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Fall in love with some activity, and do it! Nobody
ever figures out what life is all about, and it doesn't
matter. Explore the world. Nearly everything is really
interesting if you go into it deeply enough. Work as hard
and as much as you want to on the things you like to do
the best. Don't think about what you want to be, but what
you want to do.

Richard Feynman
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General Introduction and Objectives



11.  The Era of Colloidal Particles and Nanotechnology

Colloid science is the study of dispersions of one phase in another (e.g. oil in water or water in
oil), the dispersed phase is typically characterized by dimensions ranging from few nanometers to a
few tens of micrometers. In the last five decades, industrial and academic research has achieved a
tremendous progress in colloid science and its practical applications show no signs of waning.
Colloidal particles can be found in many consumer goods and high-technology products: such as milk,
mayonnaise, paints, inks and some lubricants [1]. Colloidal science often breeds with nanotechnology
to produce highly performing delivery systems: nanoparticles (NPs), that usually serve as either
reservoirs or carriers for an active material. NPs are typically divided in two classes: organic and

inorganic NPs as schematized in Figure L.1.

COLLOIDAL NANOPARTICLES

@0

Mesoporous Nanospheres Nanocapsules Liposomes Micelles

Silica NPs
- £
. Carbon .
Metal NPs Dendrimers Nanotubes Cyclodextrines  Hydrogels
INORGANIC ORGANIC

Figure 1.1. — Schematic representation of different types of colloidal nanoparticles.

Thanks to their reduced particle size, inorganic nanoparticles possess previously unexplored
chemical, physical and biological properties [2]. Metallic NPs and mesoporous silica systems are
classified as inorganic NPs. The former are made of metal elements in the nanometer range and are
usually used for magnetic resonance imaging or as contrast agents, the latter are by far the most

2



promising, having a tunable particle size (50-300 nm), a high surface area and uniform pore size

distribution [3].

The class of organic NPs includes: nanospheres, nanocapsules, polymeric micelles, liposomes,

dendrimers, carbon nanotubes, cyclodextrins and hydrogels [4, 5].

)

2)

3)

4)

5)

6)

Polymeric nanospheres are matrix-type solid colloidal particles. Active ingredients can be
dissolved, entrapped, encapsulated, chemically bound or absorbed by the polymer matrix [6]
Nanocapsules are nanovesicular systems in which drugs are enclosed to a cavity, surrounded by
a polymer membrane or coating. Active substance can be in solid or liquid form as well as a
molecular dispersion in the cavity [6].

Liposomes are spherical shaped artificial vesicles which are produced by natural non-toxic
phospholipids and cholesterol. Liposome properties may be changed depending on their lipid
composition, size, surface charge and preparation method.

Polymeric micelles result from the self-assembly in water of amphiphilic copolymers into a
core-shell structure. The hydrophobic core can act as a reservoir of hydrophobic drugs while
the hydrophilic corona provides water solubility and colloidal stability [7]

Dendrimers are monodisperse symmetric macromolecules with highly branched structures
around an inner core. Their structures are comprised of three components: a focal core, several
layered building blocks which are formed by repeating units, and functional groups on the
periphery. Because of their non-polar cavities, they can encapsulate hydrophobic molecules.
In addition, they have many positively and negatively charged functional groups on their
surface which offer the opportunity to easily attach to oppositely charged molecules. [8]
Carbon nanotubes (CNTs) are attractive systems because of their excellent mechanical,
electrical and surface properties. Surface properties, size and shapes of CNTs are the main

factors which affect interactions with cells. They need to be functionalised due their



insolubility in most solvents and their cytotoxic properties, thereby increasing CNTs’
solubility and biocompatibility [9].

7) Cyclodextrins (CD) are cyclic oligosaccharides characterized by a hydrophilic outer surface,
and able to load guest molecules in their lipophilic inner cavity via non-covalent inclusion
interactions. As well as other nanocarriers, the use of CD can increase drug solubility,
bioavailability, safety, and stability of drug formulations [10].

8) Hydrogels can be defined as three-dimensional hydrophilic structure networks which are
formed chemically or physically. Active molecules can be loaded in their porous structure

which can be controlled by the density of cross-links [11].

Among several promising nanoparticle systems listed above, polymers usually offer the most
versatile and custom designed applications. Polymers, in fact, can carry different functional groups
which can fulfill a function on the molecular level. Additionally, unlike ceramics and metals, polymers
are permeable [12]. This property can be employed to achieve the transport of molecules between two
environments divided by a polymer membrane. In colloid science, one of the most successful systems
is the construction of core-shell compartments in the form of micro- to nano- capsules in which an

inner core is entrapped in a polymer shell. [13].

1.2.  History of Encapsulation

Like some of the most brilliant inventions in history, the process of encapsulating a cargo
material inside a solid shell was inspired by nature. Eggs, for instances, are the most common example
of encapsulation in our every-day life: a calcium carbonate hard shell, stabilized by a protein matrix,
confines yolk and albumen, and when the egg has been fertilized it protects the embryo until it is able

to survive on its own. Nowadays, micro and nano-capsules are employed in many commodity and



specialty applications, such as medicine, healthcare and household products, bioreactors, etc, as

represented in Figure 1.2.

Medicine
/

Cosmetics

Functional
Paints

micro and nano-capsules

Self-healing
materials

Figure 1.2. - Schematization of the application of micro and nanocapsules.

In the following, several successful applications of micro and nanoencapsulation are described.

121 Carbonless copy-paper

One of the first documented example of application of microencapsulation dates to the mid-
1960s when microcapsules-based copy paper was commercialized by 3M company [14]. As
represented in Figure 1.3, a layer of microcapsules, containing an invisible ink, was deposited on the
coated back (CB) sheet, while coated front (CF) sheet was coated with a developer. The shear force
applied on the CB when writing, provokes the disruption of the capsules and the release of the

colorless-ink that, reacting with the developer, produces color.
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Figure 1.3. - Schematization of a two-sheet copying paper.
122 FElectronic-ink

In a more recent application, microcapsules are employed in electronic-inks (E-inks) for a
novel class of displays where switchable contrast is achieved by the electro-migration of highly
scattering or absorbing microparticles (in the size range 0.1-5 pm) [15]. The display is constituted of
a layer of transparent microcapsules (Figure 1.4) which contain positively charged white pigments
and negatively charged black pigments dispersed in a transparent oil. The contrast on the display is

produced by punctual changes in the polarity on the bottom electrodes layer by changing the polarity.

Top transparent

Positively charged Electrode
white pigment ——m8 —
particles
Negatively charged
black pigment ————— X
particles Bottom
** ?_ | OFt0
- - - Electrode

Light state = Subcapsule addressing Dark state
enables hi-resolution
display capability

Figure 1.4. — Schematization of microcapsules-based e-ink.

123 Self-healing materials

Self-healing materials are a relatively new class of smart materials that possess the ability to
fully or partially recover a functionality that had been adversely effected by operational use [16]. Such

materials are capable of assessing their internal damage and performing self-repair leading to



extended service life with good mechanical properties. Polymeric materials are especially susceptible
to weathering phenomena, caused by moisture, temperature variations and solar radiations, and
leading to degradation and weakening of the artifact. A self-healing material undergoing mechanical
failure, for example a crack propagation, is able to relive geometrical stress concentrations initiated
by the crack. These features are typically achieved by crack closure, performed using shape memory
alloys or shape memory polymers, or crack-filling processes, potentially achieved by re-bonding the
material using cross-linkable polymers. The process of crack-filling involves a method for the storage
of a healing agent, a process for the transport of the healing agent and a suitable method for initiation
of repair. As depicted in Figure 1.5 the storage of the healing agent may be accomplished by the use of
spherical microcapsules. The transport is envisioned to occur by local stresses, which would initiate
the rupture and release of the healing agent and flow owing to capillary action. The repair would occur

by the polymerization of the healing agent utilizing an embedded catalyst in the matrix.

Plastic

Microcapsule Catalyst

Figure 1.5. - Internal structure of a microcapsules based self-healing material.

Considering the few applications described above it results evident that the encapsulation of
the core material provides several advantages if compared to the use of bulk material. In fact,

encapsulation:

e physically confines the core material in a solid reservoir,

e reduces the core material reactivity towards the external environment,



e hinders the degradation of the core material (most typically caused by moisture, light and oxygen,

e decreases its evaporation rate to minimize losses,

e improves the workability and processing of core materials, i.e. liquids can be treated as solids,
promoting mixing,

e promotes safety of the encapsulated material,

e masks its taste and odor,

e and releases the encapsulation material upon an external stimulus.

1.3. Controlled Release

Regardless of the application, controlled release of payloads is the dominating function of micro
and nanocapsules. The term “controlled release” includes a range of different release profiles and
mechanisms such as targeted release, triggered release, and sustained (or extended) release. In general,

to achieve efficient and reliable controlled release the capsules must meet two requirements

1) to prevent the non-controlled leakage of the cargo material in release medium, and
2) to ensure that the shell materials adequately promote the release of the payload in response to

an external stimulus.

In Figure 1.6. the two main release mechanisms for an encapsulated core material are schematized. An
immediate release is achieved when capsule shell is disrupted by melting, chemical dissolution or
application of compressive or shear forces. For example, egg shell can break and the encapsulated yolk
and albumen are immediately released. However, the final application may require the delivery of an
active agent in a specific site and over a precise amount of time, for example, in the dosage of an
anticancer encapsulated drug. In this case, encapsulation technologies greatly benefit from the use of

a special class of materials, called smart, that are able to change their intrinsic properties as a



consequence of a particular triggering factor. Capsule shell can be designed to provide a time-
controlled and site-specific release of the core material. The release is obtained exploiting the porosity
and permeability of the shell or triggering modifications in the shell morphology by application of

external stimuli (electric or magnetic fields, pH, heat, radiation, etc.) [17].

—oio— | —
Immediate ; “" Slow
Release Leakage
Compressive forces Porosity of the shell
Shear forces Permeability of the shell
Melting of the shell Modification of the shell morphology due
Chemical disruption of the capsules to external stimulus (ionic strenght, pH,
Solubility of the capsule wall in a solvent temperature, mechanical forces, light)

Figure 1.6. - Release mechanisms of core-shell capsules.

1.4.  Objectives

The main objective of this dissertation was to report on the feasibility and the reliability of
light-responsive polymeric nanocapsules for the delivery of active natural molecules. A miniemulsion
polycondansation procedure was employed to perform the in-situ synthesis of the capsules shell: a
polyamide containing azobenzene moieties in the main chain. The presence of azobenzene moieties
in the polyamide backbone contributes the photo-responsive behavior of the smart shell. In fact, when

irradiated with UV light (Anax = 360 nm) azobenzene undergoes a trans-cis isomerization that results



in adjustments in the polymer conformation and consequent release of the encapsulated material. The

work is divided as follows:

Chapter 2 provides a wide review on light-responsive micro and nanocapsules systems, with a special

focus on their preparation techniques and characterization.

Chapter 3 reports on the preparation and characterization of photo-responsive polyamide
nanocapsules obtained via interfacial polycondansation in o/w miniemulsion. These systems provide
the proof of concept for the feasibility and reliability of the nanoencapsulation and the release

mechanism.

Chapter 4 reports on the selection of suitable natural oil as substitute for toluene in the nanocapsules
preparation. Moreover, the morphology and release behavior of photo-responsive nanocapsules

loaded with basil and thyme essential oil is also addressed.

Chapter 5 reports on the application of photo-responsive nanocapsules in active food packaging
systems. Traditional packaging plastic materials, PLA and PE, were coated with essential oil-loaded

nanocapsules and tested as active antimicrobial packaging.

Chapter 6 describes the synthesis and characterization of a modified azobenzene in which the
isomerization wavelength is shifted in the visible range (red), opening the road to a wide range of new

applications for this class of nanocapsules.
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Abstract:

A significant amount of academic and industrial research efforts are devoted to the
encapsulation of active substances within micro- or nanocarriers. The ultimate goal of core-shell
systems is the protection of the encapsulated substance from the environment, and its controlled and
targeted release. This can be accomplished by employing “stimuli-responsive” materials as
constituents of the capsule shell. Among a wide range of factors that induce the release of the core
material, we focus herein on the light stimulus. In polymers, this feature can be achieved introducing
a photo-sensitive segment, whose activation leads to either rupture or modification of the diffusive
properties of the capsule shell, allowing the delivery of the encapsulated material. Micro- and nano-
encapsulation techniques are constantly spreading towards wider application fields, and many
different active molecules have been encapsulated, such as additives for food-packaging, pesticides,
dyes, pharmaceutics, fragrances and flavors or cosmetics. Herein, a review on the latest and most
challenging polymer-based micro- and nano-sized hollow carriers exhibiting a light-responsive
release behavior is presented. A special focus is put on systems activated by wavelengths less harmful
for living organisms (mainly in the ultraviolet, visible and infrared range), as well as on different
preparation techniques, namely liposomes, self-assembly, layer-by-layer, and interfacial

polymerization.



2.1. Introduction

In recent years, a growing interest has been focused on micro- and nano encapsulation due
to their fruitful applications in controlled release of drugs [1], active agents [2], catalysts [3], and
paints [4], as well as in synthetic nano-reactors engineering [5]. Academic and industrial research
is particularly interested in so-called “environmentally responsive” materials, able to respond to
an external stimulus (e.g., temperature, pH, light, electric or magnetic field) by modifying one or
more of their intrinsic properties. For their adaptive features, these materials are often called
smart [6,7]. One of the most challenging aspects of micro- and nano-encapsulation is the
obtainment of a controlled and modulated release of the encapsulated—or core—material that

can be achieved using smart materials as components of the capsule shell [8].

The design and development of high-sensitive systems, able to smartly recognize an
external triggering factor and to respond by modifying their own structure, is the ultimate
purpose of scientists all over the world. For this purpose, polymeric materials are particularly
suitable for technical applications because they are versatile and their properties can be easily
tailored depending on the final use. Many external stimuli, such as pH [9], temperature [10,11],
biological molecules [12], and redox reactions [13] have been employed to effect capsule
permeability or induce capsule disruption, enabling the release of the encapsulated material. Light
(infrared, UV radiation or simply sunlight) is certainly the most compelling external stimulus,
because it can be delivered without direct contact, thus representing one of the few remote-
control triggering factors available [14]. Like many promising technologies, photo-responsive
systems have been inspired by nature, which has evolved many complex biological systems able
to exploit light as an external source of energy and information. For example, the light-induced
cis—trans isomerization of the retinal molecule triggers a number of events, including a change in

the conformation of the opsin protein to which is bound, leading to a neural signal and ultimately

16



to the perception of light [15]. Mimicking natural structures, photo-responsive polymers can be

obtained introducing photo-sensitive moieties in the polymeric backbone or in the side chains.

Among the best performing photo-sensitive molecules, azobenzene [16], stilbene [17], and
spiropyrans [18] stand out. The photoactivity of each of these functional groups is based on the
existence of two interconvertible isomers. Upon light irradiation, typically in the ultraviolet
range, the molecules undergo a conformational rearrangement. In the case of azobenzene and
stilbene, this alteration is expressed by variations in the molecular symmetry from a thermally
stable trans (E) orientation to a less favorable cis (Z) orientation (Figure 2.1.a,b) [19]. In
spiropyrans, the irradiation induces a ring-opening reaction that leads to the formation of the

isomeric merocyanine form, as shown in Figure 2.1.c [18].

N=N
N\ /O hv
(@) O/ hv' or heat

trans-azobenzene cis-azobenzene
H H
 I— H
hv
P ——
b hv' or heat
v ) O H
cis-stilbene trans-stilbene

N\@
R e
spyropiran merocyanin

Figure 2.1.— Photo-isomerization mechanism of photochromic molecules: (a) azobenzene; (b) stilbene; and (c) spiropyrane.

One of the most interesting features of such photochromic materials is that isomerization is usually
accompanied by molecular changes in physical properties such as polarity, viscosity and absorbance

as well as macroscopic changes in material properties such as thickness, wettability and stability

17



[20]. The presence of photo-responsive moieties in the capsule shell can therefore affect permeability

of capsules or even lead to their disruption [21].

A key factor to take into account when designing photo-responsive micro- and nanocapsule
systems is the wavelength of the light used to trigger the release. For outdoor use or other
applications in which direct contact between light and capsules is granted, it is theoretically possible
to employ any wavelength required by the photochromic materials that constitute the capsules shell.
However, with regard to biomedical applications, the skin penetration depth of the light source
involved in the release is the factor that determines the appropriate use of the capsules. The optical
behavior of human skin upon light irradiation has been vastly studied and reviewed [22]. UV and
visible light are reported having short penetration (few micrometers) depth and are most suitable
for topical uses; on the contrary, near infrared light has a higher skin penetration depth of few

millimeters and it could therefore be employed in internal delivery applications.

This review intends to give an overview on recent advances in the preparation of light-
responsive polymeric capsules. Different preparation technologies will be discussed in detail,
including interfacial methods (interfacial polymerization and phase inversion precipitation),
template methods, and self-assembly methods. Capsules properties such as size, morphology and

release behavior will also be described, with a view on the envisaged target applications.

2.2. Interfacial Methods for Capsules Formation

In interfacial methods, polymer capsules shell forms at the interface between two immiscible
liquids. The first reaction at a liquid-liquid interface was performed in 1883 by Schotten and
Baumann [23,24]. Since then, simple and versatile interfacial reactions, such as polycondensation,
have been employed to overcome the challenging procedures in bulk or melt [25]. Interfacial
polycondensation method is nowadays one of the most performing for in-situ formation of capsule

shell [26]. Further, the interface between two immiscible liquids can also be used to precipitate a
18



preformed polymer that will constitute the capsule shell [27]. In the following, the encapsulation at

liquid-liquid interface with both polymerization and polymer precipitation will be discussed.

2.2.1. Emulsion Polymerization

Interfacial polymerization has been widely described in literature, and used for the
realization of thin films [28] and particles [29]. This technique can also be employed for the
preparation of micro- and nanocapsules [30,31] when supported by an emulsification step. An
emulsion is defined as a dispersed system of liquid droplets (dispersed phase) in another, non-
miscible liquid (continuous phase), stabilized by means of one or more surfactant agents. In the
preparation of core-shell structures, the most performing interfacial reactions are polycondensation
and polyaddition due to their simple mechanism, fast kinetics and high yields [26,32]. The
polycondensation reaction occurs between different multifunctional monomers, either dissolved in
the droplet suspension or in the continuous phase. The monomers react at the interface of the
emulsion droplets forming the primary membrane, and the polymerization reaction advances until
the depletion of one of the monomers. The typical hollow structure is obtained when the formed
polymer is not soluble in the core material [31]. The common approach to obtain a photo-responsive
shell membrane is employing photochromic monomers in the polycondensation reaction. For
example, Tylkowski et al. [33] proposed a new approach for the preparation of liquid crystalline
polyamide microcapsules containing azobenzene mesogens in the main chain. The triggered release
of the encapsulated B-carotene was successfully performed by irradiating the capsules with 365 nm
UV-light. At this wavelength, trans—cis photo-isomerization of azobenzene occurs, leading to major
rearrangements in the macromolecules conformation that eventually result in the release of the

encapsulated material.

In order to scale the dimensions of the capsules down to the nanometer range, the

polycondensation reaction described above has been combined with a miniemulsification step.
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Miniemulsions are a special class of emulsions, produced via high-energy homogenization (e.g., high
shear stirring or ultrasonication), stabilized against coalescence and molecular diffusion
degradation, and characterized by a narrow droplet distribution [32]. Marturano et al. [34]
successfully reported the preparation of photo-responsive polyamide nano-sized capsules. The
authors described how simple miniemulsion parameters, such as surfactant type and concentration
affect key final properties, such as capsules dimension and release behavior. Release experiments of
fluorescent probe molecule coumarin-6 (C6) confirmed the successful light-triggered release.
Interestingly, dynamic light scattering (DLS) measurements demonstrated that the average diameter
of the capsules significantly increased on UV exposure due to the rearrangement of the polyamide

shell from a “closed” to a more “open” conformation, as depicted in Figure 2.2.2
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Figure 2.2 - Schematization of the C6 release from photo-responsive polymer nanocapsules as depicted by Marturano et al.
[34]. Reproduced with permission from Elsevier.

Micro- and nanocapsules described above can meet the target of many specific applications,
depending on their size and release profile, and serve as carriers for the encapsulation and release of
different active agents. For example, Bizzarro et al. [35] reported the successful encapsulation and

release of cumin and basil essential oils.
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One of the great advantages of the described systems is the formation of robust capsules. The
release of the core material occurs by leakage as a consequence of changes in shell permeability,
without compromising shell integrity. This mechanism makes capsules safer for biological and
medical applications, differently from systems where fragments derived from shell disruption can
possibly contaminate target environment. On the other hand, one of the main drawbacks is the use
of UV light, since this wavelength range has limited use in biological in vivo applications [36] and its
concentration in sunlight is too scarce to be employed in agricultural or packaging applications.
Beharry et al. [37] and Wegner [38] demonstrated how the incorporation of electron-donating
groups in ortho or para position on the azo moiety can dramatically red-shift the photoswitching
wavelength. Taking advantage of this work, Tylkowski et al. [39] were able to synthesize modified
polyamide microcapsules shell containing ortho-substituted azobenzene moieties. It was shown
that this modification led to an increase in shell permeability and release of core material under

visible light irradiation.

A new frontier in the preparation of polymeric capsules is the use of microfluidic systems in
which low volumes of fluids are processed through automatic and high-yield mechanism to obtain
narrowly distributed droplets [40]. For example, interfacial polymerization reactions have been
successfully performed in microfluidic devices [41]. Recently, Zeng et al. [42] reported the self-
assembly of photo-responsive reversibly cross-linked hydrophilic and hydrophobic copolymers that
can be controllably brought together at the water—chloroform interface of a microfluidic droplet. The
cross-linking agent consists in a ternary host-guest complex containing azobenzene, whose UV-
triggered trans—cis isomerization leads to the reversible disruption of the supramolecular assembly

and consequent release of the cargo material.

An alternative approach to obtain photo-responsive microcapsules is employing metal or
metal oxide nanoparticles acting as light absorbers. Chen et al. [43] obtained polystyrene

microcapsules via Pickering emulsion polymerization using modified SiO2 and TiO2 nanoparticles
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as Pickering agents. The release of the encapsulated material was achieved by degradation of the

polymeric shell caused by the photocatalytic activity of TiO2 nanoparticles [44].

2.2.2. Phase Inversion Precipitation

As mentioned before, an alternative approach to the synthesis of polymeric carriers is the use
of preformed polymers for the capsules shell. Bogdanowicz et al. [45] successfully employed a novel
photo-responsive polymer, containing photochromic stilbene moieties in the main chain, poly(a-
methylstilbenesebacoate-co-a-methylstilbeneisophthalate) (P4), as shell material for vanillin loaded
microcapsules. The capsules preparation was based on phase-inversion precipitation procedure,
previously optimized by Pena et al. [46]. Using a nozzle device connected to compressed air flow, a
homogeneous polymer solution was broken into microdroplets and sprayed in a coagulation bath
containing a non-solvent. Precipitation of the polymer at the interface of each droplet was caused by
exchange of solvent and non-solvent molecules in contact with the polymer. The authors
hypothesized that the overall change in the shell permeability may be due to cooperative
rearrangements of the polymeric chains induced by the photo-isomerization of the photo-responsive

a-methylstilbene.

2.3. Templating Methods

This section intends to include different examples of micro- and nanocapsules formed via
deposition of polymer material on colloidal sacrificial particles serving as template for the formation
of hollow structures. The most acknowledged templating method is the layer-by-layer (LbL)
approach, based on the consecutive deposition of interacting polymers on a sacrificial template

particle which can be removed at the end of the process [47].
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231 Layer-by-Layer (LbL) Using Polyelectrolytes

A wide variety of LbL capsules can be found in literature [48,49], however the vast majority
of LbL capsules has been prepared using polyelectrolytes. The procedure, schematized in Figure 2.3,
involves alternating deposition of positively and negatively charged polyelectrolytes onto the
template, where the driving force for the assembly is the electrostatic interaction. After deposition,
polymers can be cross-linked and, finally, hollow capsules are obtained by selective etching of the

inorganic template [50].
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Figure 2.3. - Formation of polyelectrolyte based layer-by-layer nanocapsule as schematized by Yoon et al. [50]. Reprinted
with permission from [50]. Copyright 2010 Royal Society of Chemistry.

A wide range of materials, both synthetic and bio-based, are suitable candidates to form the
shell, and the range of particle sizes spans from the nanometer to several micrometers, mostly
depending on the size of the template. The main challenges concerning the preparation of nano-sized
LbL capsules are related to aggregation phenomena. However, this size range cannot be neglected
since is particularly important for in vivo applications. On the other hand, micro-sized capsules are
very attractive objects because of the simplicity of their characterization and imaging, facile
prevention of aggregation and superior loading capacity [51]. The surface of the capsules has been

frequently modified in order to tailor the capsules properties to the final application requirements,
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such as improved colloidal stability, enhanced confinement of the encapsulated core substances or

incorporation in the polymer shell of active materials for imaging and sensing [52].

Tao et al. [53] published in 2004 an early example of a LbL capsule system containing an azo
dye in the shell. Negatively charged Congo red (CR), bearing two negative charges and a
chromophore moiety, was deposited on a melamine-formaldehyde sacrificial template alternated
with positively charged polyelectrolyte. The presence of CR in the capsules shell imprinted brand
new properties to the polymer capsules. In particular, the permeability of the shells could be
remotely controlled irradiating the capsules with visible light. A similar example of photo-responsive
LbL capsules, based on azobenzene moieties, was proposed by Bédard et al. [54]. In this case, the
LbL procedure involved alternate absorption of sodium salt of azobenzene, poly(vinylsulfonate) and
poly(allyamine hydrochloride) layers. The permeability changes were caused by the trans—cis photo-
isomerization of azobenzene. Experimental results showed that exposure of microcapsules to light
led to significant shrinking, increased roughness and enhanced permeability of the capsule shell.
Moreover, the authors reported the successful encapsulation of a fluorescent probe macromolecule

and its release upon light irradiation.

In 2014, Yi and Sukhorukov [55] reported on LbL UV-responsive microcapsules made of
alternating  layers of negatively charged poly[l-[4-(3-carboxy-4-hydroxyphenylazo)
benzenesulfonamido]-1,2-ethanediyl sodium salt (PAZO) and poly(diallyldimethyl ammonium
chloride (PDADMAC). In this case, the photo-responsive behavior was attributed to the presence of
PAZO segments, that upon UV-light irradiation rearrange forming ] aggregates. The schematic
illustration of PDADMAC/PAZO microcapsule disruption is reported in Figure 2.4. Extensively
investigated in the literature [56], ] aggregates are small aggregates, constituted by three or four
monomeric units having the same orientation and created via strong non-covalent aromatic-aromatic
interaction. These formations are not flexible enough to retain the spherical structure of the shell, so

that the capsule gradually breaks, swelling and leaking the core material, until final disruption.
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Figure 2.4.- Schematic illustration of(PDADMAC/PAZO) microcapsule disruption induced by UV irradiation [55]: (a)
LbL assembly of the polyelectrolytes on the capsule shell surface; (b) formation of | aggregates under UV irradiation; (c,d)
extended aggregates act as stress raisers, triggering capsule breakage. Reprinted with permission from [55]. Copyright 2014

Royal Society of Chemistry.

Release experiments were performed on the capsules loaded with a model core substance,
bovine serum albumin (BSA). The results showed how the capsules disruption process could be
modulated to control the release of the encapsulated BSA by adjusting the UV intensity and
microcapsule architecture. However, it was noticed that BSA molecules were able to leak through
the porous multilayer shell even without the support of UV-light. To overcome this problem, the
same authors developed a very interesting multifunctional capsule system in which UV response was
time-dependent and involved both encapsulation and release processes [57]. This approach was
specifically designed to promote the confinement of low molecular weight water-soluble substances
that usually are very prone to leak from the capsule due to its intrinsic porosity. Instead of increasing
the density of the multilayer to obtain a decrease of permeability, Yi and Sukhorukov proposed a
chemical sealing of diazoresin (DAR)-containing microcapsules. In both Nafion/DAR and DAR
single component [58] microcapsules, irradiation with UV light at 380 nm led to photolysis of the

interacting ion pairs, causing the decomposition of the diazonium group, and the formation of a
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sulfonate covalent bond, as shown in Figure 2.5. The photo-induced conversion from ionic to
covalent chemical bonds via DAR photolysis offers an externally controlled method to seal the
multilayer capsules and guarantee minimal diffusion of the encapsulated molecules. Interestingly,
UV-sealed capsules showed a more efficient preservation of Rhodamine B, over storage time, than

their un-irradiated counterparts.

Figure 2.5 - Photolysis-induced small molecule encapsulation in: (a) Nafion/DAR; and (b) DAR single component
multilayer capsules as depicted in [57]. Reprinted with permission from [57]. Copyright 2013 American Chemical
Society.

The great advantage of this method is that more interesting low molecular weight substances
could be encapsulated in the DAR capsules without changing environmental conditions, such as
ionic charge [59] or pH [60]. Moreover, the UV-induced rapid capsule sealing would be
extraordinarily useful in terms of catching and analyzing small molecules in a biological

environment.

2.3.2. Layer-by-Layer (LbL) Using Host-Guest Systems

For a long time, the only driving force of the LbL technique has been the electrostatic
interaction between polyelectrolyte pairs, therefore the limited amount of oppositely charged and

water soluble polymers available for the process constituted the main drawback of this technique. A
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possible alternative to electrostatic-driven LbL structures are supramolecular assemblies, a set of
molecules held together by non-covalent bonds. These structures can be formed by just two
molecules (e.g., DNA double helix) or, more often, by a great amount of molecules able to form
complex structures such as spheres, rods or sheets (e.g., micelles, liposomes and biological
membranes). In the domains of supramolecular chemistry, the development of host—guest systems,
in which a host molecule can recognize and bind a certain guest molecule, was considered as an

important contribution.

A host-guest system refers to a chemical system that is made up of two or more molecular
subunits self-assembled together to form a supramolecular complex. Normally, the formation of a
host-guest system involves more than one type of noncovalent interaction, for example, hydrophobic
association, hydrogen bonding, electrostatic interactions, metal coordination, van der Waals forces,
and n-mn stacking interactions [61]. In this frame, Xiao et al. [62] successfully obtained photo
switchable microcapsules based on host-guest interaction, using a host layer containing a-
cyclodextrin (a-CD) and a guest layer based on azobenzene (Azo) assembled on sacrificial CaCO3
particles via LbL deposition. a-CD-rhodamine B (a-CD-RhB), used as a model drug, was loaded on
Azo layers by host—guest interaction. Interestingly, under UV irradiation (A = 365 nm) a modification
of the host guest interaction occurred, mainly due to Azo isomerization, leading to the disruption of
the capsules shell and the release of the encapsulated drug. The capsules structure and the release
mechanism are depicted in Figure 2.6. The release of the modified a-CD was successfully monitored
through spectrofluorometric analysis thanks to the modification of the model drug with the
fluorescent rhodamine B. The experiment showed how the drug release from the sample irradiated

with UV light was dramatically faster compared to the un-irradiated sample.
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Figure 2.6. - Capsules structure and release mechanism of a-CD/Azo LbL microcapsules as depicted by Xiao
et al. [62]. Reprinted with permission from [62]. Copyright 2011 American Chemical Society.

A further implementation of the supramolecular LbL approach was provided by Lin et al. [63].
The LbL assembly was driven by two different host-guest interactions, one between adamantine
(AD) and B-cyclodextrin (B-CD) and one between azobenzene (Azo) and -CD. The versatility of
B-CD allows it to accept both AD or Azo as a guest molecule into the inner hydrophobic chamber
[64,65]. In particular, the trans-Azo isomer is suitable for entering the inner chamber of -CD while
the cis-Azo isomer shows no supramolecular interaction because of steric hindrance. As a result, UV
photo-irradiation could cause the dissociation of B-CD/Azo complex. The microcapsules designed
by Lin et al. are able to controllably switch between the “on™ and “off” state. As shown in Figure 2.7,
the stable host-guest interaction between B-CD and AD maintains the structural integrity of the
shell, while the reversible UV-sensitive interactions between Azo and B-CD could form a dense
membrane to confine the drug. Under UV light irradiation (A = 365 nm) the photo-switching of Azo
from trans to cis implies a weakening of the Azo/B-CD interactions and a decrease in the density of

the layers, and the consequent diffusive release of the encapsulated molecule. Release experiments
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of the encapsulated fluorescent PEG5000-FITC probe drug confirmed the reversible switching

between “on” and “off” state as a proof of concept of the “release-cease-recommence” mechanism.
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Figure 2.7 - On/off photo-responsive switch in the LbL microcapsules designed by Lin et al. [63]. Reprinted with
permission from [63]. Copyright 2014 Royal Society of Chemistry.

2.3.3. Other Templating Methods

It is worth mentioning another example of LbL capsules based on photo-responsive moieties
different from azobenzene. Achilleos et al. [66] engineered LbL nanocapsules based on
photosensitive spiropyrans (SPs) moieties. Upon UV irradiation, non-polar SPs isomerize to
merocyanines (MCs); the process is reversible, since under visible-light irradiation MC regenerates
the SP form [67]. The supramolecular design of these capsules was based on the intrinsic feature of

MCs to aggregate into either H- or J-type stack-like arrangements through noncovalent n-n

interactions.

In the class of templating methods, LbL is by far the most technologically advanced. However,
other methods for the formation of hollow capsules based on a sacrificial particle as template can be

found in literature. For example host-guest interactions between cyclodextrin-appended polymers
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(host) and complementary ferrocene or azobenzene carriers (guest) was employed by Wajs et al. to
obtain stimuli-responsive nanocapsules using sacrificial golden colloidal templates [68]. Liet al. [69]
introduced a facile method to fabricate photo-responsive capsules, using a ortho-nitrobenzyl
derivative as cross-linking agent for polyethyleneimine (PEI) and CaCO3 templating particles. The
release of the encapsulated model cargo under UV light irradiation occurs because of the photo-

cleavable nature of the cross-linking points [70,71], leading to capsules dissociation.

For biomedical applications that involve laser-nanoparticle interaction, the light needs to
guarantee both minimum absorption by cells/tissue and maximum absorption by nanoparticles. The
ideal light source is the so-called biologically “friendly” wavelength window [72]—the near-infrared
(NIR) part of the spectrum. Light-responsive capsules have the potential for in vivo drug delivery
because NIR light is much less harmful and has a much deeper penetration depth in tissues compared
with UV or visible light. However, photo-responsive polymer moieties that typically constitute the
polymeric capsules shell are inert to IR light, so functionalization of the capsules shell with noble
metal nanoparticles becomes necessary [73]. These particles are able to efficiently absorb laser energy
and convert it into heat, which locally and transiently dissipates to a polyelectrolyte network. For
example, Skirtach et al. proposed polyelectrolyte-multilayer microcapsules carrying silver
nanoparticles embedded in their shell. It was possible to remotely activate the capsule, injected in

living cells, by irradiation with near-IR light [74,75].

Similarly, Angelatos et al. [76] reported the preparation of NIR-responsive capsules prepared
via LbL-assembly of polyelectrolytes using melamine formaldehyde particles as sacrificial templates.
Exploiting the pH-dependence of the shell permeability, modified dextran was succesfully loaded
into preformed capsules. Subsequently, infiltration of light-absorbing gold nanoparticles into the
capsule shell was performed to render the capsules optically addressable. A schematization of the

process is reported in Figure 2.8.
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Figure 2.8 - Schematic illustration of the various colloidal systems investigated by Angelatos et al. [76]. Reprinted with
permission from [76]. Copyright 2005 American Chemical Society.

The authors demonstrated that is possible to tune the release of the encapsulated material
irradiating the capsule with a short-pulse (10 ns) NIR laser light (A = 1064 nm). Moreover, the
polyelectrolyte shell was coated with a lipid bilayer, increasing capsules bio-recognition capabilities
[77].Such capsules are likely to have potential as delivery vehicles for drug administration,
microreactor applications, and even cell manipulation. Ambrosone et al. [78] reported an interesting
application of NIR-responsive LbL capsules for advanced in vivo delivery of an intracellular
modulator of Wnt/f-catenin signaling pathway. The relevance of this work lays in the importance

of controlling cell function and reprogramming cell fate upon external triggering.

2.4. Self-Assembly Methods

The spontaneous formation of non-covalent association of organic molecules in solution is
commonly called self-assembly. Scientists are very intrigued by this phenomenon, mainly because of
the intrinsic compelling nature of self-ordered structures, but also because these structures naturally
occur in living organisms [79]. The formation of hollow carriers is often enabled by the use of
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amphiphilic molecules, characterized by both hydrophilic and hydrophobic parts. In the following
section, different preparation methods of self-assembled micro- and nanocapsules, based on

amphiphilic block copolymers and low molecular weight amphiphiles are reported.

24.1 Block Copolymers Self-Assembly

The formation of micelles from self-assembly of block copolymers in a selective solvent has
been known since 1970s [80]. Recently, self-assembled polymer capsules have been used to
encapsulate drugs and other active agents as well as enzymes and non-biologic catalysts, serving as
nanoreactors [81]. Different approaches have been developed to obtain targeted drug delivery via
tuning the amphiphilicity of the block copolymers. In particular, Blasco et al. [82] reported a new
family of photo-responsive self-assembly formulations based on a series of amphiphilic linear-
dendritic block copolymers (LDBCs) containing photochromic azobenzene units and hydrocarbon
chains randomly connected to the periphery of the dendron. One of the main drawbacks of this
technique is the use of organic solvents and complicated preparation procedures of the block
copolymer units. The same authors proposed a simpler synthetic approach compared to the former
design, based on an azobenzene-containing miktoarm polymer that formed stable vesicles, able to

load and release both hydrophobic and hydrophilic cargo molecules upon UV irradiation [83].

To overcome the problems related to the use of organic solvents, efforts have been done in the
development of block copolymer assemblies based on electrostatic interactions [84,85]. Water is a
suitable solvent for this novel class of polymeric assemblies, since they are formed by double-
hydrophilic block copolymers, containing ionic and nonionic water-soluble segments (block
ionomers). A new frontier in ionomer self-assembly was reported by Wang et al. [86]. They
introduced stimuli-responsive moieties onto surfactant molecules, so that surfactant aggregates can

be tuned toward controllable disassembly. The UV-induced variation of the critical micellar
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concentration (CMC) of the trans and cis forms of azobenzene-bearing surfactants is a well-known
process, that can be used to induce the destruction/formation of micellar structures. The strategy
employed to prepare vesicles based on block ionomer complex is reported in Figure 2.9. UV-vis
spectrophotometry tests demonstrated that the molecules of azobenzene-containing surfactant
included in the block ionomer complex were able to undergo trans-to-cis isomerization if irradiated
with UV light at 365 nm, and reversibly switch back from cis to trans form if irradiated with visible

light at 450 nm.

Figure 2.9 - Schematic illustration of the self-assembly of block ionomer complex vesicles as depicted by Wang et al. [86].
Reprinted with permission from [86]. Copyright 2009 American Chemical Society.

2.4.2. Liposomes

Liposomes consist of concentric bilayers of phospholipids and/or other amphiphilic
molecules encapsulating an aqueous compartment, resulting in nanosized vesicles. Intensive studies
have been carried out on the encapsulation of drugs in liposomes, as they are promising carriers in
aqueous fluids [87,88]. Among other drug carriers for cancer treatment, liposomes are the longest-
studied nanoparticles and are hence associated with a number of historic milestones [89] Despite
improvements in the therapeutic efficacy versus side effects obtained in the dosage of few relevant
drugs (e.g., amphotericin B and doxorubicin), the desired drug release from liposomes is still a

challenge [90]. One of the main drawbacks of liposome carriers is the passive release by diffusion of
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the encapsulated drug. In most cases, diffusion occurs too slowly and the local drug concentrations
required for the optimum therapeutic effect are not reached [91]. Rapid and targeted drug delivery
can be achieved triggering chemical and physical changes in liposome shell using external light

irradiation [92], as illustrated in Figure 2.10.

The mechanism depicted in Figure 2.10A is based on photo-polymerization of membrane
lipids. The application of a proper light source induces photo-polymerization of reactive molecules
(bearing dienoyl, sorbyl or styryl groups) introduced into the liposome membrane. This leads to the
formation of condensed domains in the bilayer; at the same time pores are temporarily formed around
the clusters until the surrounding free mobile lipids rearrange to reconstitute the bilayer. Such pores
allow drug molecules to diffuse out of the liposome. For example, Bondurant et al. [93] showed that
the inclusion of a photo-reactive lipid component in PEG-liposomes membrane did not alter the
permeability of liposomes prior to irradiation, while exposure to UV light (A = 254 nm) for 2 min led

to an increased liposome permeability.
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Figure 2.10- Schematization of light-triggered release mechanisms in liposomes by inclusion of: (A) photo-polymerizable
components; (B) photodegradable components; or (C) photo-isomerizable azobenzene moieties. Reprinted with permission from
[92]. Copyright 2012 Ivyspring International Publisher.

Light-responsiveness of liposomes can also be photo-chemically triggered applying various
chemical stimuli responsible for the destabilization or disruption of specific components of the
liposome membrane (Figure 2.10B). One of the earliest examples was provided by Thompson et al.
[94]. Their approach was based on the photo-cleavage of plasmenylcholine to single chain
surfactants via sensitized photooxidation of the plasmalogen vinyl ether linkage (Figure 2.11). The
authors presented the photo-triggered behavior of plasmenyicholine liposomes containing three

different sensitizers absorbing between 630 and 820 nm.
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Figure 2.11- Singlet oxygen-mediated photo-oxidation of plasmalogen vinyl ether linkage.

In this frame, Luo et al. [95] demonstrated that the introduction of a small amount of an
unsaturated phospholipid accelerates NIR light-triggered doxorubicin release in porphyrin—
phospholipid (PoP) liposomes. The mechanism of the enhanced release rate was related to the
oxidation of unsaturated phospholipids by singlet oxygen. In vivo studies demonstrated the
efficiency of these systems in chemo-photo-therapy. Sine et al. [96] reported in vivo release studies
of a novel photo-cleavable liposome system with projected applications for cancer treatment. In this
case, the inclusion of a red absorbing photosensitizing agent in the liposome membrane was able to
induce destabilization of “pockets” structures, resulting in defects in the liposome bilayer and

causing the release of encapsulated drug.

One of the most common approaches for the formation of light-responsive carriers is the
introduction of photo-isomerizable lipids in the liposome membrane, as schematized in Figure 2.10C.
Azobenzene-modified lipids (Bis-Azo PC) can undergo photo-isomerization, leading to photo-
induced conformational changes in the liposomes. The trans to cis isomerization of the azobenzene
groups alters the polarity and conformation of the lipids in a rapid and reversible process, as reported
in Figure 2.12. This approach can guarantee one of the finest control of drug release by simply
adjusting the liposome composition. For example, Bisby et al. [97] reported that an increase in
cholesterol content enables to lower the photo-isomerization extent necessary to trigger the release,

increasing the light sensitivity of azobenzene-containing liposomes.

More recently, Cui et al. [98] demonstrated the feasibility of fluid-phase photo-sensitive

liposomes not based on phospholipids that combine very low passive permeability and good photo-
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control of the entrapped payload. The presence of the azobenzene derivative makes these liposomes
sensitive to light and allows high-precision control on the release of the encapsulated material. The
authors pointed out that the trans form of the azobenzene was compatible with the molecular
packing of the bilayer, giving impermeable membranes. On the other hand, the cis form introduced
defects in the tightly packed alkyl chains of the bilayer, allowing the photo-induced leakage of the

encapsulated material.
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Figure 2.12 - Mechanism of trans—cis isomerization under UV light irradiation of the photochromic lipid, Bis-Azo PC.

Interesting advances in NIR-responsive liposomes consist in a new family of water-in-oil-in-
wall (W/O/W) core-shell nanocapsules made from the self-assembly of proteins in a liposome-like
double layer intercalated with reduced graphene oxide (rGO) nanosheets [99]. The rGO nanosheets
are introduced to minimize unintended drug leakage, but it also serves as the NIR sensor/actuator

that triggers drug release.

In a frontier application, multilayer capsule solely based on graphene oxide were tested as
controlled drug delivery carriers [100], opening a novel way for NIR-light triggered release in a simple

way without addition of nanoparticles or dyes.
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2.5. Characterization Methods of Photo-Responsive Capsules

It is worth providing a short outlook on the most used [101-103] methods for collecting
valuable data to characterize photo-responsive polymers. In Table 1 the classification of
characterization techniques is based on different key capsules properties, namely: shape, size
distribution, cross section and surface morphology, surface chemical analysis, thermodynamic

properties of shell and encapsulated material, and release and stability of encapsulated material.

Table 2.1. - Characterization techniques of photo-responsive capsules.

Capsules properties Method

Capsule shape and size Optical microscopy
Dynamic Light Scattering (DLS)

Particle size analyzer

Capsule shape, size and Environmental/Scanning Electron Microscopy (ESEM/SEM)

surface/cross-section morpholo
TPROO8Y Transmission Electron Microscopy (TEM)

Capsule surface physical Atomic force microscopy (AFM)
properties
Contact angle measurement (CA)
Nanoindentation
Capsule surface chemical SEM + X-Ray microanalysis (EDS)
properties
X-Ray photoelectron spectroscopy (XPS)
Nuclear magnetic resonance spectroscopy (NMR)
Attenuated total reflectance infrared spectroscopy (ATR-IR)
Thermodynamic properties of Differential scanning calorimetry (DSC)
shell and/or encapsulated ,
materials Thermogravimetry (TG)
Active material stability and Ultraviolet-visible spectrophotometry (UV-Vis)
release

Gas chromatography-mass spectrometry (GC-MS)
High-performance liquid chromatography (HPLC)
Spectrofluorimetry

Olfactive Evaluation
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2.6. Conclusions

Significant progress in the design and the synthesis of light-responsive polymer micro- and
nanocapsules has been made in recent years. Diversification of capsule preparation techniques and
fine-tuning of materials chemical design provide an almost infinite number of strategies to obtain a
customer-tailored application. However, many challenges need to be addressed, concerning both
academic research and industrial application. Understanding the principles of the mechanisms at
the basis of these stimuli-responsive materials is essential for developing novel encapsulation,

release, and targeting methods.

The ultimate challenge for light-triggered delivery of drugs or other active agents in biological
environments is to grant the use of biocompatible materials and un-harmful release process in use.
Among the wide variety of photosensitive capsules available, a sensitive factor is the choice of an
appropriate size range of delivery systems. Microcapsules, for example, have been widely studied
and exploited in commercial applications for their facile preparation and characterization. On the
other hand, biological application, such as circulation or cellular uptake experiments, have desperate

need of nanocapsules.

Research and development in nano-sized range is currently experiencing a burst development
and is in constant need for new carriers to further impact theranostics, nanomedicine and drug

delivery.
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Abstract

This work reports on the preparation of UV-light responsive nanocapsules based on cross-
linked polyamide shell by miniemulsion polymerization. The photo-triggered E-Z transition of
azobenzene moieties of the polymer backbone enabled controlled release of encapsulated molecules.
Appropriate selection of emulsion conditions allowed tailoring size distribution of the resulting
nanocapsules. The light responsiveness of the nanocapsules systems has been evaluated by monitoring
size change and release of a fluorescent probe upon UV irradiation, and an unambiguous relationship
between capsule size and release kinetics has been highlighted. In particular, the smaller the capsule
size, the faster the achieved release. Therefore, the photo-responsiveness of the nanosized capsule
systems can be modulated by a proper selection of emulsion and processing parameters. These results
are of paramount importance, as the size control of the encapsulating particles enables to tailor their

swelling kinetics, and precisely design light-controlled release systems.
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3.1. Introduction

Polymeric capsules are vesicular structures [1] of varying size characterized by a polymeric
solid shell surrounding a core in which an active substance in liquid, gaseous or solid form is
entrapped [2,3]. The main purpose of capsules is to serve as a reservoir for the encapsulated substance
and to release it under particular conditions. The concept of sub-millimeter capsule first emerged in
1950s [4]. Since then microencapsulation techniques have been well-established and a wide selection
of materials has been encapsulated, among which pharmaceuticals [5], dyes [6], fragrances and

flavours [7].

Nanoencapsulation is a more recent approach, which enables producing particles with size
ranging from around 5-10 nm up to about 1000 nm, with prevailing dimensions between 100 and 500
nm [8,9,10]. Capsules nanosizing implies a growth in specific area of the single object, resulting in a
dramatically increased interfacial area with the surrounding environment, which offers significant
advantages in applications where control of release kinetics is needed, such as pharmaceutics and

material science.

In pharmaceutical applications, major benefits of nanosizing can be spotted, as reported in
literature. Morey et al [11] have found that the increase in the contact area between drug and
scavenging nanoparticles led to a more efficient drug detoxification than their micro counterparts.
McClean et al [12] have reported on nanoparticles higher intracellular uptake due to their sub-cellular
dimensions. Nanoparticle ability in improving stability of encapsulated active molecules was
highlighted by Ourique et al [13]. Moreover, nanoparticles can be biocompatible with tissue and cells
when synthesized from materials that are either biocompatible or biodegradable [14]. In materials
science, the advantage of high contact surface between capsule and surrounding environment
becomes even more significant since nanocapsules can be dispersed in a polymeric matrix, and under

certain conditions they can release the encapsulated healing agent [15,16].
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One of the challenging aspects of nanocapsules engineering is the achievement of controlled
release under particular conditions or stimuli. That is, the polymeric shell, either preformed or
synthesized in situ [17,18], is able to “respond” to external forces, such as temperature [19], enzymes
[20], pH [21], ionic strength [22], magnetic field [23] or light at different wavelengths, e.g. visible
[24,25], near IR [26] or UV [27]. Light induced activation offers an outstanding advantage, since it
can be applied externally with high precision and enables the solid-state release even in absence of

solvent [28].

Among light-triggered systems, in this work we focused on UV-light responsive polymeric
capsules, characterized by the presence of azobenzene moieties as building blocks of a lightly cross-
linked polyamide shell. The ability of azo-compounds to undergo reversible E-Z isomerization is
widely known [29], and they have been used in a various range of applications [30,31]. Azobenzene E-
Z isomerization is achieved under stationary state UV irradiation at 360 nm. Backwards transition to
the more stable E form occurs either thermally or under visible light irradiation at 600 nm. This photo-
isomerization ability makes azobenzene a suitable element for the synthesis of novel photo-triggered

polymers [32,33].

To date, several methods of preparation of azobenzene-based capsules have been reported. In
situ polymerization of azobenzene monomers has been exploited to form microcapsules shell [34].
Moreover, layer-by-layer assembly using polyanions such as DNA strands [35] as well as oppositely

charged polymers bearing azo-chromophores in the side chains have also been realized [36].

Disclosed herein for the first time is the preparation of UV-responsive nano-sized capsules,
based on a lightly cross-linked polyamide containing azobenzene moieties in the main chain.
Nanocapsules were synthesized by oil-in-water (o/w) miniemulsion interfacial polycondensation

[35,37].
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Miniemulsions can be obtained through the application of intense shear forces that leads to
fairly stable suspensions of sharply distributed nanosized droplets. Surfactant and co-surfactant type
and concentration, along with the processing conditions, i.e. duration and intensity of ultrasonication,
are the key parameters in determining capsule size distribution, thus preventing coalescence and
Ostwald ripening [38,39]. Nanocapsules size is predicted to be equal to the droplets diameter of the

miniemulsion they are generated from [40].

In this work, lightly crosslinked polyamide nanocapsules were prepared by polycondensation
reaction that took place at the interface between the aqueous phase containing a diamine and the
organic phase in which an azobenzene acyl chloride (acting also as co-surfactant) and a crosslinking
agent were dissolved. The reaction rapidly produced a polyamide membrane around the oil droplets.
Then, on selected nanocapsule systems, we evaluated the UV light controlled release of a fluorescent
probe, paying a particular attention to the relation between capsule size and release kinetics with a
view of tailoring the photoresponsiveness of nanosized capsule systems depending on specific

timescale requirements.

3.2. Experimental
3.2.1. Materials

1,8-diaminoctane (DAO), 4-nitrobenzoic acid (NBA), D-(+)-glucose, phosphorus
pentachloride (PCI5), 1,3,5-benzenetricarbonyl trichloride (BTC), sodium hydrogenocarbonate,
toluene, Mowiolll 18-88 (M18-88, Mw = 130000 Da), Tritonll X-100 (TX100, Mn = 625 Da), the
fluorescent dye coumarin 6 (C6), were purchased from Sigma-Aldrich and used without any further
purification. 4,4’-bis(chlorocarbonyl)azobenzene (CAB) was synthesized according to the procedure

reported in literature [41].
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3.2.2. Preparation of o/w miniemulsions

Prior to nanocapsule preparation, a systematic study concerning oil-in-water emulsions was
carried out to evaluate the effect of emulsion parameters, such as surfactant type and concentration
in water solution on droplet size distribution and stability over time. Five formulations containing
two different surfactants, M18-88 and TX100, were then chosen as templating systems for the

preparation of nanocapsules according to the following general procedure.

100 mL of milliQ water was mixed under magnetic stirring with M18-88 (1.0 or 5.0 g, equivalent to
7.7*10-2 or 3.8*10-1 mM), or TX100 (0.1, 0.5, or 1.0 grams, equivalent to 1.6, 8.0,16.0 mM), until a clear
solution was obtained. Then 2 mL of toluene (corresponding to a 1:50 o/w volume ratio) containing
0.05 g of CAB as co-monomer and co-stabilizer were added dropwise under magnetic stirring at 400
rpm. The obtained dispersion of toluene drops in the aqueous solution was sonicated at 0 °C with a
Sonics Vibracell VC505 ultrasonicator, using the following conditions: 3 cycles with 15 s pulse ON,
59s pulse OFF and 65% amplitude. Depending on the type and amount of surfactant, the resulting

emulsions were labeled as EM1, EM5, ETO1, ETO5, ETI.

3.2.3. Synthesis of polyamide nanosized capsules.

Nanocapsules were synthesized by interfacial polymerization in an o/w miniemulsion by the

following procedure. Two solutions were prepared separately:

A mother aqueous solution was prepared dissolving varying amounts (0.1, 0.5, 1.0, 5.0 grams)
of surfactant (M18-88 or TX-100) in 100 mL of milliQ water. To 2.5 mL of this solution 2.58*10-2 g of
DAO (1.79*10-4 mol) and 3.01*10-2 g of acid quencher NaHCO3 (3.58*10-4 mol) were added (Solution

1). The remaining part was labeled as Solution 2.

An organic solution (Solution 3) was obtained by dissolving 0.05 g of CAB (1.63*10-4 mol),

2.87*10-3 g of BTC (1.08*10-5 mol) in 2 mL of toluene (1:50 o/w volume ratio). For the evaluation of
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the release kinetics, some selected samples were prepared adding to the organic phase 10 mg of

fluorescent probe C6.

Solution 3 was added dropwise to Solution 2 under magnetic stirring (800 rpm). The resulting
suspension was sonicated at 0 °C, giving rise to a lightly tinted pink miniemulsion. Solution 1 was
added dropwise at 0 °C to the obtained suspension under stirring at 400 rpm to initiate
polymerization. After 1 h the temperature was raised to ambient, and the mixture was then kept
reacting overnight. In Figure 3.1. the polycondensation reaction leading to the formation of capsule

shell along with the structure of the obtained nanocapsules is reported.

Probe molecule
Coumarin-6
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Figure 3.1.- Polycondensation reaction leading to the formation of capsule shell, and structure of the obtained
nanocapsules.

The nanocapsules were finally washed using a Vivacell 250 ultrafiltration cell (Sartorius
Stedim Biotech). About 4 mL of nanocapsule suspension were dispersed into 200 mL of milliQ water,
and the ultrafiltration cell was connected with a flux of air at 2 bar. The cell was then placed on a GFL
3005 orbital shaker and gently stirred at 200-300 rpm. The purification procedure was repeated twice,

then the capsules were stored in the aqueous suspension in darkness.
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3.2.4. Methods of characterization.

The average size of emulsion droplets and nanocapsules was determined through Dynamic
Light Scattering (DLS) analysis using a Zetasizer Nano ZS (Malvern Instruments). The analysis was
performed at 25 °C at a scattering angle of 173°. The stability of the emulsions over time was followed

by collecting DLS scans every 10 minutes starting from the miniemulsion formation.

Size and morphology of polyamide nanocapsules where characterized by means of electron
microscopy. Bright field Transmission Electron Microscopy (TEM) analysis was performed using a
TECNAI G12 Spirit-Twin (LaB6 source) microscope equipped with a FEI Eagle 4k CCD camera,
operating with an acceleration voltage of 120 kV. Prior to analysis, a drop of the solution containing
the nanocapsules was deposited on a 300-mesh copper/carbon grid, and dried overnight at room
temperature. Scanning Electron Microscopy (SEM) was carried out using a FEI Quanta 200 FEG
instrument in high vacuum mode, equipped with a Large Field Detector (LFD) operating with
acceleration voltage ranging between 15 and 20 kV. For SEM analysis, the same grid used for TEM
analysis was mounted on an aluminum stub. Prior to observation samples were metallized with an
Au-Pd coating. Shell thickness of nanocapsules was determined using Image-Pro Plus Software on

TEM images [42].

The kinetics of nanocapsules size change and C6 release was evaluated on nanocapsules
dispersed in an aqueous solution containing 20vol % ethanol, in order improve C6 solubility. A quartz
cuvette containing the nanocapsules suspension was irradiated by UV light (Amax = 360 nm, intensity

5.5 W m-2), from a distance of about 10 mm.

DLS and fluorescence data were collected at different irradiation times, and compared with
those of an unirradiated sample kept in darkness. In particular, nanocapsules dispersions were
constantly irradiated and both DLS and fluorescence data were collected every 12 min up to 72 min.

The fluorescence measurements were carried out using a Perkin Elmer LS-55 Fluorescence
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Spectrometer, exciting at 400 nm and monitoring the emission at 500 nm. A C6 calibration curve was
prepared diluting a 10 mM stock solution of C6 in a 20 vol % ethanol solution up to concentrations of
5-50 pM. Calibration curves were obtained by fitting the fluorophore concentration curve (uM)

versus the peak fluorescence intensity.

3.3. Results and discussion
3.3.1 Emulsion characterization

As extensively reported in literature [43,38], miniemulsion interfacial polymerization is
sensitive to several parameters, such as processing conditions, disperse phase concentration, type and
amount of surfactant and co-surfactant. In particular, the use of surfactant and osmotic pressure
agent, i.e. co-surfactant prevents coalescence and Ostwald ripening [38,39]. Co-surfactants, typically
dissolved in the organic phase, are molecules with ultra-low solubility in the continuous medium, able
to slow down emulsion aging, the so-called Ostwald ripening effect, over a sufficient time to ensure

droplet nucleation and polymerization.

Recently, we have described an optimized procedure to prepare micro-sized capsules, with
diameters ranging between 30 and 120 pm [34]. In order to downsize these systems to the nanoscale
a screening concerning emulsification conditions, nature and amount of stabilizers was carried out. It
was found that 1:50 v/v oil-to-water ratio was effective in inhibiting droplets coalescence, whereas 3
ultrasonication cycles with 15 s pulse ON, 59 s pulse OFF and 65% amplitude were necessary to get
nanosized droplets. Among different non-ionic surfactants M18-88 and TX100 were selected as more
effective. The co-monomer CAB acted also as a co-stabilizer, improving the stability of the emulsions
over the time required for completion of the interfacial polymerization. In this regard, Figure 3.2.a
illustrates in detail the droplet size variation versus the time as measured by DLS for the selected CAB-

free emulsions containing M18-88 and TX100.
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Figure 3.2. — Change of droplet diameters over time of oil-in-water emulsions of M18-88 and TX100 (a) without and
(b) with CAB as co-surfactant.

For most of the analyzed systems, a decrease of diameter size in time was observed, due to the
migration of toluene out of the droplets and the consequent evaporation from the aqueous continuous
phase [44]. This phenomenon was evidenced by the visible change of emulsion appearance from
opaque “milky” to transparent liquid. According to Tylkowski et al, interfacial polymerization
occurring during microcapsule formation requires up to 90 min to go to completion [34]. Therefore,
an amount of CAB equivalent to that used in nanocapsule synthesis was added to the emulsions, to
evaluate the effect on the stability over time of the toluene droplets. Long-term stability of emulsions
has the potential to enable effective nucleation and growth of polymer shell onto droplet surface,
resulting in monodisperse nanocapsules. Size distributions of the as prepared emulsions with CAB
and their variation with time up to 90 min are reported in Figure 3.2.b. The droplet diameters of the
emulsions containing CAB were comparable to those measured for the emulsions free of co-stabilizer.

However, CAB significantly improved the stability over time of the toluene-in-water emulsions.

For most of the analyzed systems, a decrease of diameter size in time was observed, due to the
migration of toluene out of the droplets and the consequent evaporation from the aqueous continuous
phase [44]. This phenomenon was evidenced by the visible change of emulsion appearance from
opaque “milky” to transparent liquid. According to Tylkowski et al, interfacial polymerization

occurring during microcapsule formation requires up to 90 min to go to completion [34]. Therefore,
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an amount of CAB equivalent to that used in nanocapsules synthesis was added to the emulsions, to
evaluate the effect on the stability over time of the toluene droplets. Long-term stability of emulsions
has the potential to enable effective nucleation and growth of polymer shell onto droplet surface,
resulting in monodisperse nanocapsules. Size distributions of the as prepared emulsions with CAB
and their variation with time up to 90 min are reported in Figure 3.2.b. The droplet diameters of the
emulsions containing CAB were comparable to those measured for the emulsions free of co-stabilizer.

However, CAB significantly improved the stability over time of the toluene-in-water emulsions.

Table3.1. — Droplet diameter and specific surface area per surfactant molecule of oil-in-water emulsions containing
CARB, freshly prepared and after 40 minutes. The diameters of the correspondingly obtained nanocapsules are also
reported. The reported size values were obtained through DLS measurements.

O/W Emulsions Nanocapsules
Acronym Surfactant Size (nm) A Size (nm) Aguf Acronym  Size (nm)
amount t=Omin (nm?) t=40min  (nm?)
(Wt.%)
EM5 5.0 782190 0.67+0.16 820190 0.64+0.15 | NM5 977+268
EM1 1.0 31190 8.33+2.43 456+210 5.67+2.61 | NM1 5904223
ET1 1.0 22+4 0.57£0.10  55+11 0.23+0.04 | NT1 4+]2
ETO5 0.5 24+10 1.03+0.44  72+46 0.35#0.11 | NTO5 7628
ETO1 0.1 62+8 2.00+0.25 305428 0.38+0.03 | NTO1 261+30

Table 3.1. lists the droplet mean diameter values of oil-in-water emulsions containing CAB at
t = 0 and after 40 min, along with the respective surface areas per surfactant molecule (Asurf)

calculated according to Eq 1 [45].
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Where Vi is the total volume of organic phase, r is the average radius of nanocapsules
measured by DLS, and Niurfis the total number of surfactant molecules dispersed in the aqueous phase.
The use of 1.0 and 5.0 wt % of M18-88 led to the formation of submicron sized droplets. Contrary to
expectations, the droplet size of the 5.0 wt % emulsion was larger than that of the emulsion with 1.0
wt % MI8-88. Moreover, while EMI displayed Asuf values in line with data reported for polymer
surfactants in miniemulsion, an unexpectedly low covered surface area value (0.67 nm2) was
measured for EM5. As an example, Landfester et al. using an oligomeric surfactant in similar
experimental conditions found Agsut values > 2.5 nm2 [38,45]. These findings suggested that a
significant amount of M18-88 was simply dissolved in the aqueous phase and the high viscosity of the
solution containing 5 wt % of M18-88 hindered diffusion and adsorption of the emulsifier onto the

droplet surface [46,47].

On the other hand, the use of TXIO00, characterized by a low molecular weight, allowed
keeping the solution viscosity low, and facilitated purification and analysis. Depending on the amount
of TXI100, droplet diameter mean values were in a 10-60 nm range, corresponding to At values

ranging between 0.57 and 2.00 nm?2; a quasi-micellar dispersion was obtained for 1.0 wt % [48].

As for the time stability, it was found that in the early 40 min (see Table 3.1. and Figure 3.2.b),
all the emulsions showed an increase of droplet size, driven by the high tendency to reach a low Asurf
value. In the case of ET01 and ET05, Asurf were in the range between 0.3 and 0.4 nm2, suggesting the
formation of a dense surfactant monolayer, whereas Asurf of ET1 reached values close to 0.2 nm2 [45]
due to the presence of free surfactant micelles. As for EM5, the excess surfactant and the high viscosity
of the continuous phase, favored the stability of the emulsion over time. It is worth noticing that for

all the emulsions the droplet size reached stability after about 40 min. Therefore, this delay time was

62



chosen as starting point to initiate the interfacial polycondensation through the addition of the

diamine-containing solution.
3.3.2. Nanocapsules characterization

Aliphatic-aromatic polyamide nanocapsules containing either toluene or loaded with a
hydrophobic dye solution were obtained via interfacial polymerization in an oil-in-water
miniemulsion system as described in the experimental part. Figure 3.3. displays the nanocapsules size

distributions as measured by DLS. Particle mean diameters are reported in Table 1.
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Figure 3.3. - Size distribution of the nanocapsules as measured by DLS.

It is known that for miniemulsion polymerization techniques the nanocapsules diameter is
expected to be very close to that of the parent emulsion droplets. Usually the growth of minidroplets
is slower than the polymerization time, and a situation very close to a 1:1 copying of the droplets to
particles is obtained, freezing the critically stabilized state, being ET1-NT1 system a noticeable
exception due to the formation of micellar phases, as discussed hereinafter. In all other cases case, the
values of mean diameters were in good agreement with those of the corresponding emulsions,

confirming that the delay time of 40 min is a satisfactory compromise between the rate of emulsion
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aging and that of polymerization reaction. The resulting nanocapsules were characterized with

respect to their size, morphology and release behavior.

Figure 3.4. — SEM micrographs of NTO1 (a), NTO5 (b), NM5 (c) and NM1 (d) capsules, respectively.

Representative SEM micrographs of all prepared capsules are displayed in Figure 3.4. It is
evident that the morphology of the capsules is strongly dependent on the type and concentration of
surfactant used. In particular, the use of TX100 allowed obtaining smaller particles with average
hydrodynamic diameter of about 260 and 80 nm (NTO0l and NTO5 respectively), which showed
pseudo-spherical hollow morphology and solid shell structure, as shown by TEM analysis. The
presence of TXI00 seems to hinder fusion events of adjacent nanodroplets upon polymeric shell
formation. On the other hand, nanocapsules obtained with M18-88 exhibit much larger mean diameter
values (590 and 980 nm for NM1 and NM5, respectively) with a multi-fold morphology resulting from
the collapse of classic hollow structures [49]. These fusion events account for the large size
distribution detected through DLS analysis. TEM micrographs (Figure 3.5.) confirm the different

morphologies obtained for the two systems. Moreover, by analyzing the images, it was possible to
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estimate the mean shell thickness for NTO5 (A) and NM1 (B), which were 4.2+0.3 and 26.3+5.1 nm,

respectively.

Figure 3.5. — TEM images of (a) NT05 and (b) NM1 nanocapsules.

These values are in close agreement with those estimated through a theoretical calculation. In
fact, based on DLS and SEM results, and according to simple geometrical considerations, for a fixed
amount of starting monomers the overall calculated surface area of NTO5 capsules was about 5 times
higher than that of NM1 (provided that the polymerization yield is the same for both systems). If we
assume that NM1 and NTO5 polymer shells are characterized by a density of 1 g cm-3, the theoretical
shell thickness values are actually about 4 and 25 nm for NT05 and NM1, respectively. In particular,
the values obtained for NTO5 are close to those reported in literature for nanocapsules prepared by

emulsion-diffusion method, in which thickness values between 1.5 and 2 nm [14] were calculated.

As previously shown in Table 3.1, considerably smaller diameters for NT1 were measured,
consistently with the features of the parent emulsion ET1. Indeed, TEM image of these system
reported in Figure 3.6. confirms the generation of micellar structures that inhibited the formation of
nanocapsules. Moreover, due to the complete evaporation of toluene, the size of the micellar
structures present in the polymerized emulsions was even smaller than that measured in the parent
emulsion [50]. As a consequence, NT1 were not characterized in their release behavior.
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Figure 3.6. — TEM image of the micellar dispersion obtained after polymerizing the emulsion ETI,
containing 1.0 wt % TX100.

3.3.3. Photo-responsiveness and release kinetics of the nanocapsules

In order to test their response to UV-irradiation, UV-Vis absorption spectra of NM1and NT05
capsules containing only toluene (i.e. with no C6 added) were measured at different irradiation times.
Figure 3.7. displays the absorption peak at 320 nm, which is assigned to the n-n* transition of the

azobenzene electron system of the E form [29].
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Figure 3.7. — UV-Vis absorption spectra of (a) NMI and (b) NTO5 capsules measured
at different times of UV irradiation at 360 nm.

The peak absorbance decreased with increasing irradiation time, indicating the occurrence of
the E to Z isomerization of the azobenzene moiety. In the case of NT05, a 209% decrease of absorbance

occurred in 36 min, while a change of less than 5% was displayed by NMI, indicating a lower
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photosensitivity of NMI capsules. This result is related to the different capsule wall dimension
characterizing the two systems, since, as discussed before, the higher the size of the capsules, the
larger the resulting shell thickness. As a consequence, NM1 capsules are less prone to light induced
isomerization, likely being more physically constrained because of the gradual stacking of
polymerized shell layers. It can be envisaged that the size of the polymeric shell plays also a

predominant role in the release profile, as explained hereinafter.

The photo-responsiveness of the nano-sized capsules was evaluated by monitoring the UV-
triggered release of the encapsulated fluorescent probe C6 in a 20 vol % ethanolic solution as a
continuous phase. NT05 and NMI represented the lowest diameter nanocapsules in each of the two
prepared families (TX-100 or M18-88 based): therefore, they were selected as representative systems
for the release kinetics study. The nanocapsules suspended in the release medium were irradiated
with UV light peaked at 360 nm, and the change in diameter and fluorescence were measured over the
course of irradiation time using DLS and spectrofluorimetry, respectively. Figure 3.8. shows the
concentration of C6 in the release medium as a function of UV exposure for NMI (a) and NTO5 (b),
in comparison with unirradiated samples. The same picture also reports the average diameter of the

two samples versus irradiation time.
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Figure 3.8. — Nanocapsule average diameter changes (empty symbols) and coumarin 6 release kinetics (full symbols)
upon UV exposure for (a) NM1 and (b) NTO5. Values for unirradiated samples are reported as a control. Dashed lines
represent fitting curves dccording to Boltzmann equation.
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It can be noticed that the average diameter of the particles significantly increased on UV
exposure, reaching in both cases a plateau value after 48 minutes of irradiation. In particular, NT05
exhibited a size increase of about 35% with respect to the initial value, whereas the NMI capsules
swelled by about 20%. In addition, in the case of NMI the C6 concentration was significantly larger
compared to NTO5 even prior to irradiation. This result suggests that NM1 had higher encapsulation
efficiency. This was likely due to the ability of TX100 water solutions to dissolve C6, preventing its
encapsulation during the interfacial polymerization reaction. This hypothesis was confirmed by
spectrofluorometric titration of free C6 in the polymerization water solution, after centrifugation of
the suspended nanocapsules. In fact, concentration of C6 was 2.8 and 78.0 pg mL-1 for NM1 and NT05

water solution, corresponding to an encapsulation efficiency of about 97 and 20%, respectively.

As far as the release of C6 is concerned, Figure 3.8. shows that for NTO5 nanocapsules a
constant value of about 5 pg mL-1 was observed in absence of irradiation, attributable to the dye
extracted by the ethanolic medium from the capsule surface. On the other hand, under continuous
UV irradiation the dye concentration curve exhibited a sigmoidal shape, with an induction period of
about 12 min, and a plateau value of about 9 pg mL-1 attained after 60 min. The observed induction
time suggests that a critical swelling threshold for the triggered release is about 10%. As a matter of
fact, Tylkowski et al. observed similar release kinetics of B-carotene from polyamide microsized
capsules as a consequence of photo-isomerization [34]. A different time-dependent release behaviour
was exhibited by NM1 capsules, since 12 min UV-irradiation caused a quick release of about 50% of
the dye. Subsequently, the kinetic curve showed a sigmoidal shape, similarly to that observed for
NTO5, with a plateau value of about 75 pg mL-1 after 60 min of irradiation. It is likely that a significant
amount of dye was entrapped within the capsule wall, and it was released as soon as the polymer shell
underwent rearrangement as a consequence of photo-isomerization. Further irradiation allowed the
diffusion of the dye entrapped in the capsule core, characterized by a sigmoidal release trend. For

irradiation times longer than 72 min, a slight decrease of C6 concentration was observed, suggesting
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the onset of fluorophore photobleaching. In terms of release efficiency, the percentage of UV-triggered
release of C6 was about 87% and 74% for NMI and NTO5, respectively. If one considers that in the
case of NM1 almost 50% of dye was actually released from the capsule shell, the release efficiency of
NTO5 is remarkably higher, because of a greater swelling rate. The shielding effect against UV light

due to the higher shell thickness can explain the reduced photo-responsiveness observed for NM1.
As reported in literature, sigmoidal fitting of the release data from a nanocarrier can be
performed by means of the Boltzmann equation (Eq. 2) [51].

Co—Cy +C
f

Ct - 1+ e(t—tuz)/df (2)

Where Ct represents C6 concentration measured by means of spectrofluorometry throughout
the experiment, Co and Cg are the initial and final values of C6 concentration, respectively, t1/2 is the
time corresponding to the inflection point, at which the maximum change rate of concentration
occurs, and the steepness factor dr relates to the slope of the tangent line at tl/2. The fitting curves
according to Boltzmann equation for NTO5 and NMI are represented in Figure 3.8, and the

corresponding calculated parameters are listed in Table 3.2.

Table 3.2. — Fitting parameters to Boltzman equation for the release curves in Fig. 8.

Sample Fitting parameters

ty2 (Min) dt (min) Co (ug mL™) Ct (ng mL™)
NM1 43.8+2,3 3.0x1.4 0.060+0.001 0.075%0.001
NTO5 35.0+0.3 9.7+0.3 0.0050+0.0001 0.0087+0.0001
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Interpreting the kinetic parameters is helpful in understanding the corresponding release
behavior, as they can be utilized as indicators in evaluating the efficiency of an active agent. In
particular, the steepness factor represents the maximum rate of released dose, whereas ti» gives
information on the time required for the release to occur [52]. From a design standpoint, these values
can be used to predict active agent release rates, and to purposely construct a new delivery route by

proper, simultaneous variation of specifically selected experimental conditions.

Quantitative values derived from Boltzmann equation applied to the kinetics of nanocapsule-
mediated delivery of C6 reveal time constants ti2 = 44 and 35 min for NM1 and NTO5 capsules,
respectively, indicating that the smaller the capsule size, the faster the release. Furthermore, the slope
dt of the tangent line for the smaller sized capsules was about three times higher than that of the
larger particles. For the latter sample a constant, sustained release spanned over a longer time,
whereas a quick release was observed for NTO5. The differences observed in the kinetic parameters
are ascribed to different capsule size and shell thickness, which affect the response rate of the particles
to the UV-light trigger in terms of swelling and release rate. These results demonstrate that a proper
design of synthesis and processing parameters enables obtaining nanocarriers with tailored light-

activated release profiles.

3.4. Conclusions

We have reported for the first time a straightforward route for the preparation of solid shell
nanocapsules with controlled UV-triggered release. A miniemulsion interfacial polymerization
technique has been employed to prepare lightly cross-linked polyamide capsules with a hydrophobic
liquid core. Appropriate selection of surfactant type and concentration, as well as processing
conditions allowed tailoring the size of the resulting nanocapsules. The light responsiveness of the

nanocapsules systems has been evaluated by monitoring the capsule size increase and the release over
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time of a fluorescent probe upon UV irradiation. The kinetics of release has been fitted to a Boltzmann
equation whose parameters can be utilized as indicators in evaluating the release efficiency. It has
been found that smaller capsules achieve faster release profiles, and the photo-responsiveness of the
capsule systems can be modulated by proper selection of emulsion and processing parameters.
Collectively, these findings outline the potential of the proposed approach in view of engineering the

delivery of active agents according to specific applications.
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Abstract

The present work reports the preparation of light-responsive Polyamide nanosized capsules
containing azobenzene moieties in the main chain via interfacial polycondensation in oil-in-water
miniemulsion . Noticeably, the potentially toxic organic solvent traditionally used in this class of
reactions was replaced with natural essential oils, also employed for their powerful antimicrobial
effect, resulting in a more sustainable and green functional system. The presence of azobenzene
segments in the capsule shell is the cause for the capsule photo-responsive behavior, since trans-to-
cis isomerization of azobenzene, triggered by UV light irradiation (360nm) leads to major
rearrangements in the polymer shell and consequent release of the encapsulated core material. Release
kinetics of essential oils and fluorescent probe molecule, coumarin-6, were evaluated via UV-vis
spectrometry and spectrofluorimetry respectively, proving the efficiency of the release mechanism.
Capsules size and morphology were evaluated via dynamic light scattering (DLS) and electron
microscopy (SEM and TEM). The cytotoxicity of the nanocapsules was also evaluated via trypan blue
exclusion assays and the results proved that the nanocapsules were non-toxic and could be used in

environmentally friendly applications.
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4. Introduction

Stimuli-responsive micro and nanocapsules are recently attracting a growing interest of
academic and industrial research and have found application as smart carriers for active agents.
Numerous examples of stimuli-triggered release of drugs [1], self-healing agents [2] or fragrances [3]
are reported in the?? literature of the latest years. Higher quality storage, minimized reactivity and
custom-designed release of core materials, are only some of the advantages of dealing with
encapsulated substances rather than pristine ones. The design of highly performing stimuli-
responsive systems includes the quest for appropriate triggering factors. In this frame, light (infrared,
visible or ultraviolet) represents the best option as one of the few remote control and one of the least

harmful triggering factors available [4].

The photo-responsive behavior of polymers is generally provided by photo-sensitive moieties
introduced in the polymeric backbone or in the side chains. Some of the most performing photo-
sensitive molecules are based on azobenzene [5], stilbene [6] or spyropiranes [7]. In particular,
azobenzene is recognized as the most reliable and versatile molecular switch. The photoactivity of
azo-groups is exhibited as a result of the existence of two interconvertible geometrical isomers. Upon
irradiation at a certain wavelength, generally ultraviolet light, the di-azo bond undergoes a

conformational transition, changing the symmetry of the molecule from a thermally stable trans

orientation to a less favorable cis orientation [8].

One of the most sensitive factors involved in this process is the choice of the organic phase,
that needs to meet two requirements: it must serve as good solvent for the acyl chloride monomer, and
it should not react with the monomers involved in the process. Until now organic solvents, such as
toluene or chloroform have been employed [4, 5]. However, they have the remarkablee disadvantage

of being potentially toxic [9].
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The search for viable alternatives to organic solvents is indeed one of the key points in the
trending concept of “green” chemistry. Among the vast variety of substances available, the class of
natural oils (NOs) emerged as the most valuable alternative to traditional organic solvents. NOs are
aromatic hydrophobic liquids obtained from plant material (seeds, leaves, fruits and roots) [10], their

antioxidant and antimicrobial properties are well known and vastly reported in literature [11, 12].

Photo-responsive NOs-loaded nanocapsules can potentially be applied in a wide range of
applications, such as food packaging [13], pesticides [14] and health-care [15] applications. For
example, in the last decades the food packaging industry showed interest in innovative materials
technology and in the concept of “active” packaging [16], upgrading the traditional container with
new features that help preserving freshness, quality and safety and in general extend shelf life of
perishable foodstuff. Natural oils, with their antimicrobial activity, can be introduced in packaging
materials in different forms: dispersed films and coatings [17, 18], entrapped in nanoparticles [19] or

encapsulated [20].

The use of nanocapsules and nanocarriers also constitute a strong asset in the biomedical field,
where controlled delivery of drugs is a necessary feature for therapeutics and imaging in many diseases
[21, 22]. In healthcare applications light-responsive materials can be employed wherever light is
available, which means that the use of UV and visible light in triggered release is suitable for topic
application, while IR light, characterized by higher penetration depth, can also be used in internal

applications [23].

The aim of this work was to investigate encapsulation and UV-induced release of NOs and C6
from polymeric nanocapsules obtained via interfacial polycondensation in miniemulsion. Many NOs
have been tested as suitable core phase, that can be classified in three main groups, on the basis of
their chemical composition, namely terpenoids, aldehydes and phenolic compounds. Each of the
tested compounds have been reviewed as powerful biological active agents, characterized by

antimicrobial, anti-inflammatory and antioxidant activity [24, 25]. Taking all into account, the
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reported nanocapsules system can find promising application in a broad range of technological fields,
thanks to the photo-responsive behavior of the capsule shell, the use of green alternatives to
potentially harmful organic solvent and the multitasking features of NOs as active agents and cargo

solvents for other active molecules.

In this paper, following the procedure reported in a previous work [4], light-responsive
polymeric nanocapsules were prepared by oil-in-water interfacial polycondensation in miniemulsion,
one of the most employed methods to obtain hollow capsules with a solid shell [26] Accordingly, the
polycondensation reaction takes place at the interface between the organic phase, containing the
azobenzene acyl chloride and a crosslinking agent, and the continuous aqueous phase, containing a
diamine. When these three monomers meet at the interface of each oil droplet, they react to form the
lightly cross-linked polyamide membrane, that forms the polymeric shell of the capsules. The obtained
nanocapsules were able to release the encapsulated core material when irradiated with UV light at
360 nm. At this specific wavelength, the trans-to-cis photo-isomerization of azobenzene is triggered,
resulting in a massive rearrangement of the shell, from a “closed” conformation to a more “open” one

allowing the release of the encapsulated molecule.

4.2. Experimental
4.2.1 Materials

1,8-diaminoctane ~ (DAO),  13,5-benzenetricarbonyl  trichloride  (BTC), sodium
hydrogenocarbonate, Mowiol 18-88 (M18-88, My, = 130 kDa), the fluorescent dye Coumarin-6 (C6),
were purchased from Sigma-Aldrich and used without any further purification. 4,4-
bis(chlorocarbonyl)azobenzene (CAB) was synthesized according to the procedure reported in
literature [5]. All NOs were used without any further purification: (-)- menthone (90% pure), (+)-

carvone (96% pure), citronellal (>95% pure), benzaldehyde (99.5% pure), trans- cinnamaldehyde
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(999% pure), linalool (97% pure), thymol (99% pure), eugenol (99% pure) and carvacrol (90% pure)
were purchased from Sigma-Aldrich; basil, thyme and turpentine essential oils were purchased from

Pharmalab, orange terpenes were purchased from Visalli.

4.2.2. Choice of natural oils as organic phase

The NO selection was initially carried out screening three main classes of compounds as
summarized in Figure 4.1.: terpenoids, aldehydes and phenolic compounds. The compounds under
study are both essential oils, constituted by a mixture of molecules, and their single-component
extracts. For example, thymol is extracted from thyme essential oil being its most abundant

component (see Table 1).
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Cynnamon bark trans-Cinnamaldehyde Essential Oils extracts

Figure 4.1. - Classification of NOs based on their chemical composition.
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To be selected as a suitable organic phase for the miniemulsion interfacial polycondensation
procedure, the thirteen natural oils needed to meet two criteria: each had to be a good solvent for CAB
monomer and at the same time chemically inert toward CAB and DAO monomers involved in the
reaction. Solubility tests were carried out dispersing 5 mg of CAB in 200 pL of each NO and leaving
the solution under magnetic stirring for 20 min, both at room temperature and at 50°C. The presence
of a solid residue labeled each NO as unsuitable to be a good solvent for CAB and relieved it from
further investigations. To exclude any reaction between CAB or DAO with NOs, reactivity tests were
performed for each essential oil on CAB/EO and DAO/EO solutions, using Thin Layer
Chromatography (TLC). Silica gel TLC plates coated with fluorescent indicator F254 (Millipore) and
a toluene/methanol 80:20 mixture was used as stationary phase and eluent respectively. The stains on
the silica gel substrate were observed using a UV lamp with maximum emission wavelength equal to
254 nm. To detect any reaction between NO and monomer, three samples were deposited and

analyzed:

(a) CAB reference: 5 mg of CAB were dissolved in 200 pL of chloroform (CHCls), and added

to 2 mL of CHCIs.
(b) NO reference: 200 pL of essential oil were dissolved in 2mI CHCl;

(c) CAB in NO sample: 5 mg of CAB were dissolved in 200 pL of essential oil, and added to

2 mL of CHCL.

The same procedure was repeated using DAO monomer instead of CAB.

4.2.3. Preparation of Nanocapsules from o/w emulsion

Nanocapsules were obtained by interfacial polycondensation in o/w miniemulsion. The
organic phase, containing the CAB monomer and a small percentage of the crosslinking agent, was

dispersed in a water phase containing a fixed amount of surfactant. High shear homogenization
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(IKA Ultraturrax) was chosen to obtain a stable nano-sized emulsion. Once the miniemulsion was

formed, a second aqueous solution, containing the second monomer, DAO, was added dropwise.

The lightly cross linked polymer, resulted from the polycondensation reaction between DAO and

CAB, quickly precipitates at the interface of the emulsion droplets. The reaction proceeds by

diffusion of one of the monomers through the already formed shell (Figure 4.2.).

| B

Water
+ High shear
o— o
omogeneization
(Ultraturrax)

Microcapsules

suspension

Addiction of
WATER +

Cl

Cl
N=N Azobenzene Chloride
?‘Q' —C}—(h [

Qil phase

HN—GCHZ—)—NH

Diaminoctane

Ol
G,\r&fo A Cross-linking agent

Figure 4.2.- Schematic representation of the interfacial polycondensation reaction in miniemulsion.

Nanocapsules containing thyme (NCT) and basil (NCB) oils were prepared according to the

following detailed procedure: two solutions were separately prepared, an aqueous phase and an

organic phase, respectively:

Aqueous phase (Mother solution)

Mother solution was prepared dissolving, in 100 mL of milliQ water, 1 g (1 wt.%) of

surfactants (Mowiol 18-88). From mother solution two different solutions were obtained: Solution
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1 consisted of 30 mL of mother solution. Solution 3 was prepared by dissolving 0.061 g of 1,8-

diaminoctane and 0.071 g of acid quencher NaHCOs in 6 mL of mother solution.

Organic phase:

Solution 2 was obtained dissolving in 6 mL of thyme or basil essential oils (EO) (1:6 v/v o/W
ratio) 0.125 g of 4,4’-bis(chlorocarbonyl)azobenzene, 0.00335g of benzene tricarbonyl trichloride
(crosslinker) and 4 mg of Coumarin-6. To dissolve azobenzene in the EO, the solution was kept
under magnetic stirring (500 rpm) until the solid was dissolved and the red solution appeared

clear.

Solution2 was then added drop-wise to Solution 1 under magnetic stirring (800 rpm) for 15
min. In these conditions an unstable system prone to phase separation was obtained, afterwards it
was ultraturraxed in ice bath (0°C) at 8000 rpm for 15 min, giving rise to a lightly tinted yellow
emulsion. Solution 3 was then added drop-wise to the Solution 1+2 for 20 min, under magnetic

stirring at 400 rpm.

4.2.4. Methods of characterization

4.2.4.1. Size and morphology

The nanocapsules average size was determined via Dynamic Light Scattering (DLS) analysis

using a Zetasizer Nano ZS (Malvern Instruments). The analysis was performed at 25 °C at a scattering

angle of 173°.

Size and morphology of nanocapsules were characterized by means of electron microscopy.

Bright field Transmission Electron Microscopy (TEM) analysis was performed using a TECNAI G12

Spirit-Twin (LaBs source) microscope equipped with a FEI Eagle 4k CCD camera, operating with an

acceleration voltage of 120 kV. Prior to analysis, a drop of the solution containing the nanocapsules
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was deposited on a 300 mesh copper/carbon grid, and dried overnight at room temperature. Scanning
Electron Microscopy (SEM) was carried out using a FEI Quanta 200 FEG instrument in high vacuum
mode, equipped with a Large Field Detector (LFD) operating with acceleration voltage ranging
between 15 and 20 kV. For SEM sample preparation, a drop of washed nanocapsules solution was

deposited on an aluminum stab and metallized with an Au-Pd coating.

4.24.2. EOs Encapsulation efficiency

The encapsulation efficiency was evaluated via UV-vis spectroscopy, thanks to the absorbance
peak of basil and thyme EOs at around 278 nm. The evaluation of the encapsulation efficiency (EE)

were performed using both indirect and direct methods.

The indirect method involves the evaluation of encapsulated EO as the difference between the
theoretical EO content involved in the procedure and the free oil detected in the supernatant.
Accordingly, 100 pL of nanocapsules suspension containing thyme or basil EO (NCT and NCB,
respectively) were mixed with 25 mL of 80% ethanol solution and placed on an orbital shaker at 200
rpm for 20 min. The so obtained suspension was then filtered with a CA filter with 0.2 pm cutoff,
removing all the nanocapsules. 1 mL of the so obtained solution was diluted with 6 mL 80% EtOH
solution and analyzed via UV-vis spectroscopy. The procedure was repeated 3 times and the
absorbance values were then converted into concentration values using calibration line of the thyme
or basil EO in 80% EtOH. The encapsulation efficiency (EE’) was calculated using the following

equation:
EE - (Co- CoF) / Co @

Where Cois the theoretical concentration of the oil and Cof is the free oil concentration evaluated as

reported above.
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The direct method for the encapsulation efficiency (EE) evaluation is based on the quantification
of the EO extracted from nanocapsules. 200 mL of NCT or NCB were mixed with 6 mL of DMSO and
placed in a sealed flask under magnetic stirring at 200 rpm at 70°C for 24h. 200 mL of the obtained
suspension were then diluted in 5 mL of DMSO and observed via UV-vis spectroscopy. The procedure
was again repeated three times and the absorbance values were converted in concentration values
using the calibration line of thyme and basil oil in DMSO. The encapsulation efficiency obtained via

the direct method (EE) was calculated using the following formula:
EE= [Co* - Co* (I-EE")]/ Co ()

Where Cois the theoretical concentration of the oil, Co* is the concentration of oil extracted by DMSO
and measured as reported above and EF’ is the encapsulation efficiency calculated using the indirect

method.

4243 EOs release kinetics

Basil and thyme EOs both show a defined absorption peak in the UV-vis spectra, therefore
UV-vis spectrometry can be exploited to evaluate the increase in the oil concentration as a function
of irradiation time. Variations in thyme and basil EOs concentration were analyzed via UV-vis
spectroscopy, using an 80 vol % ethanolic solution as release media, in order improve EOs solubility.
In a typical experiment, 200 pL of nanocapsules were dispersed in 10 mL 80% EtOH solution and
stirred at room temperature for 5 min at 200 rpm. The dispersion was then placed in two quartz
testing tubes, containing approximately 5mlL each. One testing tube containing the nanocapsules was
irradiated by UV light (Amax = 360 nm, intensity 5.5 W m?) from a distance of about 2 cm, the other
was kept in darkness. Two different release experiments were performed, one with continuous

irradiation of the sample and the other with three irradiation cycles of 15 min each. Periodically, 100
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pL of each sample were collected, dispersed in 3 mL EtOH solution, filtered with a PTFE filter with

0.2 pm cut-off and analyzed via UV-vis spectroscopy.

4244, C6release kinetics

Further analysis on the photo-triggered release were performed via spectrofluorimetry on
NCT capsules, loaded with the fluorescent probe molecule Coumarin-6 (C6). In a typical experiment,
50 pL of NCT sample was dispersed in 50 mL aqueous solution containing 80 vol% ethanol (EtOH
80%), to improve C6 solubility in the release media. A quartz cuvette containing the (25 times) diluted
nanocapsules suspension was then irradiated with UV light (Amax = 360 nm, intensity 5.5 W m?) from
about 2 cm. The samples underwent two different irradiation procedures: a continuous irradiation
and a sequence of three 15-min long irradiation. Fluorescence data of the irradiated samples were
collected periodically, until a plateau value was reached, and compared to the spectra of an un-
irradiated sample, kept in darkness between two measurements. All fluorescence measurements
were carried out using a Perkin Elmer LS-55 Fluorescence Spectrometer, exciting at 390 nm and

monitoring the emission at 500 nm.

4.24.5. Cytotoxicity and Uptake tests

Cytotoxicity test were performed by means of Trypan blue exclusion assay using Normal Rat
Kidney Epithelial Cells (NRK). Cells were seeded in 24-well plates at the density of 1x104 cells/ml in
Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1%
penicillin and streptomycin, 1% glutamine and allow to adhere. NRK were grown for 24-48-72 h in
presence of 10, 25, 50, 100 and 250 pg/ml nanocapsules solution. Then, a half mL aliquot of cell

suspension was mixed with 0.5 mL of 0.4% trypan blue dye and left for 5 min at room temperature.
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Cell number was counted on a hemocytometer and the proliferation indexes (N/NO, where N is the

total number of cells at T=24, 48 or 72 h and NO is the number at T-0) was determined.

Concerning cellular uptake, Normal Rat Kidney Epithelial Cells (NRK) were seeded in 24-
well plates at the density of 1,5x104 cells/ml, and treated with 10 and 50 pg/ml of nanocapsules
samples. After 24 h cells were fixed with paraformaldehyde and stained with 4',6-diamidin-2-
fenilindolo (DAPI). Nanoparticles uptake were visualized by fluorescent microscope (Leica

fluorescence microscope model ax70) at an excitation wavelengths of 450 nm for DAPI.

4.3. Results and discussion
4.3.1 Selection of essential oils

As mentioned above, the use of natural oils in nanocapsules preparation has different
advantages concerning both the encapsulation procedure, since NOs can substitute traditional
unhealthy organic solvents, and the final application, because of their beneficial effects on human
health. However, prior to their use it was necessary to evaluate their suitability for the protocol
adopted for nanocapsules synthesis. In particular, they had to be good solvents for the acyl chloride
monomer, and inert towards the monomers involved in the encapsulation process. Accordingly,

solubility and reactivity tests were carried out to select the NOs possessing the needed requirements.

As shown in Table 4.1, this procedure highlighted advantages and drawbacks of each
compound. For example, aldehydes were excellent solvents for CAB but they were too reactive,
terpenoids were not able to dissolve CAB even at high temperature (T = 50 °C), while phenolic
compounds were good solvents at high temperature, and were generally less prone to react. Therefore,
among thirteen NOs tested, thyme and basil essential oils (EOs) were considered suitable alternatives
as organic phase for the miniemulsion polycondensation reaction. Basil and thyme EOs are reported

to have powerful antimicrobial, antifungal and antimould effect [26-28]. Antioxidant activity of basil
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and thyme oil have also been studied [29]. It is worth noticing that thymol and carvacrol, the main
active components of thyme and basil oil, respectively are volatile. This feature makes them suitable
for a variety of non-contact mode applications, such as household [30], healthcare [31] and active

packaging [32].

Table 4.1.— NOs behavior as CAB solvents and their reactivity toward CAB and DAO monomers.

Essential Oil (EO) CAB Solubility Reactivity
Name Composition 25°C | 20minat50°C | CAB DAO
(-)- Menthone No Solid residue - -
(+)- Carvone Yes Yes Ok Reacts
Terpenoids Citronellal No Solid residue - -
Turpentine No No - -
Orange terpenes No No - -
Aldehydes Benzaldehyde Yes Yes n.d. n.d.
Trans- cinnamaldehyde | Yes Yes Reacts | Reacts
Linalool No Solid residue - -
Thymol No Solid residue - -
Phenolic Eugenol No Solid residue - -
compounds Carvacrol Yes Yes Reacts ok
Thyme oil No Yes ok ok
Basil oil No Yes ok ok

4.3.2. Nanocapsules characterization
4.3.2.1 Nanocapsules size and morphology

On the basis of the results discussed above, NCB and NCT samples were prepared following

the procedure reported in section 2.2, using basil and thyme oil, respectively, as organic phase for the
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interfacial polycondensation in miniemulsion. SEM (Figure 4.3.a,b) and TEM (Figure 4.3.c,d)
micrographs allowed the evaluation of capsules shape and morphology. For both systems, pseudo-
spherical particles formed. However, NCB exhibited a multi-fold, lobate morphology, whereas NCT

were more regularly shaped and prone to agglomerate [4].

Measurements of NC mean diameter obtained via Dynamic Light Scattering were compared
with data gathered from dimensional analysis of SEM micrographs carried out by means of

ImageProPlus6 software (Figure 4.3.e-f).
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Figure 4.3.— SEM micrographs of () NCB and (b) NCT, TEM micrographs of (c) NCB and (d) NCT. (¢) Scattering intensity
vs. particle diameter (nm) of both nanocapsules samples, and (f) comparison of DLS and SEM analysis data.

As shown in Figure 4.3., both nanocapsules systems were characterized by a narrow particle
size distribution. Diameter values calculated through DLS were 68 and 106 nm for NCT and NCB,
respectively, while SEM analysis yielded values of 58.6 and 71.3 nm. If one considers the two different

measurement conditions, the two methods provided consistent results, demonstrating that, on
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average, NCT capsules were slightly smaller than NCB. Most probably, in the conditions used, thyme

oil was more efficiently emulsified in the aqueous phase giving rise to smaller droplets.

4.3.2.2 Encapsulation efficiency

The determination of the encapsulation efficiency was carried out using two methods,
according to the procedure reported in the experimental section 2.4.2. An indirect measurement
involved the dilution on the nanocapsules suspension with 80% EtOH solution that, at room
temperature and for reduced contact times (20 min), was able to dissolve the un-encapsulated EOs
present on the external surface of capsules and in the aqueous phase. The average value of indirect
encapsulation efficiency (EE’) was calculated by UV-vis spectroscopy of filtered diluted NC
suspension, using Equation 1. EE’ values of 87.3 + 3.5% and 94.2 + 2.3 were obtained for NCB and NCT,
respectively. To confirm these results, a direct method involving quantitative evaluation of the
encapsulated EOs by DMSO extraction was also employed. Indeed, the use of DMSO at 70 °C for 24h
resulted in a complete extraction of encapsulated EOs from the core. The direct encapsulation
efficiency (EE) values obtained using equation 2 were 86.0 + 2.0% and 95.7 + 0.3% for NCB and NCT,
respectively. It is worth to notice that, for both NCB and NCT, EE’ and EE values were consistent,
confirming the reliability of the two methods. These data can be correlated with the different reported
solubility of the two EO in water. In fact, a theoretical calculation based on the average composition
of the employed EOs demonstrated that thyme oil was more soluble than basil oil in water (Table X

in Supporting Information).

As reported by Mora-Huertas et al. [33] nanoprecipitation, emulsion—diffusion and layer-by-
layer methods currently provide the best results for encapsulation efficiency (80% or more). In this
work, a high encapsulation efficiency was achieved via EOs emulsion in water, since each oil droplet

serves as a reservoir of CAB monomer as well as a template for nanocapsules formation.
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4.3.3. Photo-responsiveness and release kinetics

The UV-responsiveness of nanocapsules is due to the presence of CAB in the polyamide main
chain. The release study was carried out on systems encapsulating EOs and the fluorescent probe C6,
employed as a model drug. The UV-induced release behavior was evaluated by diluting NC suspension

in 809% EtOH solution and following two different experimental protocols [34].

The release kinetics of EOs were studied by evaluating the concentration of EOs in the release
medium via UV-vis spectrophotometry. In a first experiment, the NC suspensions were continuously
irradiated for 180 minutes and UV-vis spectra collected every 15-30 min. In a second experiment, NCs
underwent pulsed UV irradiation (2 cycles of 15 min) and the EOs concentration was monitored for
a total period of 1000 min under dark conditions. Unirradiated samples were also tested and used as

control experiments.

In Figure 4.4., release kinetics of NCB and NCT samples are reported, showing the oil
concentration as a function of the irradiation time as a result of the two described procedures. In
Figure 4.4.A it can be observed that for both unirradiated NCT and NCB, the EOs concentration
values are constantly low. On the other hand, when irradiated the EOs concentration increased with
time, reaching a plateau value after about 120 minutes, indicating the efficiency of the UV light

stimulus in triggering the release.
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Figure 4.4.- Release kinetics of encapsulated EOs from NCB and NCT samples under (a) continuous UV irradiation and (b)
pulsed UV irradiation (2 cycles of 15 min each).

It should be mentioned that before irradiation, the oil concentration values were 1.0 and 1.2
pL/mL, for NCB and NCT respectively, suggesting that a small amount of EOs entrapped in the
capsule shell was partially dissolved in the ethanol solution used as media. As a consequence, the
release behavior of NCB and NCT capsules was found to strongly diverge. In the case of NCB, about

609% of EO release was observed after 180 min of UV irradiation, while a total release of 209% was found
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in NCT sample. The different values of total EO released can be attributed to the different solubility

of the FEO in the release media.

It has been reported that thyme oil has a solubility of 1 part oil in 3 parts 80% EtOH solution,
while for basil oil solubility increases to 1-2 parts of oil in 3 parts 80% EtOH [35]. It is worth noticing
that the release kinetics also differed. Basil-loaded capsules exhibited a faster and quantitatively more
efficient release than those containing thyme oil. In NCB, 63% of the total released EO diffused in the
medium within 30 min, while in the same time interval NCT released less than 25% of the total.
Probably the multi-fold morphology, associated with a larger surface to volume ratio, makes the NCB

release kinetics faster.

Considering the potentially harmful nature of UV light, a short irradiation time is desirable for
active release applications involving biological systems. For this reason, nanocapsules systems were
subjected to two cycles of 15 min irradiation to inquire about the possibility of achieving a cease-
recommence release mechanism [36]. As expected, the release behavior exhibits a “step-like” trend,
proving that 15 min of irradiation provide limited energy to the photo-isomerization. Nonetheless, 15
min irradiation is sufficient to induce in NCB and NCT samples respectively the release of 28 and 13%
of encapsulated EO after 60 min. By the end of the experiment, 49% and 20% of the total released core
material was found outside of the capsules. For NCB, the amount of EO released by the end of the
experiment was approximately the same, independently from the irradiation history that the sample
underwent. This was not true for NCT capsules, where a greater amount of EO was released when
non-continuous irradiation is applied. This result can be attributed to the higher photo-sensitivity of

thyme oil, while basil oil is more resistant to continuous UV irradiation.

Encapsulated EOs can also be employed as cargo solvents for other small active molecules to
be employed in different applications, where the photo-responsiveness of NC systems can be

exploited, such as pesticides for crop protection [37], anticancer agents for in-cell delivery and photo-
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dynamic therapy [38], antimicrobials for food packaging applications [39] and antioxidants and

photo-protective agents for cosmetics and solar protection [40].
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Figure 4.5. - Release of fluorescent probe molecule C6 from NCT sample after continuous (blue triangle)
and 15 min (red circle) UV light irradiation.

In this study Coumarin-6 was used as model drug and loaded in the preparation process in the
oil core of NCT capsules, selected for their higher encapsulation efficiency. Release experiments were
performed via spectrofluorimetry, to study the release of C6 from NCT under UV irradiation. Similarly
to EOs release studies, two different UV irradiation experiments were performed: continuous
irradiation (blue triangle in Fig. 4.5.) and 3 cycles consisting in 15 min irradiation each (red circle in
Fig 4.5.). The results were confronted with a non-irradiated sample. As reported in Figure 4.5., C6
release experiments kinetics are characterized by a burst release that occurs in the first 30 min,
followed by a sigmoidal shape release, after 180 min the release kinetics reaches a plateau value. This

NCs behavior has already been studied in a previous work [4], where the initial burst release has been
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attributed to the C6 that is entrapped in the polymeric shell of the nanocapsules. Upon light
irradiation, the molecular movements of the polymer chains primarly promote the release of

superficial C6, while subsequently, the capsules start to release the C6 that is loaded in the oil core.

4.3.4. Cellular uptake and cytotoxicity

In view of potential healthcare applications involving light activated release of drugs, the cell
toxicity of the nanocapsules was studied. Due to the potential harmful reported effects of EOs invitro,
cytotoxicity tests were performed on neat nanocapsules which were produced using a volatile organic
solvent (toluene). Prior to the experiment, the solvent was completely stripped under reduced
pressure, then cells proliferation was assessed by trypan blue exclusion assays. In control conditions,
the cell number increased at 24, 48 and 72 hours. The treatment of cells with low concentrations of
both nanoparticles did not alter significantly cell proliferation rate. However, with higher
nanoparticles concentrations (250 pg/ml), cell proliferation decreased significantly. Trypan blue
exclusion test on NRK cells after 24-48-72h confirmed that nanoparticles were not toxics even when

cells were treated with 250 pg/ml (Figure 4.6.).
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Figure 4.6.- Trypan blue exclusion histograms reporting the variations in cell proliferation as a dependence of NCs
concentration.
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As reported in Figure 4.7., nanoparticles were internalized and accumulated within NRK in a
concentration-dependent way. In particular, nanoparticles showed a perinuclear localization at all
tested concentrations as early as 24h. As the fluorescent probe molecule C6 is proved to be insoluble

in water environment.

Figure 4.7 - Internalization and accumulation of NCs within NRK cells

4.4. Conclusions

This work presents, for the first time, the encapsulation and light-triggered release of basil and thyme
essential oils via interfacial polycondansation in miniemulsion, providing multiple benefits to
nanoencapsulation technology. First of all, the essential oils have the dual role of active core material
and solvent for the azo-monomer in the miniemulsion reaction, thus implying the elimination of

potentially toxic organic solvents from the procedure. The versatility and reliability of the photo-
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induced release mechanism in azo-polymers makes these capsules promising candidate for a wide
variety of applications, such as food-packaging, agriculture, household and cosmetics. Moreover, the
study regarding Coumarin-6 encapsulation and release, as a model drug, strongly hints at future

application in biological environments.

UV-light is poorly available and pose threats to human health as well. Therefore, a red-shift of the
azobenzene trans-cis photo-isomerization wavelength towards visible range in the radiation spectrum

would be preferable. Overcoming this problem is of key interest of our forthcoming research.
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Abstract

This work reports on the preparation and characterization of photo-responsive capsules loaded with
antimicrobial essential oils and employed as a coating for commercial polymers, such as polyethylene
(PE) and polylactic acid (PLA). Photo-responsive capsules, having a shell of polyamide with
azobenzene moiety in the main chain, were synthesized in-situ via interfacial polycondensation in o/w
emulsion, employing basil and thyme essential oils as the organic phase. PE and PLA films were
surface modified through corona or plasma treatments to increase their wettability and improve the
microcapsules dispersion during coating. Morphology of both capsules and coated films were
analyzed via optical microscopy and electron microscopy (SEM, TEM). The UV-induced release of
the volatile components of essential oils from coated polymeric films was studied via gas
chromatography and antimicrobial activity of the encapsulated essential oils against e-coli was also
evaluated. The antimicrobial packaging showed good efficiency in confirming its promising

application as a food packaging system.
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5.1. Introduction

Modern society, where consumer goods are readily available, is increasingly inclined to favor
waste, especially of food. Over the last few decades, the necessity to address feeding issues related to
increasing world population has pushed scientific efforts towards a more aware food industry [1].
Materials technology can help minimize food losses and improve quality, freshness, and safety of food
products. [2] In fact, a wide variety of “active” packaging technologies have been developed to meet
these requirements. Important examples of active packaging include oxygen scavengers, carbon
dioxide emitters/absorbers, moisture absorbers, ethylene absorbers, ethanol emitters, flavor
releasing/absorbing systems, time-temperature indicators, and antimicrobial-containing films. [3].
Active, or smart, packaging has often been described as any kind of packaging that provides specific
functionality beyond the role of physical barrier between the food product and the surrounding
environment [4]. More recently, a novel concept of packaging has been introduced: Responsive
packaging has been defined as any packaging that elicits a response as a result of a specific trigger or

change occurring in the food product, food package headspace, or the outside environment [5].

Antimicrobial (AM) packaging systems incorporate antimicrobials into the packaging to
prevent microbial growth on the surface of solid foods and to reduce the need for larger quantities of
antimicrobials in liquid foods. AM packaging can play an important role in reducing the risk of
pathogen contamination as well as in extending the shelf life of minimally processed foods [6].
Different mechanisms of action of AM food packaging are proposed in literature [7] and schematized
in Figure 5.1. For instance, AM agents can diffuse via headspace in a non-contact mode or migrate in
the food via direct contact from the packaging material to the food. For some food products, such as
fresh meat, in which the microbial contamination occurs primarily at the surface, direct surface
application of AM has limited benefits, because the AM rapidly migrate in the food mass. On the other
hand, the non-contact and prolonged release of AM from packaging, coatings or sachets can help

maintain high AM concentrations when needed [8].
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Figure 5.1- Methods for the release of antimicrobial agents in food packaging technologies.

However, food application of an antimicrobial packaging system is limited due to the
availability of suitable antimicrobials, new polymer materials, regulatory concerns, and appropriate

testing methods. [9, 10]

In this work, we present a novel responsive packaging system obtained by coating commercial
packaging films, such as PE and PLA, with photo-responsive nanocapsules loaded with antimicrobial
basil and thyme essential oils (EOs) prepared as reported elsewhere [11]. The coating process was
promoted by surface modification of PE and PLA films by plasma and corona treatment. The
antimicrobial properties of basil and thyme EOs are vastly acknowledged, moreover their highly
volatile components make them very suitable for non-contact antimicrobial food packaging

applications [12,13].
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5.2. Experimental
5.2.1. Materials

An unstabilized grade of a butene-copolymer linear low-density polyethylene (PE), DJM1826,
with a melt flow index (MFI) of 2.5 g 10 min™! was supplied as a powder by Versalis (Italy). Polylactic
acid (PLA) grade 4042D (949 L-lactic acid) was obtained from NatureWorks LLC (U.S.A.). Basil and
thyme EOs were purchased from Pharmalab and used without further purification. Polymer
nanocapsules, loaded with basil and thyme EOs, were synthesized as reported elsewhere [11]. Basil

and thyme-loaded nanocapsules were coded as NCB and NCT respectively.

5.2.2. Preparation and surface treatments of PE and PLA films

PLA pellets were oven-dried for 24h at 65 °C under vacuum, prior to extrusion. PLA films were
prepared using a Collin E 20T single screw extruder equipped with a Collin CR 72T calendaring unit,

using the following temperature profile (from hopper to die): 165, 170, 170, 170, 170 °C. The thickness

of the film obtained was on average 60+10 u m. PE films were obtained using the same equipment,

with the following temperature profile: 150, 170, 180, 180, 170 °C. PE film thickness was 68+12 pm.

Both PE and PLA films were then subjected to surface treatments (corona and plasma) to
increase their wettability and promote the adhesion of the nanocapsules coating. Plasma treatment
was performed on square polymer films (surface area of 2 cm?) employing a Tucano medium plasma
reactor 600 (Gambetti KENOLOGIA SR.L.) for 12 min. Alternatively, corona treatment was
performed on other polymer films employing a Tantec corona effect machinery at 150 W for 10 min.
In order to verify the efficiency of the two surface treatments, contact angle measurements were

performed using an OCA/Dataphysics/SCA20 Contact Angle System. In a typical experiment, 2 pl of
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water or 1l of diiodomethane are deposited on the surface of the film under study, the contact angles

formed by the droplets of the two liquids on the substrate are then measured by optical microscopy.

5.2.3. Coating of PF and PLA films with nanocapsules.

The coating of surface-activated PE and PLA substrates with NC suspensions was performed
employing an aqueous nanocapsules suspension and two different deposition methods, dip-coating
and spraying. Both techniques mimic an industrial process and can be easily scaled up. In both cases,
prior to characterization, the coated polymer films were left to dry for 12 h under the hood at room
temperature. Surface morphology of nanocapsules-coated films was observed via scanning electron
microscopy (SEM) using a FEI Quanta 200 FEG instrument in high vacuum mode, equipped with a
Large Field Detector (LFD) operating with acceleration voltage ranging between 15 and 20 kV. For
SEM sample preparation, a 25 mm? film specimen was deposited on an aluminum stab and metallized

with an Au-Pd coating.

5.2.4. Release of FO from nanocapsules-coated films

Thyme and basil EOs are composed by a mixture of volatile components (Figure 5.2.),
therefore gas chromatography (GC) can be used to evaluate the release kinetics of one or more of the
chemical compounds. To perform these measurements, 2 mL of nanocapsules solution were deposited
on a PE thin film (2x4 cm?) and left to dry for 15 h. The film was then introduced in a quartz testing
tube that was sealed with a gas-tight stopper with a pierceable septum. The sample was kept at a
constant temperature of 15 °C and 0.5 mL of the headspace was collected and introduced in the GC to
be analyzed. The sample was tested at time 0 and, after a 15-min irradiation with UV light at 365 nm,
further analyzed at t= 3, 24 and 27 h. The EO release from a non-irradiated sample was also evaluated

to exclude any factor other than light affecting the release mechanism.
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Figure 5.2.— Chemical composition of basil and thyme essential oils.

5.3. Results and discussion
5.3.2. Characterization of the treated polymer films

To promote the deposition of the EO-loaded capsules aqueous solution, surface treatments
such as plasma and corona were applied to polymer films to improve their wettability. To assess and
compare the effects on PE and PLA films of the plasma and corona treatments used, contact angle
measurements were performed. The smaller the contact angle, the higher is the affinity of the surface
towards the reference liquids, resulting in a higher wettability. In Figure 5.3. the contact angle
measurements of water and diiodomethane on PE (Fig. 5.3.A) and PLA (Fig. 5.3.B) films are reported
as well as the associated values of surface energy (SE) (Fig. 5.3.C). Figure 5.3. shows that, depending
on the surface treatment applied, a different response was observed for the two analysed materials. In
particular, PE films exhibited higher wettability upon plasma treatment, while in the biodegradable
polymer PLA corona treatment resulted more effective. These latter were selected for further

Investigation.
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Figure 5.3.—(top) Contact angle micrographs performed on untreated and plasma and corona-treated PE (A) and PLA (B).

(bottom) surface energy values (SE) calculated from contact angle measurements (CA) using water or diiodomethane as reference
liquids.

5.3.4. Characterization of nanocapsules-coated films

EO-loaded capsules were deposited on PE or PLA films by either spray or immersion
techniques. The quality of the deposition method was assessed via optical and SEM microscopy.
Figure 5.4. shows the effect of the deposition method of NCT capsules suspension on corona-treated
PLA films in comparison with neat PLA (Fig. 5.4. a and d). As expected, spray deposition did not

provide a well dispersed layer of capsules on the film surface (Fig. 5.4. ¢ and f). On the contrary, dip-

coating seemed to grant a uniform distribution at all scales of magnification (Fig. 5.4. b and e).
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Figure 5.4.- Optical images and SEM micrographs of the surface of a pure PLA film (a, d), upon dip-coating (b, ¢) and after
spraying (c, f) with an aqueous nanocapsules suspension.

A good deposition method results in a more uniform layer of EO-loaded capsules, thus
providing a greater surface area for the release of the encapsulated essential oil. For this reason, SEM
measurements were performed on PE and PLA films treated with plasma and corona, respectively,
and coated with NCB and NCT. Results are reported in Figure 5.5. As expected, untreated polymers
exhibited poor compatibility with nanocapsules suspensions as evidenced by the appearance of
inhomogeneous areas which are particularly evident in PLA samples. As mentioned above, plasma
treatment improved PE wettability providing uniform coatings upon deposition of both NCT and
NCB suspensions. In the case of corona-treated PLA comparable results were gathered from SEM
analysis although some impurities were still identified on the coated surface. As a consequence, NCT-

coated PE samples were selected as representative for the successive analysis on the release behavior.
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Figure 5.5.— SEM micrographs of treated PE and PLA films coated with NCT and NCB.

5.3.5. Release from nanocapsules-coated films

As discussed above, non-contact food packaging applications require the use of volatile AM
agents. Therefore, the release of thymol, an extremely volatile component of thyme EO, was evaluated
via gas chromatography (GC) measurements on NCT-coated PE films. To this purpose, two NCT-
coated PE films were placed in two quartz testing tubes, one was kept in darkness while the other
was irradiated for 15 min with a UV lamp (360 nm) to trigger the EO release from the photo-
responsive capsules. The headspace of each tube was withdrawn several times with a gas syringe and
was analyzed via GC. The results, reported in Figure 5.6., show that prior to irradiation (t=0) the
thymol concentration in both samples was comparable. After 3 h from irradiation, thymol
concentration increased in the irradiated sample, while it remained constant in the non-irradiated
one, proving the reliability of the release mechanism. After 48 h from irradiation, the thymol

concentration increased more than tenfold with respect to the initial value.
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Figure 5.6- Evaluation of the thymol release via GC for: m un-irradiated and w irradiated NCT samples

5.3.6. Antibacterial properties

A preliminary study on the effectiveness of basil and thyme as antimicrobial active agents was
conducted on essential oils in contact with a bacterial culture of Escherichia Coli (E. Coli) and
calculating the Minimum Inhibitory Concentration (MIC). The data reported in Figure 5.7. shows
that thyme and basil EOs are effective against the E. Coli at concentrations of 1 and 5 mg / ml

respectively.
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Figure 5.7.- Antimicrobial activity of thyme (A), and basil (B) essential oils.

The antimicrobial and antifungal power of Thyme EO was also tested on wholemeal
breadcrumbs. Three bread crumbs of the same weight were placed inside three quartz tubes with a
drop of water, subsequently, a PE film coated NCT capsules was introduced in two of the three tubes.
The three samples were left in a climatic chamber (25 © C and 50% humidity) for 7 days. Only one of
the two tubes containing the AM photoactivable film underwent daily 15 min irradiations (several
layers of aluminum foil shielded the breadcrumb from UV radiation - that possess and intrinsic AM
effect), while the other was used as a control. As can be observed in Figure 5.8., both the sample
containing solely bread and the one containing non-activated AM film, are characterized by the
growth of different microorganisms: white mold fungus, respectively. In the sample with photo-

activated release of thyme antimicrobial EO the growth of harmful microorganisms seemed hindered.
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Figure 5.8.- Antimicrobial activity tests on PE film coated with NCT capsules on a sample of whole-wheat bread.
5.4. Conclusions

Thyme and basil essential oils are renowned antimicrobial agents, used in many food
packaging applications. However, to our knowledge this is the first time in literature that the two EO
have been incorporated in a packaging material in capsules formulations. The coating process of PE
and PLA with EO-loaded capsules was carefully assessed, determining that a surface treatment is
necessary to increase the wettability or the polymeric materials and that the immersion of the film in
a NCs suspension could promote a better dispersion in comparison to spray coating. Both release
experiments and antimicrobial tests were performed to confirm the feasibility of the active packaging

system.

A possible application of the presented active packaging system is schematized in Figure 5.9.

A closed compartment, equipped with a LED UV lamp (360 nm), would be included in the lower
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part of the refrigerator in which most perishable foods, such as meat and vegetables, would be
stored. To prevent an excessive power consumption, the UV lamp would be set to power on for just

15 min per day or after every usage. The nanocapsules-coated packaging could be disposable, to be

changed when exhausted.

The applications of this promising release technology go far beyond the food packaging

industry, since it results appealing also for drug delivery, agriculture, household and cosmetics.
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Figure 5.9~ Schematization of a possible setup for the AM active packaging based on photo-responsive polymer nanocapsules.
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9 CHAPTER 6

Visible-light Responsive Azobenzene
and Future Applications



6.1. Introduction

Azobenzene and its derivatives are fascinating and widely studied molecules that display a
reversible photo-isomerization between the more stable trans to the less stable cis isomers. As
described before, the introduction of azobenzene in polymers or liquids can enable the use of light as
a powerful external stimulus to control or trigger changes in the properties of such materials [1].
Azobenzene-based systems are vastly employed in many advanced fields, such as photonics [2],

organic electronics [3] and waveguides [4].

However, the limited range of switching wavelengths in the UV region limits the applicability
of such materials in biological and clinical applications [5, 6]. While commonly applied in the above
mentioned applications, UV-light still poses a threat to living organisms and its carcinogenic effect

has been vastly reported in literature [7].

Recently, many groups have addressed this issue [8-10], demonstrating that incorporation of
electron-donating groups in ortho or para position to the azo moiety can dramatically red-shift the
photo-switching wavelength. A large number of azobenzene derivatives are known in which
enhanced electron-donating nature of ring substituents increases both the wavelength of absorption
of the trans isomer and the rate of thermal back-isomerization from cis to trans. On the basis of the

above-mentioned results in this work the preliminary results of the synthesis of a visible light-
responsive azobenzene monomer was carried out, in a view of preparing polymer capsules for the

visible light-induced release [11]
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6.2. Experimental
6.2.1. Materials

3-methoxy-4-nitrobenzoic acid were purchased from Alfa Aesar and NaOH and D-glucose

were purchased from Sigma-aldrich. All reagents were used without further purification.

6.2.2. Synthesis of 4,4’-bis(carboxy)-2,2’-dimethoxyazobenzene

4,4’ -bis(carboxy)-2,2’-dimethoxyazobenzene was synthesized according to a modified
procedure previously reported by Thylkowski et al. [11]. In a typical experiment, 3.55 g (18.00 mmol)
of 3-methoxy-4-nitrobenzoic acid and 10 g (25 mmol) of NaOH were mixed in 60 ml of water and
heated until the solid dissolved. Then, a hot aqueous glucose solution, containing 20 g of glucose in 30
ml water, was slowly added at 80°C. The mixture was left for 24h under a bubbling air flux. Then the
solution was diluted with 200 mL milli-Q water and acidified with 25 ml acetic acid, thus yielding
the ortho-substituted azobenzene-4,4-dicarboxylic acid as a light pink precipitate. The latter was

filtered, washed with 900 ml of distilled water and dried in oven at 80°C. (yield 26 %).

CH;
S
O CoH1206 o 0 0
NaQH
tco gy __NaOH »LQNzN@%
O,N Air Flux HO 5 OH
v
H,C

Figure 6.1.— Reaction scheme for the synthesis of 4,4-bis(carboxy)-2,2"-dimethoxyazobenzene
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6.2.3. Characterization of visible light-sensitive azobenzene monomer

In order to follow the occurrence of the trans to cis isomerization, NMR spectra were recorded
in DMSO-ds by a Ultrashield TM 300 Bruker spectrometer before and after 30 min of visible light

irradiation.

The light-responsive behavior of the prepared monomer was studied using a simple desk lamp
with tunable colors. The optical signal output of white, red, green, yellow and blue light, was recorded
by an Ocean Optics USB2000 Miniature Fiber Optic Spectrometer, in a dark room at room

temperature 23.0 +0.5C.

The photo-isomerization of the modified azo was studied on a DMSO diluted solution via UV-
vis spectrophotometry. The sample was placed in a1 cm quartz cuvette and the changes in absorbance
upon light irradiation was detected using a V-570 (Jasco Easton - USA) spectrophotometer
(equipped with double beam system, single monochromator, and scanning wavelengths between 800
and 200 nm with a speed of 400 nm min ). The spectrophotometric data were collected before and
after irradiation with white, blue, yellow and red light as well as natural sunlight and compared to

identify the wavelength that triggers the photo-isomerization of the modified azo.

6.3. Results and Discussion

Figure 6.2. reports 'TH-NMR spectra of 4,4-bis(carboxy)-2,2-dimethoxyazobenzene before
and after visible light irradiation. Before irradiation (blue line) the spectral pattern includes four
distinct resonance bands. The first is a singlet at 4.02 ppm, due to the methoxy protons on the phenyl
ring. A doublet at 7.50 ppm stems from the proton adjacent to the azo group, while the multiplet at
7.62 is due to the proton adjacent to the carboxyl and para to the methoxy. Finally, the singlet at 7.74
ppm is due to the hydrogen proton adjacent to the methoxy group. From the observed pattern, it is

deduced that before irradiation, the azo compound exists almost exclusively in the trans conformation,
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as the two symmetrical phenyl rings give rise to the same NMR signals. After irradiation, the proton

NMR spectrum shows the appearance of three further resonances, at 3.72, 6.70 and 7.40 ppm,

confirming the partial isomerization of the azobenzene in the cis conformation.
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Figure 6.2.—- NMR of 44"-bis(carboxy)-2,2’-dimethoxyazobenzene, before (blue line) and after 30 min of white-light
irradiation (red line).
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Figure 6.3.— Emission spectra of different optical signal output of the commercial tunable lamp.

The emission spectra relative to the different optical radiations of the tunable lamp used to
irradiate the azo compound are reported in Figure 6.3. It can be seen that blue, green and red light
emission are achieved using single LED sources, with maxima centered at about 480, 530, 640 nm,
respectively. On the other hand, yellow light is obtained as a combination of green and red light, while

white light is a combination of the three main light sources.

In order to characterize the wavelength sensitivity of the azo compound, a DMSO diluted
solution of ortho-modified azobenzene was than irradiated with light at different wavelengths
available on the desk lab. The results, reported in Figure 6.4., show that even after 30-min irradiation,
red (B) and blue (C) light do not modify the spectra of the azobenzene, suggesting that the latter
retained its conformation. On the other hand, azobenzene trans-cis photo-isomerization is triggered

by white (D) and yellow light (E) as well as sunlight (F). The absorbance spectra show that
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irradiation causes a decrease in the trans peak (around 400 nm) and an increase in the cis peak (below

300 nm) proving that the photo-isomerization is taking place.

In the case of sunlight-triggered isomerization (Fig.6.4.F), a reversed thermal cis-trans
isomerization has been observed placing the testing tube containing the DMSO solution of the

monomer in the dark in an oil bath at 80°C for 10 min. This allowed to the monomer to recover its trans

conformation.
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Figure 6.4.— Normalized absorbance of the azobenzene before and after 30 min under: (A) dark; (B) red light irradiation; (C)
blue light irradiation; (D) white light irradiation; (E) yellow light irradiation; (F) sunlight irradiation.

6.4. Conclusions and future applications

This preliminary study represents promising foundations for future applications of photo-
responsive polymer capsules. The applications involving UV or IR capsules require expensive and
poorly available light sources, therefore visible light in the wavelength range of 500-600 nm represent
a valid alternative since it is readily provided by natural sunlight or any white desk lamp. These
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capsules could be employed in encapsulation of a wide variety of active agents, such as pesticides for
crop protection, fragrances for household products and flavors for food engineering, as well as active

molecules for cosmetics and medicine.
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9 CHAPTER 7

General Conclusions



Considerable progress in the design and the synthesis of light-responsive polymer micro- and
nanocapsules has been made in recent decades. Diversification of capsule preparation techniques and
fine-tuning of materials chemical design provide a wide an almost infinite number of strategies to
obtain customer-tailored products. In particular, research and development in nano-sized range is
currently experiencing a burst development and is in constant need for new carriers to further impact

frontier applications such as theranostics, nanomedicine and drug delivery.

We have reported a straightforward route for the preparation of solid shell nanocapsules with
controlled UV-triggered release. A miniemulsion interfacial polymerization technique has been
employed to synthesize in-situ a polyamide shell containing azobenzene segments in the main chain.
The trans to cis photo-isomerization of azobenzene, occurring upon UV-light irradiation (360 nm),
leads to major rearrangements in the capsules shell inducing the release of encapsulated materials.
The feasibility and reliability of the release mechanism has been assessed by monitoring the UV-
induced release of a fluorescent probe molecule, Coumarin 6, dispersed in the toluene core.
Collectively, these findings outline the efficacy of the proposed approach in view of engineering the

delivery of active agents according to specific applications.

Moreover, encapsulation and light-triggered release of basil and thyme essential oils was also
studied in detail proving the versatility and reliability of the miniemulsion interfacial
polycondensation in the preparation of stimuli responsive capsules. The essential oils have the dual
role of active core material and solvent for the azo-monomer in the miniemulsion reaction, thus
implying the elimination of potentially toxic organic solvents from the procedure. The photo-induced
release mechanism in azo-polymers makes these capsules promising candidate for a wide variety of
applications, such as food-packaging, agriculture, household and cosmetics. Moreover, the study
regarding Coumarin-6 encapsulation and release, as a model drug, strongly hints at future application

in biological environments.
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Thyme and basil essential oils are renowned antimicrobial agents, used in many food
packaging applications. Herein, for the first time to our knowledge, the encapsulation of these
essential oils in a packaging material was reported. The coating process of PE and PLA with EO-
loaded capsules was efficiently assessed. Both release experiments and antimicrobial tests confirmed

the feasibility of the active packaging system.

UV-light is poorly available and pose threats to human health as well. Therefore, a red-shift of the
azobenzene trans-cis photo-isomerization wavelength towards visible range in the radiation
spectrum would be preferable. Visible light in the wavelength range of 500-600 nm represent a valid
alternative since it is readily provided by natural sunlight or any white desk lamp. We report on the
synthesis and characterization of a modified azobenzene, where photo-isomerization is triggered by
visible-light. This monomer could be employed in encapsulation of a wide variety of active agents,
such as pesticides for crop protection, fragrances for household products and flavors for food

engineering, as well as active molecules for cosmetics and medicine.
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Figure 1.1. - Schematic representation of different types of colloidal nanoparticles.
Figure 1.2. — Schematization of the application of micro and nanocapsules.
Figure 1.3. - Schematization of a two-sheet copying paper.
Figure 1.4. - Schematization of microcapsules-based e-ink.
Figure 1.5. - Internal structure of a microcapsules based self-healing material.
Figure 1.6. - Release mechanisms of core-shell capsules.

Figure 2.1. - Photo-isomerization mechanism of photochromic molecules: (a) azobenzene; (b)

stilbene; and (c) spiropyrane.

Figure 2.2. - Schematization of the C6 release from photo-responsive polymer nanocapsules as

depicted by Marturano et al. [34]. Reproduced with permission from Elsevier.

Figure 2.3. - Formation of polyelectrolyte based layer-by-layer nanocapsule as schematized by Yoon

et al. [50]. Reprinted with permission from [50].

Figure 2.4. - Schematic illustration of (PDADMAC/PAZO) microcapsule disruption induced by UV
irradiation [55]: (a) LbL assembly of the polyelectrolytes on the capsule shell surface; (b) formation
of J aggregates under UV irradiation; (c,d) extended aggregates act as stress raisers, triggering

capsule breakage. Reprinted with permission from [55]. Copyright 2014 Royal Society of Chemistry.
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Figure 2.5. - Photolysis-induced small molecule encapsulation in: (a) Nafion/DAR; and (b) DAR
single component multilayer capsules as depicted in [57]. Reprinted with permission from [57].

Copyright 2013 American Chemical Society.

Figure 2.6. - Capsules structure and release mechanism of a-CD/Azo LbL microcapsules as depicted
by Xiao et al. [62]. Reprinted with permission from [62]. Copyright 2011 American Chemical

Society.

Figure 2.7. - On/off photo-responsive switch in the LbL microcapsules designed by Lin et al. [63].

Reprinted with permission from [63]. Copyright 2014 Royal Society of Chemistry.

Figure 2.8. - Schematic illustration of the various colloidal systems investigated by Angelatos et al.

[76]. Reprinted with permission from [76]. Copyright 2005 American Chemical Society.

Figure 2.9. - Schematic illustration of the self-assembly of block ionomer complex vesicles as
depicted by Wang et al. [86]. Reprinted with permission from [86]. Copyright 2009 American

Chemical Society.

Figure 2.10. - Schematization of light-triggered release mechanisms in liposomes by inclusion of:
(A) photo-polymerizable components; (B) photodegradable components; or (C) photo-isomerizable
azobenzene moieties. Reprinted with permission from [92]. Copyright 2012 Ivyspring International

Publisher.
Figure 2.11. - Singlet oxygen-mediated photo-oxidation of plasmalogen vinyl ether linkage.

Figure 3.1. - Polycondensation reaction leading to the formation of capsule shell, and structure of

the obtained nanocapsules.

Figure 3.2. - Change of droplet diameters over time of oil-in-water emulsions of M18-88 and TX100

(a) without and (b) with CAB as co-surfactant.

Figure 3.3. - Size distribution of the nanocapsules as measured by DLS.
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Figure 3.4. - SEM micrographs of NTOI (a), NTO5 (b), NM5 (c¢) and NMI (d) capsules, respectively.
Figure 3.5. - TEM images of (a) NT05 and (b) NM1 nanocapsules.

Figure 3.6. - TEM image of the micellar dispersion obtained after polymerizing the emulsion ET],
containing 1.0 wt % TXI100.

Figure 3.7. - UV-Vis absorption spectra of (a) NM1 and (b) NTO5 capsules measured

at different times of UV irradiation at 360 nm.

Figure 3.8. - Nanocapsule average diameter changes (empty symbols) and coumarin 6 release kinetics
(full symbols) upon UV exposure for (a) NMI and (b) NTO5. Values for unirradiated samples are

reported as a control. Dashed lines represent fitting curves according to Boltzmann equation.
Figure 4.1. - Classification of NOs based on their chemical composition.
Figure 4.2. - Schematic representation of the interfacial polycondensation reaction in miniemulsion.

Figure 4.3. - SEM micrographs of (a) NCB and (b) NCT, TEM micrographs of (¢) NCB and (d)
NCT. (e) Scattering intensity vs. particle diameter (nm) of both nanocapsules samples, and (f)

comparison of DLS and SEM analysis data.

Figure 4.4. - Release kinetics of encapsulated EOs from NCB and NCT samples under (a)

continuous UV irradiation and (b) pulsed UV irradiation (2 cycles of 15 min each).

Figure 4.5. - Release of fluorescent probe molecule C6 from NCT sample after continuous (blue

triangle) and 15 min (red circle) UV light irradiation.

Figure 4.6. - Trypan blue exclusion histograms reporting the variations in cell proliferation as a

dependence of NCs concentration.

Figure 4.7. - Internalization and accumulation of NCs within NRK cells
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Figure 5.1 - Methods for the release of antimicrobial agents in food packaging technologies.
Figure 5.2. — Chemical composition of basil and thyme essential oils.

Figure 5.3. - (top) Contact angle micrographs performed on untreated and plasma and corona-
treated PE (A) and PLA (B). (bottom) surface energy values (SE) calculated from contact angle

measurements (CA) using water or diiodomethane as reference liquids.

Figure 5.4. — Optical images and SEM micrographs of the surface of a pure PLA film (a, d), upon

dip-coating (b, e) and after spraying (c, f) with an aqueous nanocapsules suspension.
Figure 5.5. - SEM micrographs of treated PE and PLA films coated with NCT and NCB.

Figure 5.6 — Evaluation of the thymol release via GC for m un-irradiated and m irradiated NCT

samples.
Figure 5.7. — Antimicrobial activity of the thyme (A) and basil (B) essential oils.
Figure 5.8. — Antimicrobial activity tests on PE film coated with NCT capsules.

Figure 5.9 — Schematization of a possible setup for the AM active packaging based on photo-

responsive polymer nanocapsules.
Figure 6.1. — Reaction scheme for the synthesis of 4,4’-bis(carboxy)-2,2-dimethoxyazobenzene.

Figure 6.2. - NMR of 4,4’-bis(carboxy)-2,2’-dimethoxyazobenzene, before (blue line) and after 30

min of white-light irradiation (red line).
Figure 6.3. - Emission spectra of different optical signal output of the commercial tunable lamp.

Figure 6.4. — Normalized absorbance of the azobenzene before and after 30 min under: (A) dark; (B)
red light irradiation; (C) blue light irradiation; (D) white light irradiation; (E) yellow light

irradiation; (F) sunlight irradiation.
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Tables

Table 2.1. - Characterization techniques of photo-responsive capsules.

Table3.1. — Droplet diameter and specific surface area per surfactant molecule of oil-in-water
emulsions containing CAB, freshly prepared and after 40 minutes. The diameters of the
correspondingly obtained nanocapsules are also reported. The reported size values were

obtained through DLS measurements.

Table 3.2. - Fitting parameters to Boltzman equation for the release curves in Fig. 8.

Table 4.1. - NOs behavior as CAB solvents and their reactivity toward CAB and DAO monomers.
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