal use of synthetic chemicals. In an innovaligén, curcumin was both conjugated

to the polymer shell and encapsulated within the NB caohieving high incorporation efficiencies. Both
types of NBs exhibited an average diameter of approximately 500 nm, and curcumin was released in
asustained manner, with about 70% released over 50 hoimtent multi-target strategywas developed

to enhance the antimicrobial efficacy of curcumin, thereby contributing to the reduction of antibiotic use.
This was achieved by promotiRpSmediated cell death, througlthe coencapsulation of oxygen (as a
substrate for ROS generation) and the applicatioA®DTas an innovative treatment approach. Upon
photoactivation, both CuRCSNBs and Cur©xyCSNBs showed significantly enhanced antibacterial activity
across all tested straingith a significant MIC reduction, includirig colj S. aureusand E. faecalisThis
innovative and eceustainable multiarget strategy demonstrates promising potential for future
applications irantimicrobial therapy, particularly in thigght againstAMR. The research contributed to the

publication of the following article, where | am listed as firstacdhor:

Munir Z, Molinar C, Banche G, Argenziano M, Magnano G, Cavallo L, Mandras N, Cavalli R, Guiot C.
Encapsulation in Oxygdrmaded Nanobubbles Enhances the Antimicrobial Effectiveness of Photoactivated
Curcuminlinternational Journal of Molecular Sciences 2023; 24(21):15595.
https://doi.org/10.3390/ijms242115595

In the second part of the thesis, BIDs were developed as sprdiginfectants 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 toxid(CNDs were prepared both with and

without DFP in theore. 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 othe proposedformulation. A library of dfferent concentrations of BKC (0.008% w/v, 0.08%

wiv, and 2.4% w/v) wer@reparedto investigate the antimicrobial performance of ttNDs and to identify

the most effective formulation at the lowest concentration. All formulations successfully encapsulated both
BKC and limonene with high efficiency, achieviigh EE%. The antimicrobial activiof BKC againd.
coliandS. aureus-evaluated through MIC and MBC valgesas 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 theisedtantimicrobial 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 tle spray disinfectants waalso evaluatedfrom their physical propertiesTheyexhibited
excellent wettability, as indicated by low surfatension and the \iscosity remained stable over time,
ensuring good spreadability and lotgyrm stability. All NB formulations showedsignificantlyimproved
sprayability compared to water, with.08 w/v BKENDs achievinghe widestspray angleMoreover, the
disinfectant sprays were tested according to ISO EN 1040:2005 and demonstrated effective basic bactericidal
actM ty against the test ed. Ingdnelugionnasnpvel,aenvironreentallyfgendly | o g
spray disinfectant based oBKCwas 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 lutioso A scientific
publication on this work is currently in preparati¢Molinar et al.,Greener formulations of bemalkonium

chloride with enhanced antibacteripfoperties ACS Applied Nano Materials preparation)

In the third part of the thesiglycerolasa waste product from the industrial production of biodiesel was re
used to produce monqdi-, tri- glycerides ofatty acids(palmitic and lauric acidsThe synthesized glycerides
were usedboth asemulsifieringredientsfor the formulation ofMDsand as lipophiliphaseand emulsfier

for the preparation of personal car®/W emulsified cleansex Indeed, esters derived from glycerol and
glycerol formal demonstrated significant surfact activity, enabling the formation of a stable interfacial film
capable of encapsulating poorly watsoluble essential oils like limonene. Furthermore, they performed
effectively as internal oil phases in the development of stable O/W emulsfon$iPL@RI method for the
quantification of the esters in MDs and in cleansers was developed and the Fradifesibn assay for
evaluatinga future skin application was performe@he results demonstrated that the esters were not
released from either the cleansers or the MDs across porcine skin, confirming their ability to form stable
formulationsresistant to degradationThis 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 develophment.

objective of this initial phase was to assess the formation of vatlded products from a wastderived by
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product, characterize them, and initiate the development of a quantification metidmhetheless, the
promising results of this preliminary work have resulted in a pasgmiicationand are expected to reinforce

the collaboratiorwith the industrial partner, allowing the project to move forward.

Taken together, the data obtained during the Doctoral project allowed for the formulation of gnes;
and micresized formulation with reduced environmental impatacking the problem osustainability from
different aspects (reuse of byproducts, reduction of chemieald preferential use of natural materials)

allowed for the formulation of antimicrobial and personal care products gréen profile.
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