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Résumé

Introduction

Le chitosan (CS) est un matériau dérivé de la chitine naturellement abondante et présente dans les
carapaces de crustacés et les parois cellulaires des champignons. Malgré son intérét croissant tant
du milieu universitaire que des industries, I'utilisation du chitosan reste relativement faible en raison
d'un manque de sensibilisation et de connaissances sur ses propriétés et avantages dans les
différents secteurs industriels. Les institutions de recherche, universitaires ou industrielles et les
initiatives gouvernementales se concentrent sur le développement de méthodes d'extraction
durables, 'optimisation des techniques de traitement et la sensibilisation aux avantages et aux
applications du chitosan. Avec lI'avancement des connaissances et de la technologie, on s'attend a

ce que l'utilisation du chitosan augmente a I'avenir.

CH;
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Figure R- 1 Structure chimique du chitosan

Les polyphénols sont un groupe de composés naturellement présents dans divers aliments d'origine
végétale, notamment les fruits, les légumes, les céréales complétes, le thé, le café et certaines épices.
Les polyphénols offrent de nombreux bienfaits pour la santé tels que l'activité antioxydant, les effets
anti-inflammatoires, la protection cardiovasculaire et les propriétés anticancéreuses. La naringénine
(NRG), la naringine (NR) et la catéchine (CAT) sont des polyphénols qui présentent un potentiel
prometteur pour la santé humaine. Cependant, leurs applications pratiques sont souvent entravées
par des questions liées a leur stabilité, a leur biodisponibilité et a leur formulation. Il est donc
nécessaire de surmonter ces limitations afin de pleinement exploiter les propriétés bénéfiques de
ces polyphénols. Des recherches en cours visent a surmonter ces obstacles en explorant des
techniques telles que la nanoencapsulation a I'aide de particules de chitosan, qui peuvent améliorer
la stabilité, la libération controélée et la délivrance ciblée de polyphénols et d'autres substances.
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Figure R- 2 Structure chimique de la naringénine, de la naringine et de la catéchine.

Dans la littérature, I'utilisation de particules de chitosan dans I'encapsulation des polyphénols offre
une approche polyvalente pour améliorer la stabilité, la libération contrélée et la délivrance ciblée

de diverses substances.

Les particules submicroniques sont couramment utilisées pour I'encapsulation et la libération
controlée de molécules actives peu solubles dans I'eau. Les caractéristiques de surface de ces
particules jouent un role crucial dans la détermination de certaines de leurs propriétés, telles que la
stabilité colloidale, la capacité de redispersion aprés séchage ou lyophilisation, les interactions avec
les composants des milieux biologiques et la cinétique de libération des molécules actives. Pour
controler les propriétés de surface des particules, I'adsorption physique de biopolymeéres tels que
les protéines ou les polysaccharides est souvent utilisée. Ces biopolyméres peuvent étre utilisés
directement ou aprés fonctionnalisation pour améliorer leurs propriétés d'adsorption. Plus
récemment, |'utilisation de complexes de biopolymeéres, tels que des complexes polysaccharides-
protéines, pour le revétement de surface des particules a été envisagée. L'un des avantages de cette
approche est qu'elle élimine la nécessité d'étapes préalables de modification ou de
fonctionnalisation, permettant ainsi |'utilisation de biopolymeéres dans leur état natif. Le choix du
biomatériau de revétement permet également d'introduire des propriétés de surface spécifiques
aux particules (par exemple la furtivité pour prévenir ainsi toute réaction immunitaire).

L'objectif de cette étude est d'améliorer la production de particules submicroniques composées de
chitosan et revétues de complexes biopolymeres physiquement adsorbés. Les conditions de
fabrication seront soigneusement ajustées pour controéler la distribution de la taille des particules et
les propriétés de surface, notamment la charge, I'épaisseur de la couche de surface, la nature et la
conformation des macromolécules de surface. De plus, ces particules seront utilisées pour

I'encapsulation d'une molécule phénolique hydrophobe.

L'objectif principal de cette étude est également d'examiner les mécanismes de libération et de
controler le taux de libération de la molécule active en fonction des propriétés du revétement de
surface auto-assemblé et des paramétres physico-chimiques du milieu environnant, tels que le pH
et la polarité. De plus, I'objectif est d'explorer et d'établir la corrélation entre la structure du

matériau composite et le profil de libération des molécules encapsulées.

11
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La technique de gélification ionique est largement utilisée pour créer des nanoparticules de chitosan
(NPs de CS) grace a l'interaction électrostatique entre le CS et les polyanions tels que le -
tripolyphosphate (TPP). Cette méthode est largement appliquée pour la délivrance de médicaments.
Notre attention se porte sur les nanoparticules a base de CS (NPs CS-TPP) formées a l'aide du TPP
en tant qu'agent de réticulation. Ce choix est di a son rentabilité et a I'encapsulation rapide qu'il
offre, particulierement adapté aux composés labiles car il n'implique pas de hautes températures,
de solvants organiques ou de sonication. L'alginate (ALG), dérivé des algues brunes, est un
polysaccharide naturel ayant des propriétés anioniques, ce qui le rend utile pour des applications
pharmaceutiques telles que la délivrance de médicaments et I'encapsulation de cellules en raison
de sa nature mucoadhésive. Lorsqu'il est combiné avec le chitosan (CS), qui possede des charges
électriques opposées dans des environnements acides, une couche peut se former autour des
nanoparticules CS-TPP grace a des interactions électrostatiques. Cette enveloppe a été signalée pour
introduire de nouvelles propriétés telles que la mucoadhésion, la protection des molécules et une
modification du comportement de diffusion des particules. Dans cette étude, des particules de CS-
TPP ainsi que des particules de CS-TPP revétues d'ALG ont été préparées et caractérisées afin
d'explorer leur potentiel en tant que transporteurs de polyphénols.

Méthode

L'approche expérimentale de cette étude a été divisée en trois parties principales :
Partie 1 : Mise au point du processus de préparation des particules de CS-TPP

Le processus de préparation des particules de CS-TPP a été optimisé en prenant en compte diverses
variables, telles que la concentration desconstituants, la température de gélification, le rapport de
masse des constituants et leur rapport volumique. Des recherches bibliographiques et des
expériences préliminaires ont été menées pour déterminer les conditions optimales a I'égard de Ia
distribution de tailles de particules. De plus, un revétement de sel d'alginate a été appliqué au cosur
de CS pour fonctionnaliser la surface des particules. Les particules de CS résultantes, a la fois
revétues et non revétues, ont été caractérisées a l'aide de techniques telles que la diffusion de la
lumiere dynamique (DLS), la mesure de potentiel zéta, la microscopie électronique a balayage (MEB)
et la granulométrie par diffraction laser pour analyser leurs propriétés telles que la distribution de
taille, la charge de surface et la morphologie.

Partie 2 : Encapsulation des molécules cibles

La structure en gel réticulé formée lors du processus de gélification ionique constitue une excellente
matrice pour encapsuler divers agents thérapeutiques ou composés actifs. Les particules peuvent
controler la libération des substances encapsulées, permettant une libération soutenue et controlée
dans le temps. Ce mécanisme de formation du coeur des particules a également I'avantage de ne
pas faire intervenir de solvants autres que des milieux aqueux.

La naringénine, la naringine et la catéchine ont été choisies comme molécules cibles a encapsuler
dans les particules de CS-TPP. Ces molécules ont été incorporées dans les particules de CS en les
mélangeant avec une solution de CS lors du processus de préparation des particules. Ensuite, une
méthode de séparation appropriée a été utilisée pour séparer les particules de CS des molécules

12



libres en exces dans le milieu continu (non encapsulées). La quantité de molécules libres a ensuite
été quantifiée par spectrophotométrie UV, ce qui a permis de déterminer I'efficacité d'encapsulation
(EE%) de I'opération.

Partie 3 : Etude des cinétiques de libération

Les cinétiques de libération des molécules polyphénoliques a partir des particules de CS ont été
suivies dans différents milieux avec des variations de pH, de composition de solvant et de volume
de dissolution. Cela a permis de comprendre de maniére exhaustive le comportement de dissolution
et la cinétique de libération des molécules chargées a partir des particules de CS.

Résultats

Effet des parametres du procédé de préparation sur les caractéristiques des particules
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Figure R- 3 Résultats de I'effet des paramétres du processus sur la taille des particules

Selon les conditions de préparation, des particules de CS-TPP ont été préparées avec des tailles allant
de 60 nm a 200 um. Les particules ont été trouvées avoir une forme sphérique, comme confirmé
par l'analyse microscopique. De plus, leur charge de surface a été déterminée comme positive a
I'aide de mesures de potentiel zéta. Comme attendu, les particules de CS-TPP revétues d'ALG avaient
une charge de surface négative.

Les résultats de la DLS indiquent que lorsque le rapport de charges (NH3+/P30105_) et le rapport
de masse CS/TPP augmentent, la taille moyenne des particules et I'indice de polydispersité (PDI)
augmentent dans les conditions définies. A des températures de gélification plus élevées (45/50 °C),
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les particules de CS présentent une meilleure homogénéité et une distribution de taille plus étroite,
comme l'indique une diminution de I'IPD. La concentration des particules est définie comme la
concentration du produit final dans I'environnement aqueux a la fin du processus de préparation
des particules. Une observation intéressante est que lorsque la concentration des particules était
inférieure a 3 g/L, la taille des particules avait tendance a étre inférieure a 240 nm. Cependant, des
analyses statistiques supplémentaires sont recommandées pour confirmer cette tendance.

Encapsulation

Les possibilités d’encapsulation de la NRG, la NR et la CAT ont été étudiées dans les particules de CS-
TPP en mélangeant leurs solutions avec une solution de CS avant |'ajout de TPP pendant le processus
de préparation des particules de CS-TPP. Un protocole permettant de déterminer I'EE% de ces
molécules a été établi. La quantité de molécules non encapsulées et en exces dans le surnageant a
été déterminée par spectrophotométrie UV-Vis, ce qui a permis de calculer indirectement I'EE% de
la molécule a l'intérieur des particules de CS-TPP. Les résultats de notre étude indiquent que le
systeme CS-TPP présente une forte affinité pour la naringénine (NRG), une affinité modérée pour la
catéchine (CAT) et une faible affinité pour la naringine (NR). L'EE% de la NRG variait de 70 % a 90 %,
en fonction des formulations de CS-TPP utilisées. L'EE% la plus élevée de la CAT était inférieure a
30 %. L'EE% de la NRG a été trouvé pour augmenter avec une plus grande quantité initiale de NRG
dans la plage de 1,5 mg a 4,5 mg. D'autre part, la composition du solvant utilisé pour la CAT semblait
avoir un impact sur I'EE% de la CAT. Ces résultats suggerent que le systéme CS-TPP peut étre
particulierement adapté a I'encapsulation et a la délivrance de la naringénine, tandis que d'autres
stratégies doivent étre explorées pour |'encapsulation efficace de la naringine et de la catéchine.
L'encapsulation de la NRG a l'aide de particules de CS-TPP revétues d'ALG a également été réalisée,
mais I'EE% s'est avérée inférieure a celle des particules de CS-TPP. Ceci a été attribué a des pertes
occasionnées par les étapes supplémentaires du procédé de préparation.

Test de libération

La faible solubilité de la NRG dans |'eau représente une difficulté pour la réalisation d'un test de
libération tout en garantissant des conditions suffisamment loin de la saturation du milieu extérieur
tout au long de la durée du test. La solubilité de la NRG dans I'eau a été estimée de maniére fiable
en dispersant les particules de CS-TPP chargées de NRG (4,4 mg) dans différents volumes d'eau
(10,50, 100, 400, 800 mL) (Figure R-4). La solubilité de la NRG dans I'eau a 20°C a été déterminée a
21,6 £ 0,9 mg/L. Un volume de 800 mL a été choisi pour le test de dissolution afin de garantir que la
diffusion de la NRG dans I'eau ne soit pas entravée par la saturation.
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Figure R- 4 Libération de la NRG dans 10, 50, 100, 400, 800 ml d'eau a 20°C.

Les profils de libération de la NRG a partir des particules de CS-TPP, avec ou sans revétement d'ALG,
ont présenté des motifs similaires. La cinétique de libération a montré une phase initiale de
libération rapide au cours des 10 premiéres minutes, avec plus de 70 % de la NRG libérée. Cela a été
suivi d'une phase de libération soutenue, caractérisée par un taux de libération plus lent, ce qui a
permis la libération progressive de la portion restante de NRG. Au fil du temps, la libération
cumulative de la NRG a partir des particules de CS-TPP a atteint 100 % a la fin de la période de test
de dissolution (Figure R-5).
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Figure R- 5 Libération cumulative de la NRG a partir des particules de CS-TPP et des particules de CS-TPP revétues d'ALG

dans 800 mL d'eau.

D'autre part, lorsque les particules de CS-TPP chargées de NRG ont été dispersées dans un milieu
mixte éthanol (EtOH)-eau, il a été observé que I'ajout d'EtOH jusqu'a une concentration de 33 %
n'altérait pas significativement le profil de libération de la NRG a partir des particules. Cependant,
la présence d'EtOH dans le milieu pouvait augmenter le niveau global de libération de la NRG. Cela
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pourrait étre attribué a la solubilité améliorée de la NRG dans le milieu mixte EtOH-eau, en
particulier lorsque la libération de la NRG était limitée par sa saturation dans le milieu de dissolution.
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Figure R- 6 Libération de la NRG dans I'eau et les milieux EtOH-eau dans 10 ml (gauche) et dans 800 ml (droite).

Conclusions et perspectives

Le développement, I'optimisation, la caractérisation et |'évaluation des particules de chitosan-
tripolyphosphate (CS-TPP) ont été réalisés avec succes dans cette étude. Le processus d'optimisation
a impliqué I'étude de différentes variables de processus, notamment la concentration de chitosan
(CS), le volume des solutions de CS et de TPP, le rapport de masse CS/TPP et la température. En
étudiant systématiquement l'impact de ces variables, il a été possible d'identifier les parametres
clés pour la formulation et la préparation de particules de CS-TPP destinées aux systémes de
délivrance de médicaments. Les résultats de cette optimisation fournissent des informations
précieuses et des orientations pour les futures stratégies de formulation et de préparation dans le
domaine de la délivrance de médicaments.

Deuxiemement, I'encapsulation de trois molécules polyphénoliques, a savoir la naringénine (NRG),
la naringine (NR) et la catéchine (CAT), dans des particules de CS a été réalisée. L'efficacité
d'encapsulation (EE%) des molécules actives a été caractérisée a l'aide de la spectrométrie UV-Vis
pour évaluer l'affinité entre les particules de CS et les polyphénols. Les résultats ont indiqué que les
particules de CS étaient capables d'encapsuler efficacement la NRG et la CAT, comme en témoignent
les valeurs élevées d'EE%. Cependant, I'encapsulation de la NR semblait beaucoup moins favorable,
probablement en raison des propriétés spécifiques de cette molécule ou de son interaction avec les
particules de CS. Les variables susceptibles d'influencer I'EE% ont été étudiées.

L'étude révele que les particules de CS-TPP présentent des avantages en tant que systéme
d'encapsulation pour la libération contrélée de la naringénine. L'encapsulation et la libération
réussies de la naringénine démontrent le potentiel des particules de CS-TPP dans les applications de
délivrance de médicaments. Des recherches supplémentaires sont nécessaires pour explorer
pleinement les capacités des particules de CS-TPP pour encapsuler différentes molécules bioactives.
De plus, des recherches sur I'affinité entre la naringénine et les membranes a base de cellulose
pourraient fournir des informations sur leur compatibilité en tant que stratégie d'encapsulation. Les
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matériaux a base de cellulose offrent une biocompatibilité, une biodégradabilité et une libération
controlée des médicaments, ce qui en fait une voie précieuse pour des systemes de délivrance de
médicaments efficaces(Sun et al., 2019). Explorer le potentiel des dérivés de cellulose ou de la
cellulose modifiée pour encapsuler et délivrer de la naringénine pourrait ouvrir de nouvelles

opportunités dans ce domaine.
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General introduction

Lorraine Université d’Excellence (LUE) is an initiative of Université de Lorraine which was selected
for funding in 2016 as an I-SITE initiative in the framework of PIA2 French national program. Since
its launch in 2016, LUE initiated various calls for proposals among which IMPACT projects which
were aimed at promoting interdisciplinary research as well as transfer to industry.

This PhD thesis took place in the framework of one of these IMPACT projects called “Biomolecules”.

The LUE IMPACT Biomolecules project aimed to cover all stages of biomolecule development, from
production to testing and application. It involved 17 laboratories (Calbinotox, CITHEFOR, CRAN,
DCAC, DynAMic, IAM, IMoPA, L2CM, LAE, LCOMS, LCPM, LERMaB, LIBio, LORIA, LRGP, SIMPA,
URAFPA) and 17 industry partners in the Lorraine region, totaling 120 researchers. Its main
outcomes focused on identifying novel compounds with anti-proliferative, antioxidant, and anti-
inflammatory activities. The project's goal is to create a "Biomolecules — Bioengineering —
Bioeconomy Network" (3B Network) that produces new, functionalized, and targeted biomolecules
for various industries, including agro-chemistry, biocontrol, agro-food, cosmetics, pharmaceuticals,
and medicine.

The project primarily focuses on biomolecules with anti-inflammatory, anti-proliferative, and
antioxidant properties, chosen due to the private partners' interests in these markets and the
expertise of the consortium's laboratories in these areas. The project's scientific challenges involve
studying interactions between living organisms, designing biomolecules inspired by nature,
controlling their activity through functionalization or vectorization, and validating their biological
efficacy for integration into industrial and pharmaceutical products.

A key strength of the project lies in the complementary expertise of the participating laboratories
and companies, allowing them to cover all stages of biomolecule development, from initial discovery
to validating their mechanisms of action, ultimately leading to commercialization.

Within the framework of the "Functionalization and Vectorization of Biomolecules" work package in
the LUE IMPACT Biomolecules project, which aims to enhance the bioavailability and stability of
biomolecules through their encapsulation in an external matrix, this doctoral fellowship was funded
by the LUE IMPACT Biomolecules project. It was conducted in collaboration between LIBio and LCPM,
under the guidance of Professor Stéphane Desobry (LIBio) and Professor Alain Durand (LCPM).

The LIBio laboratory, located within the Ecole Nationale Supérieure d'Agronomie et des Industries
Alimentaires (ENSAIA) at the Université de Lorraine, is dedicated to the creation of carriers and
frameworks derived from agricultural resources. Their goal is to modulate the reactivity of these
materials, allowing precise control over the transport and release of active compounds, tailored to
match the physicochemical conditions of their surroundings. The Laboratory of Physical Chemistry
of Macromolecules (LCPM) is a joint research unit affiliated with both CNRS (The French National
Centre for Scientific Research) and the Université de Lorraine as UMR 7375. The LCPM conducts
research with a transdisciplinary scientific approach, focusing on the design, synthesis, and
characterization of molecules and macromolecules with original structures and architectures. This
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approach leads to functional and self-organizing properties that have practical applications in three
main domains: healthcare, specialized materials, and processes.

Chitosan (CS) is a naturally derived material from chitin found in crustacean shells and fungal cell
walls. Despite its abundance, its usage remains limited due to a lack of awareness. Research efforts
aim to improve this situation. Polyphenols, found in various plant-based foods, offer numerous
health benefits. However, their use is hindered by challenges related to stability and bioavailability.
Current research explores techniques like chitosan-based nanoencapsulation to address these
issues. Submicron particles are commonly used for encapsulating poorly soluble substances. The
choice of coating biomaterial allows for introducing stealth properties to the particles, thus
preventing immune reactions.

The study aims to enhance the production of submicron particles composed of chitosan and coated
with physically adsorbed biopolymer complexes. It also seeks to understand the release mechanisms
of encapsulated molecules based on coating properties and environmental conditions. The
experimental approach comprises three main parts: optimization of the CS based particle
preparation process, encapsulation of target molecules, and release testing.

In Chapter 1, an extensive literature review was conducted to assess the current status of chitosan,
a versatile biopolymer. The review covered its sources, distinctive properties (such as
electropositivity, biocompatibility, and antibacterial activity), and various applications. Additionally,
a concise overview of chitosan-based network and particulate structures was provided. The
production of chitosan particles was explored through numerous methods, with ionic gelation
standing out due to its operational simplicity, gentle processing conditions, environmental
friendliness, and versatility in generating diverse particles.

lonotropic gelation (1G), a well-explored method, was highlighted for its ability to create nano- to
micro-scaled particles via electrostatic interactions between two ionic species. The non-toxic
crosslinking of chitosan with tripolyphosphate (TPP) was identified as a method for obtaining
chitosan particles. The chapter also briefly introduced characterization methods for the acquired
particles. Naringenin, naringin, and catechin, three polyphenols with significant health potential,
including antioxidant, anti-inflammatory, anti-diabetic, and anti-tumor activities, were discussed.
Examples from the literature showcasing the delivery of polyphenols through CS-TPP systems were
summarized.

Chapter 2 provides a comprehensive overview of the scientific approach undertaken in this research.
It outlines the research context, objectives, scientific inquiries to be addressed, and the
experimental design. In Chapter 3, the focus is primarily on detailing the methods employed,
covering five key aspects: the characterization of materials, the preparation and characterization of
CS based particles, the encapsulation of polyphenols, and the analysis of the release kinetics of
loaded molecules.

Moving on to Chapter 4, it encompasses the analysis of results, observations, and discussions.
Notably, CS-TPP particles of varying sizes were successfully prepared and characterized. The impact
of process parameters, particularly size, was explored, with investigations into the effects of
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crosslinking temperature, the mass ratio of CS/TPP, the ratio of charges (NH3+/P30105_), and

particle concentration on CS-TPP particle size. The addition of an alginate coating was found to
enlarge particle size and shift the particle surface charge from positive to negative. Results indicated
the successful encapsulation of naringenin within the chitosan-based system, unveiling a two-phase
release pattern under specific release conditions.

Lastly, Chapter 5 provides a summarization of conclusions drawn from preceding chapters and
suggests potential avenues for future research.

1 State of the art?!

1.1 Biopolymer with unique positive charge: chitosan

Chitosan (CS), derived from chitin through deacetylation, is a natural polymer with enormous
potential applications in biotechnology and food engineering. Chitin is a long-chain polymer of N-
acetyl glucosamine and the second most abundant natural biopolymer after cellulose on the planet
(Martinez et al., 2014; Shit and Shah, 2014; Tharanathan and Kittur, 2003; Zeng et al., 2012). The
estimated annual biosynthesis of chitin is roughly 10 tons in the biosphere biosphere(Gooday,
1990; Latanska et al., 2021). It is a sustainable natural resource that is omnipresent but still
underexploited commercially. Chitin and cellulose belong to the same class of biopolymers, i.e.,
polysaccharides. The two other main classes of biopolymers include proteins and nucleic acids.

Chitosan is a linear polysaccharide composed of amino groups, with its structure containing D-
glucosamine (deacetylated units) and N-acetyl-D-glucosamine (acetylated units) linked randomly
through B-(1->4) bonds(Latarnska et al., 2021)(Figure 1-1). Due to its repeatedly reported beneficial
characteristics, such as absence of toxicity, biocompatibility, biodegradability, chitosan has found
considerable applications in various fields, including environmental engineering, agriculture,
aquaculture, agrochemistry, food industry, medical/pharmaceutical and cosmetic industries(Aranaz
et al., 2017; Kim, 2010; Martinez et al., 2014; Zhou et al., 2021).

! Content modified from our published review, (Weng, Durand, and Desobry 2023)

20



¢ Deacetylation

CHs

o<
NH," gl HO NH o
HO o 0" Chitosan
-0 4 °" Ho 0
OH NH3 OH

Figure 1-1 Chemical structure of chitin and chitosan and their sources including crustaceans, insects and fungi

Chitin can be found in alga, fungi, arthropods (crab, shrimp, crayfish and insect), plankton and
mollusks (squids). Chitosan can be produced from various sources, including shell of crustaceans,
insects and cell walls of fungi (Figure 1-1)(El Knidri et al., 2018; Huq et al., 2022; Khayrova et al.,
2021; Lee et al., 2022). Nowadays, the main commercial source of chitin and its derives is shells and
the exoskeleton of crustaceans, which have been considered as low-value marine wastes for a
longtime. Global annual production of shrimp and lobster shells and crab waste was reported
between 6 to 8 million tons (Food and agriculture organization of united nations, 2014). According
to Food and Agriculture Organization of the United Nations (FAO), on a worldwide basis, production
of crustaceans reached to 10 481 319 tons with a value of 76 307 935 000 USD by 2019(FAO, 2019).
The chitin content of crustacean shell waste was reported ranged from 15% to 40% (Abdel-Rahman
et al., 2015; Mohan et al., 2021; Yan and Chen, 2015).Powder of this grounded marine byproduct
can serve as animal-feed supplement but the profitability is very limited compared with its refined
high-value chemicals such as chitosan, glucosamine and their derivatives.
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Table 1-1 Global annual production and price of chitin, chitosan and Dried shrimp shells.

Product Industrial production Price
(10° Tons per Year) (USD per Ton)
Dried shrimp shells 6-8 100-120
Chitin 0.02 -0.04° 6 000 - 40 000
Chitosan <0.1° 15 000 - 160 000¢

a Annual production of chitin is probably under 10,000 tons whereas, reliable figures are not available (EUCHIS).
b Global industrial production of chitosan is estimated to reach 173.9 thousand tons by 2027(SFly, 2019).
¢ Data from Alibaba (March 2023) (Alibaba, 2023)

Transformation of chitin from marine waste is not complex but it is a process who needs
considerable amounts of water and chemical components like strong acids and bases. Preparation
of chitin and chitosan from crustacean marine waste involves several steps (Figure 1-2). First, the
waste material is collected and washed to remove any debris or impurities. Then, it is subjected to
a series of chemical treatments to remove proteins, lipids, and other non-chitin materials. This
process typically involves treating the waste with strong acids or bases, followed by several rounds

Crustacean shell powder

Washing, grinding, sieving .
Raw crustacean shells > Particle size = 250 pm

Chitin + CaCOs3 + protein

Deproteinization | 0.25-1 mol/L HCI-

CaCOs
45% NaOH, 110 °C — Deproteinization Demineralized shells
Chitosan < Chitin € . .
1 mol/L, NaOH, Chition + protein
0,

45%’ NaOH 70 °C 24 h, protein

Microwave

Radiation

v
Chitosan

Figure 1-2 Preparation of chitin and chitosan from crustacean marine waste(Sagheer et al., 2009; Huq et al., 2022)

of washing and drying. Once the chitin has been isolated from the waste material, it can be
converted to chitosan through a process called deacetylation. This involves treating the chitin with
an alkaline solution, which removes the acetyl groups from the polymer chain and converts it to
chitosan. The resulting chitosan can then be further processed and purified for use in various
applications.
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Chitosan from marine waste has several advantages, such as its abundant availability, low cost, and
the ability to reduce waste and pollution. However, the production process can be complex, and the
purity and quality of the chitosan can vary depending on the source and processing methods (Huq
et al., 2022).

The KITOGREEN project is funded by the European Union through the HORIZON 2020 program. Its
objective is to investigate alternative methods for the production of chitosan, which is typically
extracted from shellfish, by exploring the use of a fungal-derived biopolymer. This innovative
technology generates chitosan from vegetal sources, making it a sustainable and eco-friendly option.
The use of vegetal sourced chitosan offers multiple benefits, including reduced dependence on
fertilizers, improved health implications, lowered CO; emissions, elimination of allergens, increased
sustainability in agriculture, and expanded applications in other sectors such as healthcare and
beverages (CORDIS, 2019).

Chitin can be easily extracted from the cell wall of filamentous fungi, which is a good source of chitin.
The amount of waste produced during mushroom cultivation, which can range from 5% to 20% of
the production volume. Chitosan derived from fungi can be produced year-round without any
seasonal variation. Additionally, it is free from heavy metals and allergenic proteins found in animal
sources, making it a favorable option for various applications such as in the food, cosmetic,
pharmaceutical, and medical industries. Furthermore, the utilization of chitosan derived from fungi
may provide a substitute to conventional chitosan sources for individuals who opt to refrain from
animal-derived products due to ethical, religious, or other motives. Nevertheless, commercial-scale
production of fungal-based chitosan products is still limited due to the low availability of raw
materials and the high cost of production(Ghormade et al., 2017; Huq et al., 2022).

Insects can also serve as a source of chitosan. Chitosan obtained from insects shares similar
properties and characteristics with chitosan obtained from other sources(Hahn et al., 2020; Lee et
al., 2022). Using chitosan sourced from insects offers the potential benefit of sustainable sourcing,
as insects are abundant in nature and can provide a renewable and non-regionally limited source of
chitosan. A European startup called SFLY has recently developed a pioneering technology for
producing chitin/chitosan from cultured Black Soldier Fly (Hermetia lllucens) insects (SFly, 2019).
Their innovative biochemical extraction process aligns with environmentally friendly principles by
reducing water consumption, chemical reagents, and energy usage.

Chitosan can also be obtained from other sources, including vegetal or plant-based sources. Vegetal
sourced chitosan refers to chitosan that is obtained from plant-based materials, such as fungi,
mushrooms, and other non-animal sources. These sources may include cell walls of fungi, mycelium,
and other chitin-containing plant tissues.

Vegetal sourced chitosan has similar properties and characteristics to chitosan derived from animal
sources, such as high biocompatibility, biodegradability, and antimicrobial properties. It can be used
in a variety of applications, including biomedical, pharmaceutical, agricultural, and environmental
applications, just like animal-derived chitosan. It's important to note that the properties and
characteristics of vegetal sourced chitosan may vary depending on the specific plant source,
extraction method, and processing conditions used. Therefore, it is necessary to carefully evaluate
the quality and properties of vegetal sourced chitosan through appropriate characterization and
testing methods to ensure its suitability for a particular application.

Industrial production of refined chitin/chitosan and its derivatives) remained low by 2016. It
reported that less than half of global demand was satisfied ((EUCHIS, 2016.), (SFly, 2019)). Both
demand and production for chitosan keep growing in various industries worldwide for these years.
The global market volume of chitin and its derivatives was valued nearly 7.1 billion US dollars by
2021 (Facts & Factors, 2022). The global market for Chitin and Chitosan Derivatives was estimated at
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7.9 billion US dollars in the year 2022, is projected to reach a revised size of 24.9 billion US dollars
by 2030(Reportlinker, 2023).

Chitosan’s multiple utilities originate from its relatively rare physical properties; it is the unique
cationic polyelectrolyte among known natural biopolymers, we can fabricate composites though
electrostatic combination between chitosan and other negatively charged substances; it is a pH
sensitive material, because its dissolution and degradation under mild acidic condition; also from its
beneficial biological properties, such as non-toxicity, biodegradability, biocompatibility,
mucoadhesive property, antimicrobial activities; it is apt to bind with electronegative mucous
membranes and it shows low toxicity in vitro and some in vivo models (Munawar et al., 2017). The
fact that chitosan chains only dissolve in acidic solution (pH < 6.5) is sometimes considered as a flaw,
but substitution or addiction at/onto amine groups of chitosan chains can tackle this solubility
problem or even enhance chitosan’s antimicrobial property. In a word, its abundant reserves in
nature, benign properties and versatile applications rationalize the ongoing research enthusiasm
from both academia and industry on chitin/chitosan and its derivatives. Figure 1-3 summarizes
chitosan application in variable industries. There would be a predictably continuous increase in
chitosan market in following decades.

The first interest in commercializing chitin was held back in the 1930s because of the strong
competition with synthesized polymers at that time. Large-scale production of chi-tin regained
attention in the mid-1970s, when regulations aiming to reduce the dumping of shellfish waste were
introduced. Regarding research interest, 108,025 references concerning “chitin/chitosan” were
found using SciFinder (years between 1970 and 2022). A remarkable increase in the number of
publications was evidenced at the beginning of the 1990s, indicating a real emerging research
interest in the academic world (Figure 1-4). On the other hand, according to statistics from WIPQO’s
database, PATENTSCOPE, the potential commercial applications of CS have grown steadily since the
late twentieth century, whereas the number of patent applications concerning CS has exploded in
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the last three decades. A total of 51,274 patent application records in English were found from all
offices, based on the search on March 1st, 2023 (Figure 1-5).
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Figure 1-3 Schematic overview of the versatility of chitosan applications in various
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1.1.1 Molecular weight (Mw) of chitosan

Mw of chitosan is considered as an important physical property as it was reported having influence
on solubility of polymer and on viscosity of polymer solution. CS above 30 kDa usually require acid
(except for phosphoric acid) to facilitate its dissolution in water (Herdiana et al., 2022). Chitosan
with molecular weight <50 kDa is usually considered as low molecular weight chitosan (Lee et al.,
2001; Zielinska et al., 2014). Low-molecular-weight chitosan has been found to exhibit different
properties and behaviors compared to high-molecular-weight chitosan, such as improved solubility,
higher bioavailability, and increased antimicrobial activity(Herdiana et al., 2022; Lee et al., 2001; Li
et al., 2005). Lower molecular weight chitosan has been shown to produce nanoparticles with
smaller dimensions, which can lead to altered drug release kinetiCS, pharmacodynamiCsS, and more
efficient drug delivery (Seidi et al., 2021). Furthermore, chitosan with lower molecular weight was
reported associated with lower cellular toxicity (Caprifico et al., 2020).

Determination Mw of chitosan by SEC-MALS

As most biopolymers, chitosan’s properties, such as physiochemical and biological functionalities,
are highly dependent on its molecular weight, degree of deacetylation and crystallinity(Hwang et al.,
2002). Molecular weight of chitosan and its purified product were characterized by size-exclusion
chromatography (SEC) coupled to a multiple-angle laser light-scattering (MALS) photometer.

SEC-MALS (Size Exclusion Chromatography with Multi-Angle Light Scattering) is a powerful analytical
technique used to characterize the size and molecular weight of macromolecules, such as proteins,
polymers, and nanoparticles, in solution(Beri et al., 1993).
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Figure 1-6 Schematic representation of the SEC-MALS system, (Adapted from Some, 2018).

SEC-MALS combines size exclusion chromatography (SEC), which separates molecules based on their
size, with multi-angle light scattering (MALS), which measures the scattering of light at different
angles. This allows for accurate determination of the absolute molecular weight and size of
macromolecules without relying on calibration standards, as in other techniques like conventional
SEC. In a typical SEC-MALS experiment, the sample is injected into a SEC column, where the
molecules are separated based on their size. As the molecules elute from the column, they pass
through a MALS detector that measures the intensity of scattered light at different angles. The
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scattered light is then used to calculate the molecular weight, size, and other parameters of the
macromolecules in solution. Firstly, molecules dissolved in flow phase pass through the SEC part and
are separated by size with the largest eluting first and the smallest last. The signals corresponding
to sample were collected by detectors and then analyzed by a software on computer (Figure 1-6).

To describe the distribution of molecular weights of a population of molecules, several definitions
could be used. Two common ways to describe the distribution of molecular weight numerically are
present below via equations (eq.1.1 - eq.1.3). In SEC-MALS, Mw/Mn is a ratio of weight-average
molecular weight (My) to number-average molecular weight (M,) of a polymer sample. My/M, is a
measure of polydispersity, which refers to the distribution of molecular weights in a polymer sample.
The narrower the distribution, the smaller the molecular weight range, and the lower the
polydispersity.

Weight-average molecular weight (My):

—  YM;C;
Mw = ——
2Ci

where M; is the molecular weight at the i!"data point, and C; is the concentration (or weight-fraction)
at the i data point.

(eq.1.1)

Number-average molecular weight (M)

— X
Mn = eq.1.2
SC, (eq.1.2)
M;
Polydispersity(PDI)
PDI = My (eq.1.3)
=M, eq. 1.

M; and C;, can be calculated with the help of light scattering detection provided by the MALS system.
Additionally, the light scattering part can also measure intrinsic viscosity and molecular size of the
sample.

1.1.2 Determination of deacetylation (DAA, %) of chitosan by *H NMR

The degree of deacetylation is termed as the molar fraction of N-deacetylated content counting in
entire polymer chain of chitosan. The DDA% value decides the quality and essential properties of
chitosan such as solubility, viscosity, electrostatic properties and diverse biological
activities(Chatelet, 2001; Kasaai, 2009). The effectiveness and behaviors of chitosan were reported
repeatedly to be related to DDA% of chitosan in many applications(Sreekumar et al., 2018; Zhang et
al., 2011). The degree of deacetylation of chitosan and its derivatives is an important
characterization parameter since the charge density of the chitosan molecule is responsible for
potential biological and functional effects. Knowledge of the degree of deacetylation is important
for an understanding of the functionality of chitosan salts in various applications. (ASTM, 2018). For
instance, a reversible cross-linking of chitosan with negatively charged reagent like tripolyphosphate
(TPP) at proper condition. The ability of reaction of chitosan in this process is basically from its
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positively charged amino groups. Therefore, DDA% of chitosan was found to be one of the most
important parameters that influenced on the ability of chitosan to form particles(Sreekumar et al.,
2018). Obviously, DDA% as information will assist researchers or/and engineers in choosing the
correct chitosan for their particular application.

Up to now, various methods for determination of the degree of N-acetylation of chitin and chitosan
have been developed and reported including IR, :H NMR, =C NMR, =N NMR, and UV spectroscopy,
titration and enzymatic hydrolysis coupled with calorimetry or chromatography. Applicable range,
sensitivity, rapidness, cost, availability of instruments and other factors distinguish those methods
(Kasaai, 2009).

1.2 CS-TPP particulate systems

The development of functional polymer nanocarriers is a significant achievement in modern
technologies, including medicine, biotechnology, chemistry and photoelectronics. They serve as
versatile systems adaptable to various applications, such as drug, nutrients, pesticides and fragrance
delivery, navigable (photo)reaction chambers, smart coatings and solar energy storage devices.
Although many systems have already been intensely investigated, there is still a considerable area
remaining for the development of better, tailor-made materials.

Nanoparticulate systems offer many advantages in drug delivery, by, e.g., improving bioavailability,
extending the therapeutic effect of the drug at the target site, and by improving the stability of the
drug against chemical and enzymatic degradation like e.g. under gastrointestinal tract conditions.
Essential physicochemical properties of nanoparticles include size (distribution), shape,
compactness, and surface charge. These properties have been linked to many important drug
delivery aspects, such as drug release profiles, bioavailability, biodistribution, and mucoadhesion.

Chitosan is also approved by GRAS (Generally Recognized as Safe by the United States Food and
Drug Administration [US FDA]). Crustacean-derived chitosan has a long history of safe use in the
food supply. It is currently approved/permitted for use as a natural food additive for general food
use in Japan and Korea (JFCRF, 2014; MFDS, 2017) and has broad use as a drug excipient, functional
food ingredient, and dietary supplement product in many countries like e.g. the USA., the European
Union. Supplement products containing chitosan typically promote weight control and/or
maintenance of cardiovascular health (NIH, 2020). On the other hand, fungal-derived chitosan for
use as a secondary direct food ingredient in alcoholic beverage production (Chinova, 2021). Chitosan
is a biopolymer that combines electrostatic stabilization due to its positive charge and steric
stabilization Due to the protonation of amino groups in acidic conditions, its hydrophilic character
permits high solubility. The existence of a positive surface charge and the potential of modifying the
molecule using electrostatically charged chemicals vitalize the usage of chitosan (Herdiana et al.,
2022; Szafraniec-Szczesny et al., 2020).

Nanoparticulate systems can potentially be used for enhanced drug dissolution and bioavailability,
enhanced cellular uptake, improved tumor targeting, and diagnostic purposes. (usage, application)
While some nanoparticle-based products are already approved by the U.S. FDA, several others are
currently under development and clinical assessment, with anticipated FDA approval in the not so
distant future. The public, although moderately knowledgeable about nanotechnology, perceive
health benefits as the primary advantage of nanotechnology-based products. While there are ethical
issues with respect to the accessibility of products of nanotechnology to the common man, the
emergence of new ethical issues is unlikely with this technology. Toxicity of airborne nanoparticles,
although a concern, given the prior development of nanoparticle-based products for pharmaceutical
purposes, is unlikely to be a major issue. Also, the public is of the opinion that the benefits of the
technology will outweigh the risks. The FDA takes a risk-based management approach for products
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of new technologies. The manufacturers are ultimately responsible for developing safe and
efficacious pharmaceutical products based on nanoparticles.

The chitosan nanoparticles are soluble in aqueous acidic solution thereby avoiding the use of
hazardous organic solvents. Chitosan nanoparticles obtained by ionic crosslinking with TPP show
attractive features such as formation under extremely mild conditions without use of any
environmentally hazardous solvent nor cross-linker(namely aldehydes); a homogeneous size
distribution and modifiable size (from nano to micro scale) and a positive surface charge which can
be conveniently modulated; a great capacity for the combination with therapeutic agents, like
peptides, proteins, vaccines, oligonucleotides, and plasmids; release of the associated molecules at
different rates depending upon the composition of the particles; and retention of their integrity and
the activity of the associated compounds following freeze-drying and reconstitution(Garg et al.,
2019).
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1.2.1 Alginate (ALG) coated chitosan particles

Alginate (ALG), the salt of alginic acid, is an edible natural polysaccharide existing in brown algae.
ALG is an anionic polymer, which processing excellent mucoadhesive property thus numerous
pharmaceutical applications drug delivery and cell encapsulation. As alginate and chitosan are
polymers containing groups with opposite electric charges in acidic aqueous environment, polymer
chains of ALG and CS or segments of these polymer chains can entangle easily with each other driven
by electrostatic force and thus form a coating or a shell outside of CS-TPP nanoparticles. This method
is also very eco-friendly and conforms well the vales of green chemistry because of the mild
conditions and absence of harsh chemicals.

This outer shell formed via polyelectrolyte complexation of ALG and CS may introduce new
properties to CS-TPP particles in terms of:

- Mucoadhesive property
- Protective effect of loaded molecules
- Alter diffusion properties

Alginate has good mucoadhesive properties due to the presence of free carboxyl and hydroxyl
groups in the structure. The presence of free carboxyl and hydroxyl groups in its structure endows
alginate good mucoadhesive properties. Alginate can become sticky to mucous membranes on
hydration, like for example digestive tract. the inner part of the eyelids. nasal and oral cavities and
genitals. Mucoadhesive property is an advantage in drug delivery as contact time between drug and
mucous membranes as the site of action can be extended (Frent et al., 2022).

CS-TPP nanoparticles were reported tending to swell and collapse in acidic environment but stable
in alkaline and neutral pH. ALG loaded microbeads, which entrapped CS-TPP nanoparticles inside.
were found more stable in acidic pH and able to achieve much more sustained release of protein at
pH 1.2, while faster release at pH 7.2 (Li et al., 2021).

Alginate was reported responsible for the prolonged release of HBsAg from ALG coated CS
nanoparticles because the swellness of ALG polymer chain slowed down diffusion of HBsAg. What’s
more. the same team also announced that the coating of alginate assisted in resistant of the release
and protecting the antigen from degradation at acidic pH (Saraf et al., 2020).
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1.3 Preparation methods of chitosan-based network and particulate structure

Chitosan particles can be obtained by numerous methods, like ionic gelation, polyelectrolyte
complexation, emulsion solvent diffusion, emulsion crosslinking, spray drying, superfluid drying,
electrospraying, emulsion-droplet coalescence, reverse micellar/emulsion methods, sieving method.
Cross-linking gelation method is one of the most investigated methods due to its simplicity and mild
reaction conditions. Gelation method usually generate polymer matrices structure, the coating/shell
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Figure 1-7 Chitosan crosslinking gelation mechanisms. Graph adapted from Bellich et al. 2016

or the core region of core-shell capsules. In a review, Bellich et al. outlined the main characters of
chitosan crosslinking gelation mechanisms (Figure 1-7). In principal, spray drying and supercritical
process can give birth to monolithic matrix (sphere) structured particles, while capsulate structure
could be produced via emulsification (emulsion alkali coacervation/precipitation, emulsion-
emulsion coacervation method), electrospraying and microfluidic process. Table 1-2 summarizes
frequently-used methods for preparation of chitosan-involved particulate carriers, their advantages
and shortages, geometric dimension scale of obtained particles and initial concentration of particle.
Specifically, the term” particle initial concentration” was indicated of some methods concerning
particle-dispersed discontinuous aqueous phase. Itis the concentration of newly-fabricated particles
in their dispersing medium after formation yet before any extra operations like separation or
dilution for example. This concentration is calculated on available experimental data from
literatures (reference listed) and gives a new tool to compare and evaluate different preparation
methods.

The structure of particulate carrier is strongly related to preparation method. Process parameters
including pH, temperature, concentration of reagents, mass ratio of chitosan and cross-
linker/surfactant, agitation speed etc. have strong effect on carrier’s structural properties like
particle size, particle size distribution, porosity, swelling capacity, degradation rate, diffusivity of
drug via the carrier etc. Amounts of researches explored concretely this effect using the Design of
Experiments (DoE) method, which is a systematic statistical method to examine quantitively the
effect of factors and their interactions on specific carrier parameter(s)(Abdel-Hafez et al., 2014;
Sreekumar et al., 2018; Thakur and Taranjit, 2011).
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Table 1-2 Preparation methods of chitosan relevant particles. The advantages and shortages of each methods and geometric dimension of obtained particles. The cartoon symbols present structural

Method Description

Form droplets of drug-
loaded polymeric solution
by extrusion through a
nozzle into aqueous
solution bath of polyvalent
cations

Droplet extrusion method

Electrostatic interaction
between
(poly-)counterions can be
the driven force to form
micro/nanoparticles. As
the only positive charged
natural polymer, chitosan
has been broadly
investigated to form
composite with negative
electrolytes by ionic
crosslinking (ionotropic
gelation) or covalent
crosslinking

Crosslinking gelation

characteristics of these particles.

Comments
Merit(s) Demerit(s)
The process is Limited size
convenient and control/size
cost effective and reduction;

devoid of high
temperature and
usage of solvent.
Available for
living-cell
encapsulation.

Mild processing
conditions; Simple
equipment
lonotropic
gelation: Low
toxicity, little
chance of altering
the chemistry of
encapsulated drug

Difficulties in large

scale production;

Teardrop-shaped
particles

Poor stability in
non-acid
conditions and
difficulty in
entrapping high
molecular weight
drugs; toxicity of
certain cross-linker
(aldehydes)

Particulate
geometric
dimension

90um-
7mm

10nm-3
mm

Geometry of
particle

Particle initial
concentration

(w/v)

0.02-1.2%

Reference

Microcapsule
(Martins et al.,
2017);
Microsphere (Lee et
al., 2019)

Microsphere: (Calvo
et al., 1997a; Fan et
al., 2012;
Hasheminejad et al.,
2019; Nair et al.,
2019; Phan et al.,
2019; Soe et al.,
2019; Sreekumar et
al., 2018) ;
Microcapsule(Arozal
et al., 2021; Bin-
Jumah et al., 2020;
Das et al., 2019;
Gooneh-Farahani et
al., 2020; Hu et al.,
2002; Li et al., 2008;
Liu et al., 2007, p.
20; Rathore, 2020;
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Complex chitosan with
synthetic polymers or
natural biopolymers via
electrostatic interaction

Polyelectrolyte
complexation (PEC)

Chitosan acetic solution
was mixed up with a
DNA/protein dissolved
salty (sodium sulfate)
solution to form
micro/nanosphere

Complex
coacervation/precipitation

Disperse drug/oil mixture
in chitosan acidic solution
under stirring. Then use
ultra-sonication/
homogenization to obtain
homogeneous emulsion.
Microcapsules were
produced by dropping
alkaline solution into
aforesaid emulsion.

Emulsion-coacervation
(Emulsion-alkali
precipitation) method

Disperse chitosan aqueous
solution into oily phase, in
the presence of suitable
surfactants served as
emulsion stabilizers.
Thermal cross-linking
produce microspheres.

Emulsion cross-linking

Able to
encapsulate
macromolecules,

Toxici £ .
like polypeptides oxicity of certain

and cross-linker
polynucleotides, (aldehydes)
and also

hydrophobic drugs
Narrow particle Safety issue of
size distribution; toxic cross-linkers;
High Poor product
encapsulation formation due to
efficiency; poor solubility of
Relatively lower active agent (e.g.
cost of processing plant protein)

Suitable for
lipophilic drug
encapsulation

Devoid of cross-
linker

Complete removal
of the un-reacted
crosslinking agent
may be difficult;
Possible toxicity
due to residue of
certain cross
linker(aldehyde);

Mild processing
conditions;

50-400 nm

50-1600
nm

30-700 um

0.1-2%

0.25-0.7%

0.05-0.19%

0.05-1.66%

Saraf et al., 2020;
Zhang et al., 2019)

Microsphere: (Hu et
al., 2002; Soe et al.,
2019) ;
Microcapsule:
(Mukhopadhyay et
al., 2015)

Microsphere: (Hu et
al., 2002; Ozbas-
Turan et al., 2002)

Microcapsule:
(Huang et al., 2017,
Lam et al., 2014; Lim
et al., 1997);
Double-walled
Microspheres: (Liu et
al., 2007)

Microspheres: (Bird
et al., 2009; Patil and
Sawant, 2011)
Microsphere loaded
Core-shell carrier:
(Zeng et al., 2017)
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An o/w emulsion is
prepared by mixing
organic solvent into a
solution of chitosan with
Emulsion solvent diffusion stabilizer under
method mechanical stirring
followed by high pressure
homogenization/ultra-
sonication. AD a large
amount of water to the
emulsion to form particles.
Chitosan was firstly
dissolved in an aqueous
medium, then the drug is
dissolved or dispersed in
the previous solution.
Cross-linker is aDed to the
polymeric solution to
overcome the fast drug
release of microspheres
made of non-cross-linked
chitosan. Formation of
particles is conducted by
atomization and successive
solvent evaporation
Microsphere fine powders
are fabricated by spraying
a drug-loaded HCL/DMSO
solution into Supercritical
CO;

Chitosan is
dispersed/dissolved into a
mixture of solvent and
blend with drug
solution/suspension. The
conductive liquids are

Spray drying method

Supercritical technique

Electrospraying

High
encapsulation
efficiency of
hydrophobic drugs

Less depend on
solubility of drug
and polymer;
Simple,
reproducible and
easy to scale-up

Small-size
particles(<3um),
fast, cost-effective

Low production
cost; uniform
particle size; easy-
to-control surface
properties, and
rapid preparation;

High shear force
involved in the
process;
Usage of organic
solvent

0.1-45 pm

Degradation due to
high temperature
or/and high shear

rates during
atomization

0.2-60 pum

Multidispersed
particle size
distribution 6-10 um

Further
investigation
needed for
upscaling;
potential toxicity

0.1-1.3 um

2%

(Niwa et al., 1993)
(El-Shabouri, 2002)

Micro-/nanosphere:

(Acosta et al., 2015;

Aranaz et al., 2017;

Budincic et al., 2021;

Lu et al., 2011; Ngan
et al., 2014)

Microsphere: (Amidi
et al., 2008)

Microsphere:
(Moreno et al., 2018;
Nguyen et al., 2019;
Sreekumar et al.,
2017)
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Reverse
microemulsion/micellar
method

Sieving method

Solvent displacement/
interfacial deposition
method

atomized under high
voltage to form drug-
encapsulated particles.
The flow rate, the voltage
and distance between
needle tip and collector
are crucial process
parameters.
Organic solvent
(containing surfactant),
mix with chitosan acidic
solution to form reversed
micelles. Then drug
conjugate and chitosan
attach to the micelles via
glutaraldehyde (cross-
linker) to form
nanoparticles. Residual of
solvent and surfactant and
excess cross-linking agent
need to be removed.

A drug loaded chitosan
jelly mass is crosslinked
then manually passed
trough a sieve to get non-
sticky particles.

Sub-micro capsule
nanoemulsion coated with
chitosan shell

high drug-loading
efficiency; gentle

condition, without

use of harsh
solvents;

Ultrafine particle
size (<100 nm);
narrow particle
size distribution

Simple and
commercially
viable; Easy scale-
up;
Devoid of tedious
processes;
High drug loading
Suitable to
encapsulate
lipophilic drug;
Rapid and easy

operation; Narrow

size distribution;

due to certain
solvents

Application of
organic solvent,
time consuming

preparation
process and
complex washing
step

Irregular particle
shape

Use of organic
solvents

60-130 nm

500-600
um

130-500
nm

0.01%-0.1%

0.1-0.33%

Microsphere: (Cui et
al., 2019; Mitra et
al., 2001;
Sheikholeslami et al.,
2017)

Rod or irregular- shape
micro particles:
(Agnihotri and

Aminabhavi, 2004)

Nanocapsule: (Calvo et
al., 1997b; Hoffmann
et al., 2018; Prego et

al., 2006)
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Absent of shearing
stress

Microfluidic technique

Dispersed phase and
continuous phase are
syringe-pumped onto
microchannel of the
microfluidic chip to get
droplets, which are
subsequently harden by
precipitation or cross-
linking

Ultra-uniform size;
Able to entrap
hydrophilic and/or
lipophilic
molecules; High
cost

Low production
rate; Difficulties in
mass production
(scale-up)

0.2-600
um

VO®

Microcapsule: (Huang
etal., 2019; Xun et al.,
2023; Yang et al.,
2016)
Multilayer
particle :(Ling et al.,
2019; Mou et al., 2019;
Zhang et al., 2019)
Microfiber: (He et al.,
2015)
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1.4 General introduction of ionotropic gelation

1.4.1 lonotropic gelation process

lonotropic gelation (IG) is a process enabling the formation of nanoparticles and microparticles through
electrostatic interactions between two ionic species under certain, usually mild conditions. This method
was first introduced by P.Calvo et al. in late 90s of last century in order to fabricate hydrophilic
nanoparticles (200-1000 nm) possessing remarkable potential in drug delivery(Calvo et al., 1997a). In
most cases, the bases of the procedure used by Calvo et al. were followed and have been applied to
various pairs of counterions, such as chitosan, alginate, carboxymethyl cellulose and gum arabic and
ionic species such as sodium, calcium and magnesium salts have been applied. On the basis of articles
in PubMed database by 2019, chitosan and alginate were statistically the most frequently used polymers
in 1G technique(Pedroso-Santana and Fleitas-Salazar, 2020).
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Figure 1-8 (a) Schematic representation of particulate formation through ionotropic gelation ionic gelation between positively
charged chitosan and negatively charged counter-ions (e.g.TPP). (b) Schematic diagram of the preparation of ironically cross-

linked chitosan nanoparticles via the traditional ionotropic gelation technique (Desai, 2016).

Chitosan is a weak base containing D-glucosamine groups with a pKa value of 6.2-7.0, which makes this
polymer insoluble in neutral and alkaline pH solutions. In an acidic medium, the protonation of amino
groups of chitosan results in a soluble, positively charged polysaccharide that has a high charge density
(with one positive charge on each D-glucosamine unit). The ionic gelation occurs due to the inter- and
intra-molecular cross-linking of polycationic chitosan by an anionic cross-linker such as tripolyphosphate
(TPP). The ionotropic gelation technique involves mild manufacturing conditions, requiring only the
simple mixing of solutions of chitosan, encapsulant, and TPP under mild agitation (Figure 1-8). This
technique has drawn a significant amount of research attention and has become more competitive than
other encapsulation methods for the preparation of chitosan nanoparticles.

The nano/micro-particle can be formed spontaneously by addition of TPP solution into a solution of
chitosan in dilute acetic acid, under mechanical stirring at room temperature. When anionic
tripolyphosphate (TPP) is added into dilute chitosan solutions, the TPP ions cross-link the cationic
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chitosan chains into micro- and nanogels particles with diameters ranging from tens of nanometers to
micrometers. Due to these properties, and their ability to form in mild aqueous environments (which
prevents payload degradation), they attracted widespread interest as vectors for the delivery of drugs,
cells, and food additives.

Gentle mixing, followed by incubation, of chitosan and TPP solutions generated ‘broad’ distributions of
chitosan—TPP particulate complexes with mean sizes ranging from several nanometers to micrometers.
Since particle formation was elicited solely by the tropism of the two oppositely charged
macromolecules for one another, these particles were termed ‘complexes’.

Due to their sub-cellular and sub-micron size, chitosan—TPP nanoparticles can penetrate deeply into
tissues through fine capillaries(Vinogradov et al., 2002). This allows efficient delivery of therapeutic
agents to target sites in the body. Also, by modulating nanoparticles characteristics, such as size and
surface charge density, one can control the release of a therapeutic agent from nanoparticles to achieve
desired therapeutic level in target tissue for required duration for optimal therapeutic efficacy(Panyam
and Labhasetwar, 2003).

1.4.2 Merit and demerit of ionotropic gelation method

Thanks to its simplicity in procedure, avoidance of complex and expensive equipment or reagent, this
technique is relatively cheap and quick. Furthermore, optimizing formulation may lead to high
encapsulation efficiency (> 80%) of loaded molecules (Dudhani and Kosaraju, 2010; Liang et al., 2011),
hence improved bioavailability of active molecules. Additionally, by modulating principal process
parameters like ratio or concentration of electrolytes, particles with variable dimensions (from
nanometers to micrometers) and morphology can be produced. Since this technique is free of any toxic
solvent it appears as a bio-safe and green chemical process, which is another advantage.

On the other hand, compared to certain encapsulation techniques like electrospraying and spray drying,
particle size distribution of particles obtained by ionotropic gelation is often broader. Polydispersity
indices (PDI) obtained from dynamic light scattering, a measure of the heterogeneity of sizes of particles
population, are usually higher than 0.1 in the case of ionotropic gelation. However, uniform particles
are often desirable to ensure high drug loading and more predictable drug delivery behaviors.

Another limitation of this method may be the low concentration of final product. Dilute solutions are
usually used to prepare particles via ionotropic gelation to avoid aggregation of formed complex
particles, which are thus dispersed with dilute concentration in aqueous liquid at the end of preparation
process. To concentrate those prepared particles, separation methods are introduced to firstly separate
particles from its aqueous environment and then redispersed in another liquid with a smaller volume.
For that purpose, proper separation method should be applied without changing the initial structure
and properties of particles, which introduces extra processing and is not always achievable in practice.

1.4.3 Mechanism and kinetics of ionotropic gelation method

A recent study investigated along the way of the ionic gelation process of chitosan-TPP nanoparticles
following an original method via performing aforementioned process in microdroplet reaction. The
formation process could be paused by fast dilution of reagent with vast quantity (500 times) of water in
an instantaneous way at any desired time point. Then dynamic light scattering (DLS) and scanning
electron microscope (SEM) were used to monitor the evolution of particles along time in terms of size
distributions and morphology. That was the very first time that ionic gelation process of chitosan particle
formation was revealed with experimental evidences.
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Results obtained showed the synthesis in a two-step process including quick nucleation (1-5s) of
particles followed by growth of developing chitosan nanoparticles.

The cessation of reaction was caused by sharp increase of pH hence considerable deprotonation (90%)
of chitosan and also expanded steric distance of molecules due to water dilution. (Kamat et al., 2016).

The kinetics of chitosan/TPP micro- and nanogels formation were reported very sensitive to monovalent
salt (NaCl) and ionic crosslinker (TPP) concentrations. The conversion of chitosan polymer to
nanoparticles is reported instantaneous(Kamat et al., 2016). The rate of CS-TPP gelation was found
decreased through addition of monovalent salt. In another study, the CS-TPP particles formation process
was dramatically (by several orders of magnitude) delayed by modulation of the concentration of TPP
and NaCl. Using a DM 45K stopped-flow spectrophotometer, the particle formation kinetics were
investigated almost instantaneously (millisecond scale). Results of this study display two-stage
formation process of CS-TPP particles including first primary small particles (20-50 nm) and secondary
the aggregation (100-1000 nm) of previous primary particles(Huang and Lapitsky, 2011).

In conclusion, ionotropic gelation of chitosan with TPP is a spontaneous process that is happening over
a very short time scale of the order of millisecond. Researchers have successfully delayed even ceased
this process by addition of monovalent salt or by rapid dilution method in order to observe and thus
explore the gelation mechanism precisely with conventionally used techniques characterizing
nanoparticles like DLS and electron microscopy (SEM, TEM). Usually, this transitory process is thought
to be two-staged: first, the initial nucleation stage; and secondly the growth phase where bigger
particles formed by infusion of former smaller particles. It is important to notice that presence of salt
has great influence during the formation of particles and therefore attention should be payed to control
this parameter in preparation of particles via ionic cross-linking of chitosan and TPP.

1.5 Nanoparticles

A nanoparticle or so-called ultrafine particle, gains its name by its nanoscale size. “Nano- “as a common
prefix in this work, means one billionth (10°). The definition of nanoparticles varies on the materials,
fields, and applications involved. According to the terminology of International Union of Pure and
Applied Chemistry (IUPAC), nanoparticle is defined as a particle of any shape with dimensions between
107 and 10”7 m. On the other hand, in many cases nanoparticles referred to particles with size range
from 1 to 100 nanometers, sometimes expanded near to the wavelength of visible light, which is 400 to
500 nm(Nanoparticle technology handbook, 2018). In colloidal sciences, special interests devoted on
nanoparticles having one dimension below to 500 nm for their unique and versatile properties(Elaissari,
2008). In the scope of drug delivery field, nanoparticles smaller than 300 nm are dominating for efficient
transport thanks to their delicate dimension allowing free mobility in available avenues and better
penetrability to barriers(Gibaldi and Perrier, 2006).

1.5.1 Activation of surface/ increase in reactivity

All particles are made of atoms or molecules. Atoms or molecules located on the surface of particles are
more active due to their free fringe giving more probabilities to bond and further trigger reaction with
external active sites. As the size of particle decreases, the fraction of surficial atoms or molecules
increases leading to a rise on activity of particle. On the assumption of atomic distance of 0.2 nm, the
fraction of surface atoms of a 20 mm cubic particle is only 0.006%, whereas it increases to 0.6% for a
200 nm particle and then it is estimated 49% of the atoms are situated at the surface of a 2 nm
particle(Nanoparticle technology handbook, 2018).
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1.5.2 Higher surface area

The specific surface area increases normally in reversal proportion to the particle size. As the
micronization of particles, nanoparticles processing usually relatively immense specific surface area.
When a cubic particle of 1 cm is micronized into 10 nm, the specific surface area expands to a million
times. As the increase in the specific surface area has direct influence on properties such as the
dissolution, adsorption and reaction rates on the surface of the particles, it is one of major reasons for
the unique properties of the nanoparticles different from the bulk material in many aspects.

1.5.3 Particle size and relevant properties
1.5.3.1 Size effect of nanoparticles

Effect of particle (grain) size, or so-called size effects, is defined as a series of phenomena associated
with a remarkable change in physicochemical properties of substances due to acutely reduction in size
of particles. Size effects are observed at the average size of grains of less than 100 nm, and is more
broadly observed at the grain size below 10 nm. Quantum dots (Qdots) are small (<10 nm) inorganic
nanocrystals that possess particular luminescent properties; their optical properties is stable and can be
tuned by varying the particle size or composition. Quantum size effects result in the electronic
properties of a substance or material and are linked with a decrease of the dimensions of the electron
gas, which leads to a change in the energy spectrum. In biomedical domain, greater uptake by cells of
for nanoparticles compared to microparticles has been repeatedly announced(Decuzzi et al., 2008;
Prabha et al., 2002).

Qdots have attracted great attention for their applications enable real-time tissue imaging (bioimaging),
diagnostics, single molecule probes, and targeting drug delivery, among many other fields.

The surface charge density of a nanoparticle in electrolyte solutions is reported to be highly size-
dependent. As the particle diameter decreases to below 10 nm there is remarkable increase in the
surface charge density(Abbas et al., 2008). Small nanoparticles also exhibit unique magnetic and optical
properties. Ferromagnetic materials were reported to become superparamagnetic when size drooped
below around 20 nm(Esenaliev, 2000). Gold and silver nanoparticles show size-dependent optical
properties. For example, gold nanoparticles ranging from 9 nm to 100 nm on size can display different
colors(Kelly et al., 2003).

The solubility is greatly promoted with decreasing grain size when the size of the matrix nanoparticles
is less than 20 nm. In the Fe—Si system, significant enhanced solid solubility has been observed. It can
be clearly seen that the solubility of Si in Fe is almost negligible up to a crystallite size of Fe of about 20
nm, below which there is a dissolution of Si. A similar effect was observed for Bi diffusion in Cu. The
solubility of Bi in nanocrystalline Cu is quite little around 10®. Contrastively, the solubility of Bi in
nanocrystalline Cu is about 5%, corresponding to a solubility enhancement by about 10,000 times
relative to crystalline Cu(Ho6fler et al., 1993). The absorption of hydrogen atoms in nanocrystalline
palladium (Pd) (at concentrations <10-3) is enhanced by a factor about 100 relative to Pd grains(Stuhr
et al., 1997).

1.5.3.2 Evaluation of Size of Nanoparticles

As mentioned earlier, the properties and characteristics of nanoparticles are closely related to their size,
making it crucial to measure this parameter accurately and reliably using repeatable methods.

41



1.5.3.2.1 Microscopy: Transmission electron microscope (TEM) and Atomic force microscopy (AFM)

As for the tiny size of nanoparticles, sophisticated high-resolution microscopes are often employed to
produce images of nanoparticles to explore their dimensions as well as morphology including shape,
surface structure, even internal structure with help of cross-section technique.

TEM (Figure 1-9) is high spatial resolution electron microscopy technique whereby a beam of electrons
is transmitted through an ultra-thin specimen, interacting with the specimen as it passes through. An
image is formed from the interaction of the electrons transmitted through the specimen.

The technique is well applied in metrology at resolutions of less than 0.2nm, which permits the
instrument to capture ultra fine detail even as small as a single column of atoms, which is 1000 times
smaller than a resolvable object seen in a conventional optical microscope.

Nevertheless, it is important to notice that TEM can produce directly information of particles size and
also the particle size distribution with images under conditions that particles on the sample mount are
properly prepared and well dispersed to make sure good representativeness of the sample to the
particle population.

Figure 1-9 Transmission electron microscope, Institute Jean Lamour, campus ARTEM, Nancy
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AFM

Atomic force microscopy is a high-resolution scanning probe microscopy, with demonstrated resolution
in the range of few nanometers. The information is gathered by contacts between surface and a
mechanical probe.

The Configuration of AFM (Figure 1-10) consists of a cantilever with a very fine tip (probe) at its end,
typically silicon with a few nanometers, which is utilized to scan the sample surface. During scanning,
the forces between the cantilever tip and the sample cause deflection of the cantilever, which can be
detected by using a laser spot reflected from the top area of the cantilever.

Figure 1-10 Atomic force microscopy (SMENA NT-

MDT Microscope), Laboratoire Charles Coulomb

(L2C), Montpellier

AFM is wildly applied for characterization of nanoparticles not only because it can provide dimensional
information of object but also its ability to furnish both qualitative and quantitative information about
the sample topology, including morphology, surface texture and roughness with 3D scanning
images(Montasser et al., 2002).

The major difference between atomic force microscopy and competing technologies such as optical
microscopy and electron microscopy is that AFM does not use lenses or beam irradiation. Hence, it is
not limited in spatial resolution due to diffraction and aberration, and preparing a space for guiding the
beam (by creating a vacuum) and staining the sample are unnecessary(“Atomic force microscopy,”
2022).

1.5.3.2.2 Dynamic light scattering (DLS)

Dynamic light scattering is another wildly utilized technique for measuring the size and size distribution,
specifically in the submicron range, of molecules and particles dispersed or dissolved in a liquid. The
Brownian motion of these particles or molecules causes rapid fluctuation of the intensity of the
scattered light. DLS measures the temporal fluctuations of the light scattered, when a solution
containing the particles passing in the path of a monochromatic beam of light. Analysis of these short-
term intensity fluctuations yields the speed of the Brownian motion and hence the particle size,
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employing the Stokes-Einstein law. This technique affords hydrodynamic diameter of particle along with
the polydispersity index, which explains heterogeneity of the sample.

1.5.3.2.3 Laser diffraction

Furthermore, the laser diffraction analysis, also called as laser diffraction spectroscopy, working on the
Fraunhofer diffraction theory and Mie scattering theory has also been broadly employed for measuring
geometrical dimensions of (sub)micron-sized particle. The angle of the laser beam is in inverse
proportion to particle size, where the laser beam angle decreases as particle size increases and vice
versa (McCave et al., 1986) Unlike DLS, the laser diffraction technique can also measure the volume
distribution directly, whereas the DLS measures an intensity- based mean particle diameter. Another
unique advantage of laser diffraction analysis is not only the wide size range (10 nm to 3.5 mm) but also
its capability to measure dry powders and aerosols.

Laser diffraction instruments typically consist of a laser light source, a sample dispersion unit, a
detection system, and a software package for data analysis. The laser light source produces a beam of
light that is focused through a lens to form a narrow beam. The sample dispersion unit disperses the
sample into the beam, and the detection system measures the scattered light at different angles. The
software analyzes the scattering pattern to determine particle size distribution. Different laser
diffraction instruments may have variations in the specific components and configurations, as well as
differences in measurement capabilities such as size range, sensitivity, and resolution.

1.5.3.2.4 Brunauer Emmett Teller (BET)

Then Brunauer Emmett Teller (BET) method based on BET theory is the designated method in
international standard 1SO 9277 for the determination of the specific surface area of solids by gas
adsorption, which is often applied as a simple method to evaluate the size of nanosized particles. By this
method, it is possible to estimate the particle size from the specific surface area under the assumption
of spherical particle shape. This equivalent particle size based on the specific surface area is a calculated
value useful for the evaluation of nanoparticle size, though it may differ from the particle size detected
by other techniques depending on the surface state and the inner structure of the particles.

Coupling of several different methods, may lead to discrepancy in the nanoparticle size determination.
This is mainly caused by the preparation of samples. Since during DLS measurement, particles are
dispersed in an aqueous environment where they are hydrated and slightly larger in size due to swelling.
Contrastively, samples for TEM usually suffered a drying treatment to satisfy the requirement of vacuum
degree of the method. In this case, particles may lightly or largely shrink after drying, depending on the
constituting material, hence a reduction in size.

1.5.4 Surface charge

In the 1940s, the scientists Derjaguin, Verwey, Landau and Overbeek developed a theory which dealt
with the stability of colloidal systems. DVLO theory suggests that the stability of a particle in solution is
the balance of several competing contributions including repulsion and attraction. The attraction is
mainly due to van der Waals forces among particles which is strongly depending on temperature. While
the repulsive potential comes from two fundamental mechanisms: the steric and electrostatic
stabilization. Electrostatic stabilization involves the effect on particle interaction due to the distribution
of charged species in the system and can be conducted via altering the concentration of ions in the
system, which is a reversible process and less expensive compared to varying steric stabilization. For a
colloidal system to remain stable, the repulsive forces must be dominant.

44



A particle suspended in a solution containing ions is surrounded by an electrical double layer of ions and
counterions. The potential that exists at the hydrodynamic boundary of the particle is known as the zeta
potential ().

1.5.4.1 Zeta potential and the Electrical double layer

The surface charge or the surface charge density is an important property of nanoparticles dispersed in
suspensions, which depends upon the nature of the particle and its surrounding medium. Zeta potential
is a physical property used to help estimate surface charge of nanoparticles, and its magnitude is used
to predict the long-term stability of colloidal systems like e.g. suspension, emulsion and to anticipate
possible surficial interactions. Figure 1-11 Schematic illustrates of zeta potential and the Electrical
double layer.

The zeta potential can be calculated by determining the Electrophoretic Mobility and then applying the
Henry equation. The electrophoretic mobility is determined by performing an electrophoresis
experiment on the sample and measuring the velocity of the particles using Laser Doppler Velocimetry
(LDV).
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Figure 1-11 Schematic illustration of zeta potential and the Electrical double layer (from: Zetasizer Nano User Manual p229)

1.5.4.1.1 Factors Affecting Zeta Potential

Understanding the factors that affect zeta potential is critical for the design and optimization of colloidal
systems for a wide range of applications.

- pH

In aqueous media, as net charge on a particle is significantly influenced by the concentration of protons
(H*) in its surrounding environment, the pH of the sample is one of the most important factors that
affects its zeta potential. As the pH changes, the surface charge on the particle changes, and this can
alter the zeta potential. The isoelectric point, is the pH at which an object carries no net electrical charge
or is electrically neutral (zeta potential equals to zero). From a practical consideration, this is a physical
quantity of importance to know, because it is normally the point where aggregation is most likely and
hence the colloidal system is least stable (Malvern Instruments, 2005).
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Figure 1-12 Zeta potential versus pH, Isoelectric point(Malvern Instruments, 2005)

- lons strength

The thickness of the double layer depends upon the concentration of ions in solution and can be
calculated from the ionic strength of the medium. The valency of the ions will also influence double
layer thickness. A trivalent ion such as Fe3* will compress the double layer to a greater extent in
comparison with a monovalent ion such as CI. Adsorption of ions onto a particle surface can introduce
an impressive effect on the zeta potential of the particle dispersion in certain cases. The ionic strength
of the solution can also influence the zeta potential. As the concentration of ions in the solution
increases, the electrostatic repulsion between particles decreases, and this can lead to a decrease in the
zeta potential(Hunter, 2013; Lyklema, 2005).

- Temperature

Changes in temperature can alter the zeta potential by affecting the solubility of ions in the solution,
and altering the mobility of charged species in the solution.

- Particle size

Particle size is another factor that can affect zeta potential. When particles are large, they tend to settle
more quickly and can form aggregates, which can decrease the surface charge and lead to inaccurate
zeta potential measurements. Smaller particles are less likely to aggregate and will remain suspended
in solution for longer periods, allowing for more accurate zeta potential measurements.

In addition, the size of the particles can affect the zeta potential value itself. For example, smaller
particles may have a larger surface area relative to their volume, leading to a higher surface charge
density and a higher zeta potential. Conversely, larger particles may have a lower surface charge density
and thus a lower zeta potential.

Therefore, it is important to consider particle size when measuring zeta potential to ensure accurate
and reliable results. Techniques such as dynamic light scattering (DLS) or laser diffraction can be used
to measure particle size and inform zeta potential measurements.

46



In general, the dividing line between stable and unstable suspensions is considered at either +30mV or
-30mV. Particles with zeta potentials more positive than +30mV or more negative than -30mV are
normally considered stable (Gibaldi and Perrier, 2006).

Nanoparticulate systems can potentially be used for enhanced drug dissolution and bioavailability,
enhanced cellular uptake, improved tumor targeting, and diagnostic purposes. While some
nanoparticle-based products are already approved by the U.S. FDA, several others are currently under
development and clinical assessment, with anticipated FDA approval in the not so distant future. The
public, although moderately knowledgeable about nanotechnology, perceive health benefits as the
primary advantage of nanotechnology-based products. While there are ethical issues with respect to
the accessibility of products of nanotechnology to the common people, the emergence of new ethical
issues is unlikely with this technology. Toxicity of airborne nanoparticles, although a concern, given the
prior development of nanoparticle-based products for pharmaceutical purposes, is unlikely to be a
major issue. Also, the public is of the opinion that the benefits of the technology will outweigh the risks.
The FDA takes a risk-based management approach for products of new technologies. The manufacturers
are ultimately responsible for developing safe and efficacious pharmaceutical products based on
nanoparticles.

A nanoparticle is a microscopic particle with the average size ranging from 1 to 100 nm (Acosta, 2009).
Particularly, in pharmaceutical science, particles with size below 1000 nm can still be classified as
nanoparticles because of their unique physicochemical properties compared to bulk materials (Li et al.,
2011). Nanoparticles are being increasingly used in drug delivery systems. Their advantages include the
size and surface characteristics of nanoparticles can be easily manipulated, and this versatility could be
used for both passive and active drug targeting. Nanoparticles can also be made to control and sustain
release of drug/bioactive molecules under Gl tract conditions. Moreover, since distribution and
subsequent clearance of drug from the body can be altered, an increase in drug therapeutic efficacy and
reduction of side effects can be achieved.

Chitosan particles exhibit characteristic mucoadhesive properties and have been reported having high
retention to gastric mucosa and a longer time than alginate and alginate-starch particles (Phuong Ta et
al., 2021). Chitosan possesses positive charge following the removal of acetyl units from D-glucosamine
residues, unlike most polysaccharides. Apart from being non-toxic, biocompatible, and biodegradable,
chitosan also exhibits antibacterial properties. This antibacterial activity is attributed to the electrostatic
interactions between the amine groups of chitosan and the anionic sites on the bacterial cell wall, which
are present due to the presence of carboxylic acid residues and phospholipids (Hejazi and Amiji, 2003).
Chitosan may be fundamental to overcome the intrinsic poor mucosal bioavailability of
biopharmaceutical drugs.

Chitosan nanoparticles have several advantages over other types of nanoparticles, including their
biocompatibility, biodegradability, low toxicity, and ability to be easily synthesized and modified. They
have been shown to improve drug bioavailability, reduce toxicity, and enhance drug stability, making
them promising candidates for drug delivery applications. Additionally, they have been explored for
gene therapy and tissue engineering applications due to their ability to efficiently deliver genetic
material and promote cell growth (Huh et al., 2017; Sargazi et al., 2022). In summary, the ability of
chitosan nanoparticles to increase retention time, ultrafine size, and sustained drug/bioactive molecule
release (Khan et al., 2014; Liang et al., 2017) make them promising delivery vehicles.
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1.6 Polyphenols

Polyphenols constitute a heterogeneous group of molecules that vary according to their chemical
structure, and due to the considerable diversity of their structures, polyphenols are considered even
more efficient than other antioxidants (Galanakis, 2018). Over the past three decades, there has been
a significant accumulation of scientific knowledge on polyphenols, fueled by their recognized beneficial
biological activities. Since 1990, more than 68,000 research articles on this topic have been published
by researchers worldwide, and this number continues to grow steadily, as evidenced by the Web of
Science (Index-SCI Expanded). The interest of scientists and consumers for polyphenols mainly comes
from the wildly recognition of their antioxidant properties, their vast abundance in human daily diet,
and their likely role in the prevention of numerous diseases associated with oxidative stress and in
improvement of human health(Scalbert et al., 2005a).

1.6.1 Definition, classification

Polyphenols can be classified by different ways, such as the source of origin, natural distribution,
biological function and the mostly used classification method, by chemical structure. Based on the
structural elements in a polyphenol, the most frequent classification of polyphenols according to
literature review would cover five classes: phenolic acids, flavonoids, stilbenes, lignans, and others
(Figure 1-13, Galanakis, 2018).
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Figure 1-13 Classification of polyphenols (Galanakis, 2018)

Flavonoids are a widely distributed group of phytochemicals having benzo-pyrone nucleus, for that
reason flavonoids are often responsible for the different colors in many plants as fruits, vegetables and
herbs. More than 8,000 flavonoids have been described and categorized into flavonols, flavones,
flavanones, isoflavones and anthocyanidins (Patel et al., 2018; Raja Kumar et al., 2019).

Phenolic acids are compounds characterized by having a benzenic ring, a carboxylic group, and one or
more hydroxyl and/or methoxyl groups. These compounds can be divided into two groups: benzoic acids
and cinnamic acids and derivatives thereof (Figure 1-14). The benzoic acids have seven carbon atoms
(C6-C1) and are the simplest phenolic acids found in nature, while cinnamic acids have nine carbon
atoms (C6-C3) and are rarely found in their free form in plants.
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Figure 1-14 Structure of benzoic acid and cinnamon acid

Lignans are formed of two phenylpropane units. Lignans are precursors to phytoestrogens. The richest
dietary source is linseed. They might play a role as antifeedants in the defense of seeds and plants
against herbivores.

Stilbene, of which there are two forms [trans-1,2-diphenylethylene ((E)-stilbene) and cis-1,2-
diphenylethylene ((Z)-stilbene)], is an aromatic hydrocarbon with the formula CisHi,. Stilbenes are
found in only low quantities in the human diet. One of these, resveratrol, for which anticarcinogenic
effects have been shown during screening of medicinal plants, has been extensively studied, and is
found in low quantities in wine.

1.6.2 Applications of polyphenols in health promotions

Polyphenols are compounds with biochemical activities and as they are the most abundant antioxidants
in the diet, increasingly significant research interests are aroused on the propose to cast on light the
benefits of polyphenol-containing foods and beverages. The application of dietary polyphenols is
reported helpful on promotion of health in a far-sighted way, or say well-leveraged, by avoiding diseases
or poor health conditions or/and reducing the progress and the limitations of disability of a
disease(Watson et al., 2014).

Health benefits of polyphenols in preventing diseases

Consumption of tea, especially green tea, was reported repeatedly relevant to reduction risks of several
diseases including coronary artery disease, non-fatal myocardial infarction, hyperglycemia, dyslipidemia,
and elevated blood pressure and even cancers (Khan and Mukhtar, 2007; Scalbert et al., 2005b;
Thielecke and Boschmann, 2009). Through altering lipid and energy metabolism, polyphenols have
shown in various studies their potentials to facilitate weight loss and hamper weight gain, all of which
introduces benefits to the condition of obesity(Giacalone et al., 2011; Peng et al., 2011). Reduction of
blood pressure and lipid levels due to grape seed and chokeberry extracts has been seen in small human
trials(Cherniack, 2011) . Flavanol-rich foods, especially cocoa and its derivatives, have been
demonstrated to possess antihypertensive effects in humans. These effects could be related to the
maintenance of optimal NO (Nitric oxide) levels, and could be associated with depressing superoxide
anion production in the vasculature(Fraga et al., 2011).

1.6.3 Limited bioavailability of polyphenols

Despite the potential health benefits of phenolic phytochemicals, their low bioavailability remains a
challenge. Several factors contribute to this issue, such as low solubility in aqueous solutions, instability
in the gastrointestinal tract, and active efflux mechanisms. Naturally low aqueous solubility, poor
gastrointestinal stability, passive diffusion, and active efflux of phenolic phytochemicals in the
gastrointestinal tract result in such low absorption. These factors can limit the absorption of phenolic
phytochemicals and reduce their bioavailability, which ultimately affects their potential health benefits.
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- Stability and degradation: Polyphenols can be sensitive to factors such as light, heat, pH, and
oxygen, leading to their degradation and loss of bioactivity. For example, the different pH conditions in
the gastrointestinal segments can also lead to the degradation of phenolic phytochemicals. Maintaining
the stability of polyphenols during processing, storage, and formulation is a challenge.

- Bioavailability: The bioavailability of polyphenols refers to their ability to be absorbed and utilized
by the body. Many polyphenols have low bioavailability due to factors like poor solubility, limited
absorption in the gastrointestinal tract, rapid metabolism, and rapid elimination from the body.
Enhancing the bioavailability of polyphenols remains a significant challenge for developing their
application.

- Poor solubility: The aqueous solubility of phenolic phytochemicals is influenced by their affinity to
water molecules, with molecular weight playing a primary role (Gao and Hu, 2010). Higher molecular
weight compounds, such as proanthocyanidin polymers, have lower aqueous solubility and absorption
rates compared to monomers and oligomers.

Incorporating polyphenols into formulations such as food products, beverages, supplements, and
pharmaceuticals can be challenging. Polyphenols often have specific solubility requirements, which may
necessitate the use of solvents, emulsifiers, or encapsulation techniques. Finding suitable formulation
approaches that preserve the stability and bioactivity of polyphenols can be complex.

- Interactions and compatibility: Polyphenols can interact with other compounds, such as proteins,
minerals, or other additives, affecting their stability and bioavailability. Compatibility issues need to be
addressed to prevent undesirable interactions and optimize the performance of polyphenol-containing
products.

1.6.4 Naringenin(NRG), Naringin(NR), Catechin(CAT)

It is well known that natural plants, herbs, and food materials contain compounds that have the
potential to be utilized for various value-added applications, such as the treatment of diseases. As an
alternative to synthetic preservatives and flavoring agents, active molecules extracted from plants have
been used for a long time in traditional medicine or in food processing industries. However, these
bioactive compounds are susceptible to degradation and disintegration from environmental conditions
such as temperature, moisture, pH, and enzymatic catalyzed degradation. Therefore, it is essential to
preserve these valuable compounds to ensure their high bioavailability. Encapsulation is closely linked
to the use of bioactive compounds of biological origin, as it can protect these compounds from
environmental conditions. Additionally, bioactive compounds can be entrapped in carriers for targeted
delivery in home care products, drugs, and diagnostic reagents, in addition to preserving their
bioavailability.

Because of their proved low biotoxicity, chitosan-based systems are broadly studied and used in
encapsulation of various materials including bioactive compounds like e.g. antioxidants, anti-cancer
drugs, anti-inflammation agents etc. and proteins, as well as vaccines (Lam et al., 2014; Li et al., 2008;
Maity et al., 2017, 2017; Md et al., 2019; Mukhopadhyay et al., 2015; Tsirigotis-Maniecka et al., 2021).

Natural products with diverse bioactivities are becoming an important source of novel agents and have
different pharmaceutical potential. Flavonoids are the most abundant antioxidants in plants and the
human diet. They have attracted a great deal of attention in recent years due to their antioxidative, mild
estrogenic, antibacterial, antitumor, anti-inflammatory, antimutagenic, myocardial protecting,
vasodilator, and hepatoprotective activities (Bhathena and Velasquez, 2002; Or3oli¢ et al., 2011). NAR,
NR and CAT are all promising polyphenols with dissociated physicochemical properties (Table- 1-3).
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Table 1-3 Solubility and partition coefficient of naringenin, naringin and catechin.

Polyphenol Naringenin Naringin Catechin
Solubility in water at 0.9510° 3.5410° 386 10°
25°C’

Solubility in ethanol at 0.0104 4.07 10° 0.0307
25°C’
LogP(o/w)™" 2.7 -0.13 0.30

" In mole fraction

“Partition coefficient (Luo et al., 2011)

1.6.4.1 Naringenin

Naringenin is chemically named as 2, 3-dihydro-5, 7- dihydroxy-2-(4-hydroxyphenyl) - 4H-1-benzopyran-
4-one (Figure 1-15) with a molecular weight of 272.3 g/mol. It is almost insoluble in water while soluble
in organic solvent like ethanol, methanol, dimethyl formamide (DMSO) and dimethyl formamide (DMF).
Its poor aqueous solubility induces difficulties of application in health engineering due to subsequent

limited bioavailability.
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Figure 1-15 Chemical Structures of Different Flavonoids. Chemical structure of naringenin, naringin and catechin(reprinted

from Galanakis, 2018).
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Naringenin (4',5,7-trihydroxy flavonone, NRG) is one of the most abundant flavonoids in grapes,
tomatoes, and citrus fruits (Renugadevi and Prabu, 2010). Moreover, NRG is known as a safe natural
product with various bioactive effects, including antioxidative, anti-inflammatory, anticancer,
hepatoprotective, and nephroprotective activities (Cavia-Saiz et al., 2010; Fuior et al., 2019; Renugadevi
and Prabu, 2010).

Naringenin has been shown to exhibit strong antioxidant activity, which helps to scavenge free radicals
and protect against oxidative stress. Naringenin exhibited high antioxidant capacity though chelation
with transition metallic ions and its superoxide radical scavenger efficiency(Cavia-Saiz et al., 2010).

Additionally, naringenin was also one of the flavonoids that shown to stabilize membranes through a
decrease in lipid fluidity and thus slow down free radical reactions (Arora et al., 2000). The flavanone
was effective in reducing DNA damage. It has been shown to reduce oxidative damage to DNA in vitro
as well as in animal studies. Findings support that naringenin might have a biological effect in protecting
alloxan-induced diabetic mice against oxidative stress (OrSoli¢ et al., 2011).

Naringenin has been shown to exhibit anti-inflammatory effects by inhibiting the production of
inflammatory cytokines and enzymes, such as interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-a),
and cyclooxygenase-2 (COX-2). Additionally, naringenin may play a protective role by reducing mucous
production during airway inflammation through downregulation of reactive oxygen species (ROS)
production and inhibition of nuclear factor-kappa B (NF-kB) activity in human airway epithelial cells
(Garbacki et al., 2005). In a study conducted on chlamydia trachomatis-infected macrophages,
naringenin was also found to exert anti-inflammatory effects by downregulating cytokines and
chemokines(Yilma et al., 2013).

Recently, the inhibition effect of naringenin on the assembly and long-term production of hepatitis C
virus has been demonstrated by several research teams(Goldwasser et al., 2011) (Shulman et al., 2011).
Oral administration of naringenin is reported effective against dimethylnitrosamine (DMN) induced liver
injury and helpful in improvement of several liver function indexes such as aspartate transaminase,
alanine transaminase, bilirubin, and alkaline phosphatase levels. Naringenin treatment lowered the
DMN-induced accumulation of collagen in the liver thereby protected against hepatic
fibrosis(Hernandez-Aquino and Muriel, 2018; Lee et al., 2004) .

Estrogen (or oestrogen) is a category of sex hormone in charge of the development and maintenance of
the reproductive system and secondary sex characteristics in female(Huether and McCance, 2019;
Satoskar et al., 2017). Naringenin is a weak estrogen that also exhibits partial antiestrogenic activity in
the female rat uterus and MCF-7 human breast cancer cells(Ruh et al., 1995). As one of main active
ingredients of Rhizoma drynariae (Gusuibu) total flavonoids, naringenin is proven effective in treating
osteoporosis and bone non-union due to its estrogenic and anti-estrogenic activity(Guo et al., 2011).

Numerous studies showed that naringenin inhibited glucose uptake thus detention of growth and
proliferation in cancer cells (Harmon and Patel, 2004; Kanno et al., 2005). On the other hand, naringenin
was observed cytotoxic to leukemic cells and various cancerous cell lines of human, which leads to
apoptosis and thereby helpful in curing diseases caused by above pathogens, such as leukemia, breast
cancer, stomach cancer, liver cancer, gervix cancer, colon cancer and so on.

Neuroprotective activity: Naringenin has been shown to exhibit neuroprotective effects by protecting
against oxidative stress, reducing neuroinflammation, and promoting neuronal survival(Shadab et al.,
2019).
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In summary, naringenin shows promising potential as a bioactive compound with health benefits, and
ongoing research is actively investigating its therapeutic potential in various diseases.

1.6.4.1.1 Physical and chemical properties

Solubility evaluation is very important for the pharmaceutical product design, because the drug
solubility affects the drug efficacy directly, as well as its future developments and formulation
optimizations, influencing the pharmacokinetic properties, such as release, transport, and absorption.

Naringenin (2,3-Dihydro-5,7-dihydroxy-2-(4-hydroxyphenyl)4H-1-benzopyran-4-one, MW = 272.3) is a
weak acid (pKa; = 6.8; pKa; = 9.6; pKas = 11.6 (Zhu et al., 2019)) compound with a low water solubility.
Naringenin's low solubility in water makes it a challenging compound to work with in aqueous
environments. The solubility of naringenin can also be affected by the pH of the solution. Complexation
with B-cyclodextrin can enhance the solubility of naringenin in a positive linear way(Ficarra et al., 2002;
Jovanovic et al., 1994). In absence of cyclodextrins, the solubility of naringenin in water at pH 8.0 is
higher than at pH 4.0, as it is 0.35 mg/ml while the latter is very low, about 0.08 mg/ml; this is due to
the ionization of naringenin in basic media as it tends to easily solubilize, giving pale yellow colored
solutions (Tommasini et al., 2004).

Naringenin is insoluble in water, soluble in ethanol (50 mg/mL), DMSO, methanol (LKT Labs). The
solubility of naringenin gradually increases as the temperature increases (from 280 to 330 K). The
solubility of naringenin also increases when the mole fraction of ethanol in solvent increases. (Figure 1-
16, P. Zhang et al., 2013).
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Solubility data of naringenin found in the literature range very broadly from 14 to 475 mg/L (Table 1-4).

Table 1-4 Solubility data of naringenin from chemical suppliers and in the literature

Solubility (mg/L) Reference Method
14.2 (Zhang et al., 2013) Water, T=298.15K
34 (Md et al., 2020) Water
43.8 (Semalty et al., 2010) pH7.2

(Fuior et al., 2019, p. 1);

214
DrugBank.[(accessed on 26 July 2019)]

Water
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UV-Vis absorption of NRG

Naringenin exhibits UV-Vis absorption in the range of 200-400 nm, with maximum absorption(Amax)
occurring at around 288 nm (Table 1-5). The absorption spectrum of naringenin typically shows two
major peaks, one at around 288 nm and another at around 323 nm. The absorption peak at 288 nm is
attributed to the n>mt* transition of the carbonyl group in the flavanone ring, while the peak at 323 nm
is attributed to the m—>m* transition of the aromatic ring.

The UV-Vis absorption spectrum of naringenin can be used for quantitative analysis of this compound
in various samples. This technique is commonly used in the food and pharmaceutical industries for
quality control purposes. The absorbance of naringenin at its maximum absorption wavelength can be
measured and used to determine the concentration of the compound in a sample using Beer—Lambert
law.

Overall, the UV-Vis absorption spectrum of naringenin provides important information about the
electronic transitions and chemical structure of this bioactive compound, and can be used for analytical
and quality control purposes.

Table 1-5 Amax of Naringenin in literature

Amax (nm) Reference Note
-88 (P. Zhang et al., 2013) 283-323 K; in binary solyent system of
ethanol and water; UV-vis spectroscopy
285 (Tommasini et al., 2004) HPLC, with or without cyclodextrins
288 (Maity et al., 2017) UV-Vis spectrophotometer (Jasco V-630)
288 (Cordenonsi et al., 2017) Ultraviolet spectroscopy
290 (Khokhar et al., 2022) HPLC, pH=7.2
210, 323 (Zhu et al., 2019) UV-Vis spectrophotometry, pH=7, 37°C
289 (Zhu et al., 2019) UV-Vis spectrophotometry, pH=5, 37°C
245,323 (Zhu et al., 2019) UV-Vis spectrophotometry, pH=11, 37°C

1.6.4.2 Naringin

Naringin (4',5,7-trihydroxy flavonone-7-rhamnoglucoside) is a predominant flavonoid found in many
plants mainly citrus fruits and their bitter taste is usually ascribed to existence of naringin.

In fact, naringenin is metabolization product of naringin, and is theorized to be responsible for the well-
known interaction between grapefruit juice and several pharmaceutical drugs. Naringenin exhibited
higher antioxidant capacity and hydroxyl and superoxide radical scavenger efficiency than
naringin(Cavia-Saiz et al., 2010). Similar to naringenin, solution process of naringin in the binary system
solvent mixtures show positive relation with ethanol proportion in the solvent mixture and with
temperature. The solubility of naringenin was significantly higher than naringin in in methanol,
isopropanol, ethyl acetate, petroleum ether, n-butanol, and hexane because of the higher polarity of
naringenin.

Naringin was reported to be effective on several metabolic disorders like obesity, hyperlipidemia,
hyperglycemia, hypertension, diabetics(Raja Kumar et al., 2019). In vitro studies employing naringin
have shown that this flavonoid compound processes higher inhibition effect on dipeptidyl peptidase-4
(DPP-4) than sitagliptin, the first commercial DPP-4 inhibiting oral drug for diabetes treatment in
pharmaceutical market(Parmar et al., 2012). Neuroprotective effect of naringin was reported and it was
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effective in conditions related to cognitive decline and neuronal injury. Naringin mitigated
mitochondrial dysfunction and memory deficits in rats, which both may lead to Alzheimer's
disease(Sachdeva et al., 2014). Recently, studies exploring the hepatoprotective effect of naringin are
emerging. It is interesting to find the strong candidature of naringin in hepatic function improvements
thanks to its potential against hepatotoxicity and improvement on lipid metabolism(Akamo et al., 2021,
Hassan et al., 2021; Zhang et al., 2021). Recently, naringin has been studied for its renoprotective effects
under certain conditions and been found an agent with great potential in improvement of renal
functions(Sehrawat et al., 2021). Naringin was reported having high antioxidant capacity, as 20 mM of
naringin produced a free radical scavenger efficiency as high as 95%(CariNo-Cortés et al., 2010).

UV-Vis absorbance of naringin

Naringin has a characteristic UV-Vis absorption spectrum with a maximum absorbance at 285 nm, and
the absorption intensity is affected by factors such as pH, solvent, and temperature(Cordenonsi et al.,
2017). Amax of naringin found in literature can be seen in Table 1-5.

Table 1-6 Amax of Naringin

Amax (nm) Reference Note
283 (zhang et al., 2015) UV spectrophotometer
285 (Cordenonsi et al., 2017) UV spectrophotometer
283 (Ebrahimi et al., 2020) UV spectrophotometer

1.6.4.3 Catechin

Catechin((2R,3S)-2-(3,4-dihydroxyphenyl)-3,4-dihydro-2H-chromene-3,5,7-triol) is a flavan-3-ol, a type
of secondary metabolite providing antioxidant roles in plants. It belongs to the subgroup of polyphenols
called flavonoids. Natural sources of catechin include tea leaves, grape seeds, and the wood and bark
of trees such as acacia and mahogany. Catechin has attracted great scientific attention not all for its
abundances in human diet but also for its versatile benefits repeatedly reported as anti-inflammatory,
antimicrobial, cardio protective, hepato-protective, neural protection, antimalarial and other
biomedical applications(Abdulah et al., 2017; Mandel et al., 2005). Figure 1-17 depict chemical structure
of catechin.

OH

HO 0
OH
“OH
OH

Figure 1-17 Chemical structure of catechin

Catechins are very common in daily diet and beverages e.g. in many types of fruits (apricots, which
contain 250 mg/kg fresh weight, are the richest source) and in red wine (up to 300 mg/L), and by far the
richest sources are green tea and chocolate. An infusion of green tea contains up to 200 mg catechin
(Lakenbrink et al., 2000). Tea is now recognized as the most important polyphenol-rich beverage,
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because a growing body of evidence reveals that plant polyphenols in foods and medicinal plants
contribute to human health and have done so for many years.

Catechin is a polyphenolic compound who possesses two benzene rings and a dihydropyran heterocycle
with a hydroxyl group. Upon contact of enzymes in internal environment after the breakage of integrity
of cells, enzymatic oxidation of catechin begins, which is the most important biochemical process.
Additionally, as one of the most reducing polyphenols, catechin also involves in the autoxidation
(nonenzymatic oxidation) by O, mediated by transition metal traces. Catechins are potent antioxidants
that can scavenge free radicals and protect against oxidative stress. They can help neutralize reactive
oxygen species (ROS) and prevent damage to cells and tissues(Musial et al., 2020). Oxidation of catechin
is reported pH-dependent and lower oxidative activity was observed at acidic pH (Bark et al., 2011;
Guyot et al., 1995). In deaerated basic buffer solution, the oxidation of catechin molecules seemed to
carry through slowly(Bark et al., 2011). Some of the major biological activities of catechins are as follows:

First, they exhibit potent antioxidant activity by neutralizing reactive oxygen species and protecting
against oxidative stress (Prasanth et al., 2019). Second, they possess anti-inflammatory effects by
inhibiting the production of inflammatory cytokines and enzymes, thus reducing inflammation and
alleviating related conditions (Musial et al., 2020). Third, catechins have cardio-protective effects by
improving lipid metabolism, inhibiting platelet aggregation, and reducing the risk of cardiovascular
diseases (Liang et al., 2017; Mori et al., 2019; H. Zhang et al., 2013). Fourth, they exhibit anti-cancer
activity by inhibiting tumor growth, suppressing angiogenesis, and promoting apoptosis (Khan and
Mukhtar, 2013). Fifth, catechins have anti-diabetic effects by improving insulin sensitivity, reducing
blood glucose levels, and regulating glucose metabolism (Brimson et al., 2023). Sixth, they have
potential in weight management by increasing fat oxidation, reducing fat absorption, and improving
thermogenesis(Brimson et al., 2023). Finally, catechins exhibit neuroprotective effects by protecting
against oxidative stress, reducing neuroinflammation, and promoting neuronal survival, making them
potentially useful in the prevention and management of neurodegenerative diseases (Prasanth et al.,
2019).

However, the catechins bioavailability is shown to be very low (0.1-1.1%) in humans and also they
rapidly oxidize 80% is in just 1 h, thus limited therapeutic potential. As a result, delivery systems were
developed to enhance absorption of chitosan in Gl tract and improve its stability and hence
bioavailability. Nanoparticles based on chitosan has been thoroughly studied as an efficient vehicle to
transport catechins with high encapsulation efficiency (Dube et al., 2010; Mandal et al., 2019).

The solubility data of polyphenols, including (+)-catechin, is limited(Cuevas-Valenzuela et al., 2014, p. 6).
According to the product information sheet from a supplier (Cayman Chemical), the approximate
solubility of (+)-catechin (hydrate) in ethanol and DMF is 100 mg/mL and 50 mg/mL in DMSO,
respectively. In PBS (Phosphate-buffered saline) at pH 7.2, the solubility of (+)-catechin (hydrate) is
approximately 1.6 mg/mL.

UV-Vis absorption of catechin

Catechins, which are a type of flavonoid compound, exhibit UV-Vis absorption in the range of 200-400
nm, with maximum absorption occurring at around 270-280 nm. The absorption spectrum of catechins
typically shows one or more major peaks in this wavelength range, depending on the specific catechin
compound and its chemical environment. The literature contains the Amax data of catechin, which can
be found in Table 1-6

The specific absorption peaks and intensities in the UV-Vis spectrum of catechin can vary depending on
factors such as the presence of other functional groups, pH, temperature, and solvent conditions. UV-
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Vis spectroscopy is a commonly used technique to study the electronic transitions and chemical
properties of catechin and other flavonoid compounds, and it provides important information about
their structural characteristics and potential bioactivity.

It is important to note that the UV-Vis absorption spectrum of catechin can vary depending on the
specific catechin compound, as catechin belong to a larger group of flavonoid compounds with diverse
chemical structures. Therefore, it's always recommended to refer to specific literature or experimental
data for the UV-Vis absorption spectrum of the particular catechin compound of interest.

Table 1-7 Amax data of catechin found in literature

Amax (nm) Reference Details
HPLC, mobile phase was methanol-acetonitrile—water
273 A el 200 (40:15:45, v/v/v) containing 1.0% acetic acid
276 Wikipedia In water
280 (Guyot et al., 1995)  HPLC, pH=3
275 (Bark et al., 2011) In deaerated water

HPLC; Mobile phase: 0.1% TFA Trifluoroacetic acid in Milli-Q
water (pH=2) mixed with methanol at the volume ratio of
75:25

280 (Li et al., 2012)

1.7 Application of CS-TPP system in delivery of polyphenols

Free radicals generated in the body cause oxidative stress, leading to the development of various
diseases. Naturally occurring polyphenols have therapeutic potential, but their use is limited due to their
short half-life and rapid metabolism. Chitosan, with its biodegradability, biocompatibility, antimicrobial,
and antioxidant properties, has been widely used. However, its low solubility and inability to donate H-
atoms limit its use as an antioxidant. To overcome this limitation, chitosan has been conjugated with
polyphenols to enhance their therapeutic potential and synergistic effects. The use of chitosan-
polyphenol conjugates has been reported to be beneficial in the treatment of various diseases for
human health(Pattnaik et al., 2022). Figure 1-18 summarizes the advantages of chitosan-polyphenol and
the limitations of chitosan and polyphenol.
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Chitosan Polyphenol
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1. Higher solubility

2. Extended shelf-life

3. Increased bioavailability

4. Higher ROS scavenging ability
5. Higher anti-oxidant effect

6. Synergistic anti-bacterial activity

Figure 1-18 Limitations of chitosan and polyphenol, and advantages of chitosan-polyphenol (Reprinted from (Pattnaik et al.,

2022), Copyright 2022, Pattnaik et al).

The CS-TPP system has been extensively investigated for its potential in polyphenol delivery due to its
numerous advantages. In general, the CS-TPP system has shown great potential for the delivery of
polyphenols in various applications, providing opportunities for improved stability, bioavailability, and
efficacy of polyphenols in tremendous fields. Overall, the CS-TPP system has demonstrated significant
promise for polyphenol delivery in various fields, offering opportunities for enhanced solubility, stability,
bioavailability, and effectiveness of polyphenols(Di Santo et al., 2021; Pattnaik et al., 2022; Tang et al.,
2013). Between 2010 and 2020, there were more than 60 publications on the subject of "Polyphenol-
loaded CS-TPP" (Di Santo et al., 2021). Table 1-7 provides a summary of several examples of Polyphenol-
loaded CS-TPP systems that have demonstrated high efficiency in various applications, including drug
delivery, food preservation, and tissue engineering.
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Table 1-8 Examples of polyphenols loaded CS-TPP

Polyphenols Particle size (nm) EE% Reference
Naringenin 408 70 (Kumar et al., 2015)
Naringenin 88 91 (Shadab et al., 2019)
Naringenin 150-305 57-98 (Maity et al., 2017)
Catechin 129 24-53 (Hu et al., 2008)
Catechin 130 90 (Dudhani and Kosaraju, 2010)
Catechin 138 17 (Kailaku, 2014)

Tea polyphenol 383 97 (zhang and Zhao, 2015)
Curcumin 261-412 77-85 (Chuah et al., 2013)
Gallic Acid 140-700 64-84 (Lamarra et al., 2016)

Naringin 93 - (Malathy and Priya, 2018)

*not informed; EE%= encapsulation efficiency (%)

Additional investigations are required to fine-tune the CS-TPP system to cater to distinct polyphenols
and applications, as well as to gain deeper insights into the mechanisms involved in polyphenol release
from CS-TPP nanoparticles or microspheres.

2 Scientific approach

2.1 Context

Chitosan (CS) is a naturally abundant material derived from chitin found in crustacean shells and fungal
cell walls. Despite its abundance in nature and growing interests in both academia and industries, the
utilization of chitosan remains relatively low due to a lack of awareness and knowledge about its
properties and benefits across industries. Efforts are being made to address these challenges Research
institutions, industry collaborations, and government initiatives are focusing on developing sustainable
extraction methods, optimizing processing techniques, and raising awareness about the benefits and
applications of chitosan. As knowledge and technology continue to advance, it is expected that the
utilization of chitosan will increase in the future.

Similarly, polyphenols found in fruits and vegetables have numerous health benefits but face challenges
such as stability, bioavailability, and formulation. Ongoing research aims to overcome these obstacles
by exploring techniques like nanoencapsulation using chitosan particles, which can enhance stability,
controlled release, and targeted delivery of polyphenols and other substances.

Strategies such as nanoencapsulation, complexation with other CS based delivery systems, coupling
with formulation optimization can be used to improve stability, bioavailability, and applicability of
polyphenols in various industries. In the literature, the use of chitosan particles in encapsulation of
polyphenols offers a versatile approach to enhance the stability, controlled release, and targeted
delivery of various substances.

2.2 Position of this work

Sub-micron particles are commonly employed for the encapsulation and controlled release of poorly
water-soluble active molecules. The surface characteristics of these particles play a crucial role in
determining their properties, such as colloidal stability, redispersion capability after drying or
lyophilization, interactions with components of biological media, and release kinetics of the active
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molecules. To control the surface properties of the particles, physical adsorption of biopolymers such
as proteins or polysaccharides is often employed. These biopolymers can be used directly or after
functionalization to enhance their adsorption properties. More recently, the use of biopolymer
complexes, such as polysaccharides or polysaccharide-protein complexes, for surface coating of
particles has been considered. One of the advantages of this approach is that it eliminates the need for
modification or functionalization steps, allowing the use of biopolymers in their native state. The choice
of the coating biomaterial also enables the introduction of stealth properties to the particles, thereby
preventing any immune reactions.

The objective of this study is to advance the production of sub-micron particles composed of chitosan
and coated with physisorbed biopolymer complexes. The fabrication conditions will be carefully
adjusted to control the particle size distribution and surface properties, including charge, surface layer
thickness, and the nature and conformation of surface macromolecules. Furthermore, these particles
will be utilized for the encapsulation of hydrophobic phenolic molecules.

The main purpose of this study is also to investigate the release mechanisms and control the release
rate of the active molecule based on the properties of the self-assembled surface coating and
physicochemical parameters of the surrounding medium, such as pH and polarity. Furthermore, the aim
is to explore and establish the correlation between the structure of the composite material and the
release profile of the encapsulated molecules. This knowledge will be valuable for designing novel
delivery systems that can accurately target specific sites and achieve controlled release, thus addressing
the specific requirements of various industries.

2.3 Objectives

e Prepare and characterize controllable CS-TPP particles

e Entrap polyphenol molecules into CS-TPP particles

e Obtain the release profile of encapsulated molecules in various dissolution media and explore the
its relationship with particulate structure

2.4 Research questions
This research work revolves around the following three group of questions:

1. Which are the factors that influence particle properties (size distribution and surface charge) and
what are their impacts?

2. Which are proper operation under which conditions to achieve successful encapsulation of
polyphenol molecules in CS-TPP particles? What are their encapsulation efficiency (EE, %)of each
case? Is there any obvious relationship between EE% and particle properties?

3. Release properties of loaded molecule from CS-TPP particles? What factors could influence release

profiles?

2.5 Experimental design
The experimental approach was built in three successive parts:

Part 1: Optimization of preparation process of blank CS-TPP particles
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The preparation process of CS-TPP particles was explored by considering various variables such as the
concentration of materials, gelation temperature, mass ratio of materials, and volume ratio of materials,
as reported in the literature and preliminary experiments. To further functionalize the particle structure,
a coating of alginate salt was applied to the CS core through the polyelectrolyte complexation of ALG
and CS. The resulting CS particles and uncoated CS particles were thoroughly characterized using
multiple techniques, including DLS, SEM, and laser diffraction size analyzer, to analyze their properties
in terms of size distribution, size evolution, surface charge, and morphology.

Part 2: Encapsulation

The crosslinked CS based network formed during the ionic gelation process provides an excellent matrix
for encapsulating various therapeutic agents or active compounds. The particles can control the release
of encapsulated substances, allowing for sustained and controlled release over time.

Naringenin, naringin and catechin were selected as candidate molecules to be entrapped in CS-TPP
particles. These molecules were incorporated into CS particles by mixing them with a CS solution during
the particle preparation process. After separating the CS particles using an appropriate method, the
amount of free molecules (unloaded portion) was measured using UV spectrophotometry. This indirect
measurement method allowed for the calculation of the encapsulation efficiency (EE, %) of the
molecules.

Part 3: Release of molecule

To ensure appropriate conditions for the dissolution testing, the solubility of the loaded molecules was
investigated. The release properties of the molecules from the CS particles were monitored in different
media with varying pH, solvent composition, and dissolution volume. This allowed for a comprehensive
understanding of the dissolution behavior and release kinetics of the loaded molecules from the CS
particles.

3 Material and methods

Chitosan (C2395, 5-20mPa.s, 0.5% in 0.5% Acetic Acid at 20°C) was purchased from TCI (Tokyo).
Naringenin (CAS No.: 67604-48-2, W530098, Mw: 272.25 g/mol), naringin (CAS No.: 10236-47-2, 71162,
Mw: 580.53 g/mol), catechin (CAS No.: 154-23-4, 43412-10MG, Mw: 290.27 g/mol), sodium alginate
(CAS No.: 9005-38-3, W201502) and sodium tripolyphosphate (TPP) (CAS No.: 7758-29-4, 238503, Mw:
367.86 g/mol) were purchased from Sigma-Aldrich.

3.1 Characterization of materials

3.1.1 Chitosan
3.1.1.1 UV-Vis

A series of chitosan solutions were prepared by dissolving chitosan powder into 1% acetic acid (v/v).
Concentration of chitosan solutions were 0.25, 0.5, 0.75, 1.0 and 1.5 g/L, respectively. Then the samples
were subjected to full-wavelength scanning from 200 to 500 nm using Jasco V-770 UV-Visible
spectrophotometer with a resolution of 0.5 nm. Sample temperature was fixed at 20°C with the help of
a Heidolph RotaChill Small Chiller.

3.1.1.2 Transform infrared spectroscopy Fourier (FTIR)

The FTIR spectrum of chitosan was analyzed using FTIR spectrometer (Brucker, Germany) equipped with
a DTGS pyroelectric detector. 30—50 mg of chitosan was mixed with a pinch of potassium bromide and
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compressed to a tablet by a punch on the crystal. 64 scans were carried out at a resolution of 6 cm™ and
at an acquisition frequency of 10 kHz at room temperature in a spectral range from 400 to 4000 cm™. A
Fourier transform was applied to the interferogram in order to obtain spectra in using the OPUS
software (Brucker).

3.1.1.3 'HNMR

Deuterium chloride (DCl) and Deuterium oxide (D,0) were purchased from Sigma-Aldrich. All NMR
spectra were recorded using a Bruker Avance Il NMR spectrophotometer. Magnet NMR-frequency used
was 300 MHz, unless otherwise specified. Table 3-1 present experimental conditions of H NMR
spectroscopy in details.

Table 3-1 Experimental details of 1H NMR spectroscopy

Instrumentation

NMR Spectrometer BRUKER Avance I
Magnet NMR-Frequency 300 MHz
Probe Head 5mm PABBO BB
Nuclei H

Experimental Conditions
Solvent D,0-DCl =98:2
Temperature 343 K
Sample Concentration 5g/L

10 mg of sample (commercial chitosan and purified chitosan) was dissolved in a solution composed of
1.96 mL of D,0 and 0.04 mL of DCI (2%, v/v) at room temperature with stirring during at least 30 minutes
to ensure complete dissolution. Then previous solution was filtrated by cotton to remove any possible
impurities. 0.5-0.6 mL of dissolved sample solution was transferred into a clean 5 mm diameter NMR
tube via a glass dropper and a cap was added on the top of the tube. The sample tube was inserted in
the magnet and allowed to reach thermal equilibrium by waiting 15 min before performing the
experiment.

'H NMR spectra were recorded on a BRUKER Avance Il NMR spectrometer using a 5Smm PABBO BB probe.
The experiments were run at 343 K and 300 K, temperature to avoid interference of solvent (HOD) peak
with any of chitosan’s peaks (Lavertu et al., 2003).
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Figure 3-1 chitosan structure and Chitosan *H NMR spectrum at 343 K.

Figure 3-1 presents chitosan structure and H NMR spectrum of chitosan at 343 K. Chitosan is a
biopolymer that consists of the acetylated unit and the deacetylated unit and both units display
characteristic 'H NMR signals the intensity of which can be estimated and utilized to calculate DDA%.
For example, 'H NMR signal of Acyl-H (HAc) can characterize acetylated unit for its absence in
deacetylated unit. Similarly, the sum of both units can be represented by the signal from protons H2,
H3, H4, H5, H6 (H2/6), as they are in common in both monomers. Following Eq.3.1 summarize one way
to calculate DDA% in chitosan (Hirai et al., 1991):

HAc

_3 0
m/g | | X 100% (Eq.3.1)

6

DDA% =( 1-—

Likewise, as the integrals of the peak of proton H; in deacetylated unit(H;-D), DDA% can also be
calculated by Eq.3.2:

DDA% = | —————— | x 100% (Eq.3.2)
H1D + %

DDA% of samples were calculated by those two methods to compare and confirm the accuracy of results.

64



3.1.1.4 Mw determination of chitosan by SEC-MALS

Size exclusion chromatography (SEC-MALS, Size exclusion chromatography with multi-angle laser light
scattering detectors) allows the determination of the average molar masses and the investigation of the
molar mass distribution of commercial and purified chitosan.

For each sample, a solution was made by dissolving the polysaccharide to be tested in an acetate buffer
(acetic acid 170 mM, ammonium acetate 200 mM, pH=4.5). This buffer was filtered on a membrane
with a porosity of 0.45 um (Durapore® 47 mm diameters, Millipore) at 20°C. Buffer acetate also served
as the mobile phase for chromatography. The analyzes were carried out at 30°C at a flow rate of 0.35
mL/min utilizing a polymethyl-methacrylate column (Malvern, A4000). A SEC-MALLS VISCOTEK 305 TDA
(Malvern instruments) and a Shimadzu HPLC pump (Shimadzu) were used for the molar mass
determination.

To explore proper concentration of each sample, solutions of 2.5g/L, 5g/L and 10g/L of commercial
chitosan and purified chitosan were prepared in pH 4.5 buffer. Then 100 pL of each sample was injected
and pumped into a Malvern A4000 Polymethyl-methacrylate column at a flow rate of 0.35 mL/min.
RALLS detector was used to detect and collect light scattering signals processed by software OmniSEC
(version 11.01, Malvern Panalytical).

3.1.2 Polyphenols

Naringenin, naringin and catechin were characterized by both H NMR spectroscopy and UV-VIS
spectrophotometry.

3.1.2.1  'HNMR

10 mg of naringenin, 20 mg of naringin and 80 mg of catechin were dissolved in 2 mL of DMSO-ds,
respectively. Then, these solutions were shaken on a horizontal shaking bed for one night. After
filtration by cotton to remove insoluble substances, 0.5 mL of each solution was added into a 5 mm
NMR tube for NMR analysis. *H NMR spectra were acquired on a BRUKER Avance Il NMR spectrometer
using a 5mm PABBO BB probe at 400 MHz. The experiments were run at 298 K. The sample tube was
inserted in the magnet and allowed to reach thermal equilibrium by waiting 10 min before performing
the experiment.

3.1.2.2 UV-Vis

Solutions of naringenin were obtained by serial dilution of an ethanol stock solution of naringenin with
water to desired concentration (3.3, 4.4, 10,13.3, 20 and 40 mg/L, respectively). Those solutions were
analyzed by UV-Vis spectrophotometry at 20°C. UV-VIS absorbance of samples was read and plotted
against corresponding concentrations of solutions to establish calibration curve. With the help of this
calibration curve, the absorbance results collected through experimentation could be directly
transformed into concentration by extrapolating through the linearity range.

Similarly, solutions of naringin and catechin were prepared and the corresponding calibration curves
were obtained the same way. Linearity range of UV absorbance of naringin and catechin were 6-37 mg/L
(0.011-0.065 mmol/L) and 5 -100 mg/L (0.02-0.34 umol/L), at 282nm and 280nm, respectively.

65



3.2 Preparation of CS-TPP particles

lonic gelation of chitosan and TPP (tripolyphosphate) is a widely used method for the preparation of
chitosan-based nanoparticles or microparticles. It relies on the electrostatic interactions between the
positively charged amino groups of chitosan and the negatively charged TPP ions.

The resulting CS-TPP particles exhibit characteristics such as controlled release properties,
biocompatibility, and potential for encapsulation of various therapeutic agents or active compounds.
They have applications in drug delivery systems, wound healing, tissue engineering, and other
biomedical fields.

It's worth noting that the specific parameters and conditions for the ionic gelation of chitosan and TPP
can be adjusted based on the desired particle properties and the intended application.

3.2.1 Purification of chitosan

Among available commercial chitosan materials, shell of crustaceans is the most common source.
Remaining protein after chemical deacetylation process i.e. vigorous treatment by acids and bases at
high temperature, is the main impurity in commercial chitosan. As chitosan is considered as an
interesting biopolymer in medical applications, protein contamination should be strictly limited to avoid
slightest potential safety issues. On the other hand, high purity of starting chitosan material is also a
good guaranty for the high integrity and quality of product in nanoparticle fabrication process. For this
purpose, in this work, further purification of purchased chitosan was carried out by the following steps
(Figure 3-2).

Figure 3-2 Process of purification of commercial chitosan.

Dissolve bulk chitosan into proper volume of 1M NaOH solution. Heat and maintain temperature at 70°C
of above mixture under constant magnetic stirring for 2 hours. (A) Dissolution of raw chitosan material
into strong base; (B) Vacuum filtration of chitosan basic solution to remove insoluble impurities; (C)
Adjust pH value of filtrate solution to 8. Yellowish solution turned into more viscous white slurry; (D)
Vacuum filtrate above slurry to remove excess water, then let the filter cake dry in a 40 °C oven for one
night.

Filtrate roughly above mixture via glass filter funnel (Por.1, VitraPOR® ROBU), discard filtrated liquid
then wash filtrated mass by proper volume of distilled water (around 8 times of original volume) until
pH of filtrate liquid close to 8. Then vacuum filtrate above chitosan slurry to remove further residue
water and then dry filtrated mass in a 40°C oven overnight.
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Dissolve dried chitosan mass into 0.2M acetic acid solution, keep at 40°C under magnetic stirring for 3-
4 hours. Remove insoluble impurities via vacuum filtration then adjust pH of filtrated liquid to 7-8.
Filtrate obtained chitosan slurry (white) to remove extra water then freeze dry to obtain final product.
Filtrated chitosan and raw commercial chitosan were characterized afterwards by FTIR and 'H NMR
spectrometry and SEC-MALS.

3.2.2 Preparation of particles

lonic gelation method was utilized for preparation of CS-TPP particles for its ease in operation and mild
conditions. Generally, chitosan was dissolved in 1% (v/v) acetic acid and diluted properly to prepare CS
solutions with various concentrations: 0.06%, 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 1%, 3% (w/v). Likewise, TPP
was dissolved in MilliQ ultrapure water and diluted properly to obtain TPP solutions with different
concentrations: 0.05%, 0.1%, 0.267%, 0.5% (w/v). Certain volume of CS solution is poured into a
container put on a magnetic stirrer (equipped with hotplate and temperature probe). Then desired
amount of TPP solution is added drop by drop into CS solution under magnetic stirring. After addition
of TPP, the container is then sealed by an Eppendorf Parafilm (a stretchable, moldable, waterproof, and
self-adhering thermoplastic film). Keep stir for at least 30 minutes to make sure fully crosslinking. The
crosslinking of chitosan and TPP has been often reported as a modulable process by varying operational
parameters such as concentrations of crosslinking agents, temperature, mass ratio of crosslinking
agents, ratio of opposite charges, pH and so on.

Series of experiments were designed and conducted to explore effect of these factors on particle
properties in terms of size distribution, morphology, surface charge, encapsulation capacity, etc. For
experimental condition details of the preparation of those samples see Annex .

3.2.2.1 Preliminary factors
3.2.2.1.1 Purification of chitosan

To explore if difference exists among particles prepared by raw purified chitosan, sample-010 and 015
as well as sample-007 and 012 were compared in pair. Except for the chitosan source, within each group,
samples were prepared under same concentrations (concentration and volume of crosslinking agents
and at the same temperature).

3.2.2.1.2 Stirring speed

All of these experiments were carried-out at the same magnetic stirring rate at 600 rpm, unless
otherwise specified herein. Higher stirring rate (800 rpm) was reported inducing smaller particle size
but moderate rate (400 rpm) might lead to optimum interaction between the chitosan solution and the
TPP droplets thus lower PDI of generated particles (Abdel-Hafez et al., 2014).

3.2.2.1.3 Scale of batch

To explore the influence of batch volume, i.e. is the total volume of crosslinking agent solutions, on CS-
TPP particle quality specially in terms of particle size and its distribution, three samples were designed
and prepared by syringe dropping 0.1% (w/v) TPP solution into 0.2% (w/v) chitosan solution following
conditions listed in details in Table 3-2. Volume of crosslinking agents varied but volume ratio of CS/TPP
and other conditions were kept unchanged, and as a result, batch volume was the single variable to be
examined. Here, batch volume of sample-013 is 5 times of the one of sample-014 and batch volume of
sample-011 is twice of the one of sample-013 and 10 times of sample-014.
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Table 3-2 Samples prepared with different scale of batch to explore influence of batch volume on CS-TPP particle size and size

distribution.
Sample (mf(g:/C:nL) (m(;/Pr;L) Ves(mL)  Vypp(mL) Volﬁ‘:z?mL) Temperature(°C)
011 2 1 100 30 130 RT
013 2 1 50 15 65 RT
014 2 1 10 3 13 RT
026 3 1 10 3 13 45
028 3 1 50 15 65 45

3.2.2.2 Factors influence particle size
3.2.2.2.1 Cross-linking temperature

To explore crosslinking temperature influence on particle size, two groups of samples with various
chitosan concentration were prepared. The crosslinking temperature was set up at room temperature
(20+2°C) or 45/50°C. The heat plate and the thermal probe equipped on the magnetic stirrer were used
for temperature control (Figure 3-3): (A) Gelation of CS and TPP at room temperature (20+2°C). Real-
time temperature was monitored by a thermal probe. (B) Crosslinking of CS and TPP at 45 °C. (C) Syringe
addition of TPP solution into CS solution drop by drop under continuous stirring. Visible opacity occurred
instantly when TPP drops were dripped into CS solution in the container. (D) After addition of TPP
solution, continue to stir for at least 30 minutes to make sure fully crosslinking of CS and TPP. The
suspension remained opaque but no visible precipitate was observed. Experimental conditions details
are shown in Annex |_preparation conditions of CS-TPP particles.

To explore effect of preparation temperature on properties of CS-TPP particles, samples were prepared
following conditions listed in Table 3-3. Sample-009 and Sample-010 were prepared by following steps.
33 ml of 0.1% (w/v) TPP solution was added into 100 ml of 0.2% (w/v) chitosan solution drop by drop
under magnetic stirring at 600 rpm for 30 min at room temperature (20+2°C). Sample-007 was prepared
with the same conditions except that chitosan solution was heated to and maintain at 50°C all along the
formation of particles.

Sample-012 and Sample-015 were prepared using raw chitosan without purification. Sample-012 was
prepared by dropping 30 ml of 0.1% (w/v) TPP solution into 100 ml of 0.2% (w/v) chitosan (CS(b))
solution under magnetic stirring. Sample-015 was prepared with the same conditions except that
crosslinking temperature was set up at 50°C all along the formation of particles.
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Figure 3-3 Experimental photos of

preparation  CS-TPP  particles  via

crosslinking under magnetic stirring at

various temperatures.

Sample-029 was prepared by adding 3.3 ml of 0.1% (w/v) TPP solution into 10 ml of 0.3% (w/v) chitosan
solution drop by drop under magnetic stirring at 600 rpm for 30 min at room temperature (20+2°C). On
the other side, sample-024 was prepared with the same conditions except that chitosan solution was
heated and maintain at 45°C all along the formation of particles.

Table 3-3 Experimental conditions of samples prepared at room temperature and higher temperatures. Volume ratio of

CS/TPP of those samples was fixed to 3.

Sample Ccs (mg/ml)  Crpp(mg/ml) Ves(ml) Vrep(ml) Temperature(°C)

007 2 1 100 33 50
009 2 1 100 33 RT
010 2 1 100 33 RT
012 2 1 100 30 50
015 2 1 50 15 RT
024 3 1 10 3.3 45
029 3 1 10 3.3 RT
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3.2.2.2.2 Concentration of chitosan

Concentration of chitosan has been repeatedly reported related to particle size in a large amounts of
research articles (Gan et al., 2005 ; Hu et al., 2008; Li et al., 2021; Sreekumar et al., 2018). To explore
the influence of concentration of chitosan on particle size, a series of samples (sample-014, 029, 037,
040 and 041, detailed conditions can be seen in Annex_I) were prepared with various concentration of
chitosan from 0.1% to 0.5% (v/v) at room temperature. Similarly, another series of samples (sample-
008, 024, 038; detailed preparation conditions can be seen in Annex_I) were prepared with various
concentration of chitosan from 0.2% to 0.4% (v/v) at 45°C. With pre-established conditions that, CS/TPP
volume ratio of those samples is fixed at 3; all experiments were conducted under magnetic stirring at
600 rpm for 30 min.

3.2.2.2.3 CS/ TPP mass ratio

Mass ratio of CS/TPP has been reported as a factor which can affect CS-TPP NPs size in lots of
researches(Abdel-Hafez et al., 2014; Gan et al., 2005; Hu et al., 2008; Sreekumar et al., 2018). But
contradictory discoveries were found on effect of CS/ TPP mass ratio on particle size. Q. Gan et al. have
reported that CS/ TPP mass ratio had positive effect on particle size at the range from 3:1 to 7:1 (Gan et
al., 2005). Whereas, Hu et al. found that the particle size decreased linearly with the increasing CS/TPP
mass ratio (Hu et al., 2008). On the other hand, S.M. Abdel-Hafez et al. announced the increase in CS/TPP
mass ratio had a fluctuating effect on the particle size (Abdel-Hafez et al., 2014).

3.2.2.2.4  Molar ratio of charges (NHs*/P3045°7)

Essentially, the ionic gelation of chitosan and TPP is driven by the interaction between positive charges
of NHs" groups in chitosan polymer chains and the negative charges of P30105_ from TPP molecules. So
the molar ratio of charges might significantly influence CS-TPP particle formation process.

Molar ratio of charges (NH3+/P30105_) can be calculated by following equations:

1— DDA
Npositive = nNH3+ =Mes + (Mn + W * Mm)

Npegative = np30105‘ =5 X nypp

Where,

Nyp,+ IS the molar quantity of NH;*;

Np.0,,5~ 1S the molar quantity of P30105_;

nrpp is the molar quantity of TPP;

m.s is weight of chitosan used;

M,, is molecular weight of deacetylated molecule in chitosan polymer;
M,,, is molecular weight acetylated molecule in chitosan polymer;

DDA is the degree of deacetylation of chitosan.
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3.2.2.2.5 Concentration of particles

Concentration of particles depends on total mass used in the formation of particles and the final volume
of liquid where final product was dispersed. It may also affect size of formed CS-TPP particles as
individual particle may be intend to aggregate and form larger particles when the suspension is too
concentrated. In addition, from the point of view of industries, it is an interesting parameter to know as
it expresses ratio of gain (particles) to waste (liquid in this case).

Ces X Ves + Crpp X Vrpp

Concentration of particles =
VTotal

To explore effect of CS/TPP mass ratio, ratio of charges and particle concentration on CS-TPP particle
formation, sample-003, 023, and 029 were prepared. A solution of 0.3% (w/v) purified chitosan (CS(p))
was prepared in 1.0% (v/v) glacial acetic acid. Solution of 0.1% (w/v) TPP was prepared. By varying
volume mixed of TPP solution with chitosan solution, mass ratio of CS/TPP, molar ratio of charges
(NH3+/P30105_) , and concentration of particles were altered. All experiments above were conducted
at room temperature under magnetic stirring at 600 rpm for 30 min. Values of above three parameters
of those samples were listed in Table 3-4. Preparation condition details are present in Annex |.

Table 3-4 Three samples with various mass ratio CS/TPP and their size information.

. Molar ratio of Particle
Ratio Mass .
Sample Cs/TPP charges concentration Z-average(nm) PDI
(NH3*/P3010°") (8/L)
023 2.5 1.2 1.9 140 0.44
027 7.5 3.6 2.4 227 0.47
079 9.0 4.4 2.5 172 0.50

3.2.2.3 Preparation of CS-TPP Microparticles

While the individual factors of CS and TPP did not exhibit a direct proportional relationship with particle
size, there was a trend observed where an increase in both factors resulted in an increase in particle
size, which could even exceed the nanoscale to become micro-sized. Additionally, it was observed that
instead of dropping TPP solution into CS solutions, the reverse approach of adding CS solution dropwise
into TPP solution under magnetic stirring could also result in the formation of larger particles. Based on
these two ideas, a series of experiments were designed in this work to prepare CS-TPP microparticles

Solutions of 0.3%, 0.5%, 1% (w/v) of chitosan in 1% (v/v) glacial acetic acid were prepared. Aqueous
solution of 0.5% (w/v) of TPP was prepared. The fabrication steps of CS-TPP microparticles are similar
to CS-TPP nanoparticles and used the same apparatus. The sonication effect on particle size was also
studied by treating newly prepared CS-TPP microparticle suspension with an ultrasonic processor (Vibra-
Cell™, VCX 750). During the treatment of ultrasonic probe. CS-TPP suspension was immerged into an ice
bath to compensate the heat release effect of probe and to keep temperature at the selected value.

Mastersizer was employed to analyze particle size beyond the range of the ZETASIZER (DLS), which can
only measure particles in the nanometer to micrometer range. The surface area moment mean D[3,2]
was used as the size measurement since it is relevant for cases where specific surface area is important,
such as bioavailability, reactivity, and dissolution. This measurement is particularly sensitive to the
presence of fine particulates in the size distribution. On the other hand, the volume-based distribution
gives more weight to larger particles in the population.
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In this study, both D[3,2] and volume size distribution were used to represent the overall size
distribution of CS-TPP particles since the final product consists of individual CS-TPP particles and their
agglomerates. This approach considers both the size of individual particles and the presence of larger
agglomerates in the particle population, providing a comprehensive representation of the particle size
distribution.

Ultrasonication treatment
To achieve more uniform particle size, ultrasonication was utilized.

A CS5TPP5R2.5 sample was prepared by mixing 32 ml of 0.5% (w/v) TPP solution with 80 ml of 0.5%
(w/v) CS solution under 600 rpm magnetic agitation at room temperature for at least 1 hour.
Subsequently, approximately 20 ml of the resulting CS-TPP suspension was subjected to ultrasonic
treatment using a Vibra-Cell™ ultrasonic processor (amplitude: 30%, duration: 2 min 30 s, pulse mode:
1 s ON/1 s OFF). The size of the CS5TPP5R2.5 sample before and after sonication was measured using a
Laser Diffraction size analyzer to obtain size information.

3.2.2.4 TPP-CS microparticles (Reverse addition of CS into TPP)

The addition way of TPP into chitosan is usually vaguely stated in the literature and some has reported
the drop speed of TPP could be a factor that influence particle propertied like for instance particle size
and its distribution. To the best of our knowledge, very few research has reported what would have
happened if conversely add CS solution into TPP solution in details. Keep this question on mind, a series
of experiments were designed to explore the answer by curiosity. Would larger particles be formed in
this way or otherwise?

Reverse the way of addition in CS-TPP preparation process. in other words, drop chitosan solution into
TPP solution under magnetic agitation. To distinguish with normal preparation method, i.e. drop-wisely
add TPP solution into CS solution to produce CS-TPP particles, samples prepared by this reverse method
was noted “reverse” to underline its abnormality.

3.2.2.5 Preparation of ALG coated CS-TPP particles

The synthesis of the ALG coated CS core-shell nanoparticle was performed according to previously
described method of Maity et al., (2017) with modification. Sodium alginate solids was dissolved in DPBS
(Dulbecco’s Phosphate-buffered saline. pH 7.1-7.5) buffer. Briefly, blank CS-TPP nanoparticles (CS-NPs)
were firstly prepared as above mentioned. To obtain ALG coating CS-NPs. suspension of CS-NPs was
added drop by drop into ALG solution under sonication (Vibra Cell, Model 75043, 750 Watt, Figure 3-4)
inan ice bath to counteract the heat effect caused by sonication. After addition of CS-TPP NPs, the mixed
suspension was magnetically stirred (750 rpm) for 30 min followed by centrifugation to remove extra
ALG. Then CaCl; solution was added into the mixture to gel with and form ALG coating. Centrifugation
was then utilized to remove extra Ca?*. Afterward pellets were redispersed into Milli-Q water to wash
established particles.
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Figure 3-4 Addition of CS-TPP into ALG solution under sonication within an ice bath. and the pulse on mode was used to help

temperature control of samples during sonication treatment

Size evolution of ALG coated CS-TPP particles

To investigate the size evolution during the ALG coating process, samples-026, 030, 035, and 072 were
chosen as examples. The CS-TPP particles were prepared as described previously at a temperature of
45°C, and the ALG shell was added through polyelectrolyte complexation. The experimental conditions
can be found in the supplementary materials (Annex ). Sample 026 was prepared by adding TPP solution
to a chitosan solution under stirring, as specified in the sample list. Sample-035 was obtained by
crosslinking CS-TPP nanoparticles from sample-026 with alginate sodium. Sample-072 was prepared by
adding a CaCl; solution to the suspension of sample-035, followed by two washes with water. The size
evolution during this process was monitored using dynamic light scattering (DLS) to measure the particle
sizes.

3.3 Characterization and morphology of the prepared chitosan particles

The morphology of particles refers to their physical structure, shape, and size distribution Depending
on the synthesis method employed, particles may exhibit a range of shapes, from simple spherical to
more complex structures such as rods, cubes, and others. The morphology of particles plays a crucial
role in determining their properties, including stability, surface area, drug loading capacity, and release
kinetics. Consequently, achieving optimal particle morphology is critical for successful application in
various fields. Techniques used to analyze particle morphology are outlined below.

Dynamic Light Scattering (DLS)

The Dynamic Light Scattering (DLS) technique was utilized to determine the mean particle size and zeta
potential. The analysis of the nanoparticle dispersions was conducted at a viscosity of 0.908 cp and a
refractive index of 1.33, and the measurements were based on intensity. The intensity of
autocorrelation was measured at a scattering angle of 173° at 25 °C., and the particle size was calculated
using the Stokes-Einstein equation with the Zetasizer Nano ZS instrument from Malvern Panalytical (UK).
The mean and standard deviations were calculated based on triplicate measurements.

Laser Diffraction
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Particle size of chitosan microparticles was determined by laser particle size analyzers (Mastersizer
2000/3000, Malvern Panalytical, UK) utilizing laser diffraction methodology. It achieves this by detecting
the intensity of light scattered when a laser beam interacts with a dispersed particulate sample.
Subsequently, this information is evaluated to determine the size of the particles responsible for
generating the scattering pattern. The Dso, which is the particle size at which 50% of the cumulative
volume of particles is reached in the particle size distribution profile, along with the particle size
distribution span (span = (Dgo - D10) / Dso) were determined. The Dy and D1 correspond to the particle
sizes at which 90% and 10% of the cumulative volume of particles are reached, respectively, in the
particle size distribution profile.

The CS microspheres were suspended in a liquid medium and injected into wet dispersion units with a
stirrer to prevent aggregation between the microspheres. The stirrer was operated at a speed of 2000
rom. The average volume mean particle size was then measured by conducting the experiment in
triplicate.

Scanning Electron Microscopy (SEM)

Chitosan particles were visualized using Scanning electron microscopy (SEM) (Hitachi S4800, Japan). The
CS particle suspension was applied onto an aluminum pad and allowed to air dry at room temperature
for 48 hours. After drying, the sample was coated with a thin layer of carbon using a metallization
process. The pictures were taken at an excitation voltage of 3 kV and a magnification of 0.6, 2.2, 6, 18,
20, 45, 60, 80 or 110 k.

3.4 Encapsulation of polyphenols into CS-TPP particles

Figure 3-5 and Figure 3-6 schematically present encapsulation experiments of polyphenol molecules
into CS-TPP particles and ALG coated CS-TPP particles.

3.4.1 Encapsulation Efficiency (EE, %)

Encapsulation efficiency is an indicator used to evaluate a formulation's ability to trap desired molecules
within particles. Mathematically, it is calculated as the percentage of loaded molecule in comparison to
the total amount of substance. Determination of EE (%) can be accomplished by direct method and
indirect method. By direct method, EE (%) can be calculated using the following formula (Eq. 3.3):

EE (%) = Amount of substance encapsulated « 100 (Eq.3.3)
* ™ "Total amount of substance added ke

Because of the difficulty to determine directly the amount of substance encapsulated within the
particles, indirect method is commonly used. By indirect method, the Encapsulation Efficiency can be
determined by subtracting the amount of unencapsulated drug by UV spectrometry.

In this work, active molecules were encapsulated into CS-TPP particles and ALG coated CS-TPP particles
respectively.

The amount of non-encapsulated drug equals to the sum of the amount in the supernatant after
centrifugation or filtration of molecule-loaded CS-TPP solutions(S), and the amount in the two
supernatants after twice washing (W1 and W2). UV-Vis spectrophotometer results shown that after
twice washing, signals of molecules residual in washing liquid decreased strongly, which indicates that
free molecules have been eluted after two washings (More details presented in Annex Ill. Encapsulation-
washing step).
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In the case of ALG coated CS-TPP particles, mixture of active molecule and CS-TPP particles was dropped
into ALG aqueous solution then centrifuged. The amount of active molecule in the supernatant after
this first centrifugation was determined by UV spectrometry (S). The pellet was redispersed into CaCl,
aqueous solution and was centrifuged after incubation. The amount of active molecule in this
supernatant after centrifugation was determined by UV spectrometry (W1). The pellet was then washed
by water and centrifuged. Amount of active molecule in the supernatant after this third centrifugation
was measured UV spectrophotometrically (W2).

So, EE (%) can, therefore, be calculated by dividing that unencapsulated amount by the total amount of
drug added (T, which is known) (Eq. 3.4).

S+W1+Ww2

EE(%) = (1 - -

) X 100% (Eq.3.4)

Where,

T: Total mass of molecule (g)

S: Mass of molecule in supernatant after first centrifugation or in the filter liquor after filtration (g)
W1: Mass of molecule in first washing liquid (g)

W2: Mass of molecule in second washing liquid (g)

3.4.2 Loading capacity (LC%)

Loading capacity is another evaluation of performance of encapsulation, i.e. the amount of active
substances loaded per unit weight of the delivery system, indicating the amount of drug that can be
loaded onto the drug delivery system relative to the total weight of the system. Achieving a high loading
capacity is often desirable, as it allows for a higher concentration of drug to be delivered to the target
site, potentially increasing therapeutic efficacy while reducing side effects.

Loading capacity can be calculated by the amount of total entrapped drug divided by the total
nanoparticle weight (Eq.3.5). In drug delivery, yield, given as a percent, is a reflection of the amount
of drug delivered per amount encapsulated.

M,
LC% = x 100% (Eq.3.5)
Mg + Mrpp + My 1

Where,

M, : weight of loaded molecules (g)
M : weight of chitosan (g)

Mpp : weight of TPP (g)
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Figure 3-6 Schematic introduction of encapsulation of active molecule by ALG coated CS-TPP particles.

Different CS-TPP formulations were prepared to explore the feasibility to encapsulate those polyphenol
molecules. Certain volume of solution of the active molecule was mixed with chitosan acetic acid
solution in advance. Then appropriate amount of TPP aqueous solution was added dropwise to the
above mixture under magnetic stirring. Thanks to crosslinking of chitosan polymer chain with the
crosslinker, TPP, active molecules can be enclosed into spherical network formed by CS and TPP at mild
conditions.

UV-Vis spectrometer was used to determine the content of these molecules as all of them possessing
UV absorption functional group in the structure hence strong UV absorption at UV-Vis wavelength. To
exclude all absorption of other substances apart from expected material, a blank control group was
prepared at the same time with the sample. For the blank sample, “active molecule” solution was
replaced by equal volume of solvent (usually ethanol). Apart from that, this blank sample was prepared
via the same preparation steps as its corresponding sample. UV-Vis spectra of supernatants and filtrated
liquid of blank samples were used as baselines to “correct” spectra of corresponding samples by
canceling out UV-Vis absorption from all compounds except the target molecule, which can also absorb
UV-Vis light within the determined region.

The indirect method was used to calculate EE% of particulate formulation of certain molecule loaded.
Because of the difficulty to determine directly content trapped in capsules, this value was calculated by
taking out entrapped part from total quantity added of the molecule.

As indicated in Eq. 3.4, UV-Vis absorption in S, W1 and W2 were measured by UV-Vis spectrometer.
With help of calibration equation at specific wavelength, molecule concentration and thus content of
this molecule in liquids can be calculated (since volumes of liquids are known).

77



3.4.3 Limitation of method

As the fabrication is a complex process with multistep procedures, special attention should be paid since
there are several potential sources of error that may affect the results of the study:

- Inaccuracy of liquid volume

Liquid volume cannot be accurately measured by precise instrument each time in actual operation.
What'’s more, slight difference among each experiment does exist but it would be arduous to take this
into consideration. The solution was to repeatedly measure the volume of liquids in each step and
then use the average value for calculations. If liquid volume is underestimated, EE% would be
overestimated. Likewise, if liquid volume is overestimated, EE% would be underestimated and even
generating negative result.

- Incomplete separation of unloaded molecules

In some situation, complete separation is not achieved by centrifugation so that part of loaded
particles may stay in supernatant and disturb UV-Vis absorption of free molecules thus introducing
inaccuracy in EE% determination.

Particle size analysis of all prepared formulations indicated the presence of nanoparticles with
dimensions smaller than the pore size of the membrane filter used. This suggests that some of the
nanoparticles may have passed through the filter and dispersed in the filtrate. In the case where the
active molecule loaded nanoparticles also exhibit UV-Vis absorption, this may result in an
overestimation of the unloaded CAT and therefore an underestimation of EE%.

- Errors from UV measurement

Another possible source of error could be related to the UV spectrophotometer measurement. Since
UV-Vis spectrometry is a very precise quantitative method with high sensitivity, disturbance may come
from any substances with UV-Vis absorption at the same determination region.

Overall, it is important to acknowledge these potential sources of error and take them into account
when interpreting the results of the study.

Strategies can be used to minimize these uncertainties:

= A blank sample without adding target molecule can be prepared and determined with
exactly the same methods as a sample. The UV-Vis spectra of this blank sample can be
used as background to eliminate “noise” absorption from irrelevant substances and thus
correct UV-Vis spectra of its corresponding sample.

= Repeated measurements will reduce random errors and increase reliability of the
measurements

3.4.4 Choice of molecules

In this work, we selected several polyphenols as typical examples: naringenin, naringin and catechin. All
three of them are reported high-value polyphenol molecules with numerous beneficial bioactive effects
like: antioxidant activity, anti-inflammatory activity, anti-cancer activity and anti-obesity activity (more
details, examples and references can be seen in previous chapter 1. State of art -1.7 Polyphenols).
Although these molecules offer numerous health benefits, their low water solubility and susceptibility
to the internal environment significantly limit their applications.
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The incorporation of these delicate molecules into CS particulate systems aims to protect them from
rapid oxidation and degradation, while enhancing their bioavailability and stability. Additionally,
reducing the particle size can lead to a larger surface area, potentially enhancing the bioavailability of
the encapsulated compounds.

3.4.5 Separation method used in encapsulation

Ascertaining the exact quantity of encapsulated molecules directly can be impractical. Instead, the
amount of unencapsulated molecules was determined and subsequently subtracted from the total
amount of molecules added during encapsulation to indirectly determine the quantity of encapsulated
molecules. Hence, it is necessary to utilize an effective separation method to isolate the unencapsulated
drug from the loaded particles. Two commonly employed methods, namely filtration and centrifugation,
were explored in this regard.

To investigate whether the cellulose membrane introduced any additional effects, such as absorption,
which could potentially disrupt the UV-Vis absorbance results. If this were the case, filtration would not
be a suitable method for separation. NRG, NR and CAT solutions were diluted and passed through a
cellulose membrane via filtration. Subsequently, the filtrates were analyzed using a UV-Vis spectrometer
and the results were compared with those of the unfiltered samples.

Centrifugation is a commonly used separation method. The main parameter of centrifugation is the
gravitational force or centrifugal force, which is determined by the speed of rotation, the radius of the
rotor, and the mass of the particles being separated. Sedimentation speed of particles, i.e. the rate at
which particles in a fluid settle under the influence of gravity, is useful to design centrifuges and optimize
their operation. Generally, settling velocity depends on the size and shape of the particle, the density of
the particle and the fluid, and the viscosity of the fluid (Eason and Campbell, 1978). Observations were
made on the sedimentation behavior of CS-TPP particles, including settling velocity and the
compactness of the sedimentation cake. The centrifugation conditions for these samples were
established and optimized by considering the sedimentation rate and empirical findings.

3.4.6 Encapsulation of polyphenols
3.4.6.1 Encapsulation of NRG

Solutions of 0.3%, 0.5% (w/v) chitosan were prepared in 1.0% (v/v) glacial acetic acid. Solutions of 0.25%,
0.5% (w/v) TPP was prepared. Solutions of 0.5%, 0.8%, 1%(w/v) naringenin were prepared by dispersing
naringenin solids in ethanol absolute and magnetically stirred for one hour.

A sample was prepared by adding 3.3 ml of 0.25% (w/v) TPP solution into 10 ml of 0.3% (w/v) chitosan
solution. And another two samples were prepared by adding 3.3 ml of 0.5% (w/v) TPP solution into 10
ml of 0.3% (w/v) chitosan and 10 ml of 0.5% (w/v) chitosan, respectively. In all above experiments, TPP
solutions were dropped dropwise under magnetic stirring at 600 rpm for 30 min at 45°C. Specific volume
of NRG EtOH solution was added in CS solution and stirring for at least 30 min before addition of TPP
solution.
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3.4.6.2 Encapsulation of NR

Naringin is a natural flavanone glycoside formed from naringenin and neohesperidose. Like naringenin,
naringin has also very poor aqueous solubility. Efforts were taken to encapsulate naringin molecules
into CS-TPP-ALG particles with similar preparation method like naringenin with slight modifications.

Solutions of 2%(w/v) naringin was prepared by dispersing naringin solids in ethanol absolute and
magnetically stirred for one hour. Various quantity of NR (Qnr=1 mg, 3mg, 5mg, 7.5mg, 10mg) of NR
were tested to explore Qng effect on EE% of NR. NR loaded CS-TPP samples were prepared and
separated by above mentioned methods like NRG. Encapsulation efficacy (EE%) of NR was also
determined by indirect method by UV-Vis spectrometry.

Additionally, after loading NR into CS-TPP particles, the particles were redispersed in water and the
amount of released NR was measured using spectrophotometry.

3.4.6.3 Encapsulation of CAT

Catechin is reported sparklingly soluble in water and is more soluble in organic solvents like for example
ethanol (27.1g/100g, Matsubara et al., 2014), DMF, DMSO, etc. The water solubility of (+)-catechin at
room temperature was reported between 3.6 to 7.7 g/L (Cuevas-Valenzuela et al., 2014; Matsubara et
al., 2014).

To verify water solubility of our CAT product, 50 mg of CAT was dissolved in 10 ml (5 g/L) of distilled
water at room temperature while being stirred magnetically.

Various solvents were evaluated for the dissolution of CAT. Solutions containing 2 mg of CAT were
prepared by dissolving it in water, 50% EtOH (water: EtOH =1:1, v/v), and pure EtOH, and then added to
CS solutions. TPP solutions were then added dropwise to the CS-CAT mixture to generate CAT-loaded
CS-TPP particles. In addition, a solution containing 5 mg of CAT dissolved in EtOH was also utilized to
produce CAT-loaded CS-TPP particles using the same procedure. EE% of CAT within different CS-TPP
formulations were calculated indirectly by determining content of unloaded CAT via UV
spectrophotometer.

Extra CAT was separated from CAT-loaded particles via membrane filtration other than centrifugation.
Suspensions of CAT-loaded particles were filtrated by cellulose membrane syringe filter. Then clear
filtrates were diluted properly and measured by UV-Vis spectrometry to calculate EE% of CAT.

3.4.7 Polyphenol loaded ALG coated CS core-shell nanoparticle

The synthesis of polyphenol loaded particles is similar to blank particles except mixing of polyphenol
solution with chitosan solution before addition of TPP. Solutions of 0.12%, 0.5%, 0.64%, 0.8%, 1.0%, 2.3%
(w/v) of naringenin in ethanol were prepared. Solutions of 0.25%, 1.0%, 2.0% (w/v) of naringin in ethanol
were prepared. Solutions of 0.5%, 1.0% (w/v) of catechin in ethanol were prepared.

The polyphenol solution was added dropwise into the chitosan solution under moderate agitation (750
rom) for a minimum of 30 minutes. The subsequent steps of preparing the blank ALG-coated CS-TPP
particles were followed to obtain the loaded particles.
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3.5 Release properties of polyphenols loaded CS-TPP particles
3.5.1 Determination of solubility of naringenin

Naringenin exhibits poor solubility in water at room temperature. Water solubility values reported in
the literature vary significantly, ranging from 14.2 to 214 mg/L (Table 1-3). To determine naringenin
water solubility at 20°C, same amount of lyophilized NRG loaded CS-TPP particles (containing 4 mg of
NRG) were dispersed in various volume (5, 10, 50, 100, 400, 800 mL) of water. NRG concentration in
suspensions were monitored by determining NRG content UV-spectrophotometrically in the
supernatants of samples taken at prescheduled time intervals.

3.5.2 Establishment of drug release conditions
3.5.2.1 Separation method

Naringenin diffusing from dialysis tube

10 ml of NRG solution that contains 0.32 mg of NRG was added into a dialysis tube. This tube was
immersed into a baker containing 20 ml of water. At prescheduled time interval from 10 to 7200 min,
the amount of NRG was calculated.

Filtration of naringenin

To evaluate the potential impact of filtration processes on the UV absorption of the NRG solution, a
solution containing NRG at a concentration of 9 mg/L was measured using a UV spectrometer (V-770
UV-visible/NIR Spectrophotometer, JASCO) both before and after being filtered through a syringe filter.

3.5.2.2 Media volume

Dissolution volume of media was explored to make sure free diffusion during dissolution testing. NRG
loaded CS-TPP particles were dispersed in 10 mL, 50mL, 100mL, 400mL and 800mL of water in 20°C,
respectively.

3.5.3 Release testing

As described before, CS3TPP5 formulation was chosen as best candidate to encapsulate naringenin
molecule. And the encapsulation efficiency (EE%) of NRG was found around 90%. Now, we are
interested in the release properties of entrapped NRG in these particles. Alginate coated CS3TPP5
particles were also investigated to see if ALG coating can alter drug delivery. In addition, release
properties of NRG loaded particles with ultrasonication treatment were also monitored. Last but not
least, composition and pH of dissolution media were also investigated as factors that may affect release
properties of NRG.

3.5.3.1 CS-TPP particles

Freeze-dried NAR loaded of CS-TPP particles were dispersed in 800 mL of water at 20°C with continuous
magnetic stirring. Content of NRG in media was measured UV spectrophotometrically at prescheduled
time intervals.

3.5.3.2 Ultrasonic treated CS-TPP particles

High physical forces may change particles structure and alter drug release properties from particles. To
explore the effect of ultrasonic treatment on release behavior of loaded molecule from CS-TPP particles,
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before centrifugation step, CS-TPP suspensions were treated by an ultrasonic probe during 0.5min, 1min
and 5min, respectively.

3.5.3.3 ALG coated CS-TPP particles

Freeze-dried ALG coated CS-TPP particles (containing 4.4 mg of NRG) were dispersed in 800 mL of water
at 20°C with continuous magnetic stirring. Content of NRG in media was measured UV
spectrophotometrically at prescheduled time intervals.

3.5.4 Effect of composition of media

For poor soluble substance in aqueous media like naringenin, addition of a solvent in which it is more
soluble may facilitate the dissolution. We investigated if addition of EtOH into dissolution media could
alter release behavior of NRG loaded CS-TPP particles.

NAR loaded CS-TPP particles were dispersed in water, 10% EtOH and 33% EtOH, respectively. NRG
content in dissolution media was monitored by UV-VIS spectrophotometry at prescheduled time
intervals.
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4 Results and discussion

Chitosan (C2395, 5-20 mPa-s, 0.5% in 0.5% Acetic Acid at 20°C) was purchased from TCl (Tokyo).

Naringenin (CAS No.: 67604-48-2, W530098, Mw: 272.25 g/mol), naringin (CAS No.: 10236-47-2, 71162,
Mw: 580.53 g/mol), catechin (CAS No.: 154-23-4, 43412-10MG, Mw: 290.27 g/mol), sodium alginate
(CAS No.: 9005-38-3, W201502) and sodium tripolyphosphate (TPP) (CAS No.: 7758-29-4, 238503, Mw:
367.86 g/mol) were purchased from Sigma-Aldrich.

4.1 Characterization of materials
4.1.1 Characterization of chitosan

Table 4-1 summarized the chitosan samples utilized in this work. The molar mass and degree of
deacetylation were determined and were found consistent with the specification provided by the
suppliers.

Table 4-1 Product information of the three chitosan commercial samples used in this work

. M., (kDa) Degree of Degree of
Chitosan . Product 4 : -
. Supplier from My ' (kDa) deacetylation(%) deacetylation
abbreviation Number . .
suppliers from suppliers (%)
around 50- 75-85%
Cs(b) TCI Tokyo C2395 44 (calculated on 81
100 .
dried substance)
Cs(p) Prepared 395 - 36 - 77
in-house

My determined by SEC-MALS
i DDA% determined by *H NMR

Commercial chitosan sample as well as purified chitosan samples were characterized using UV-Vis
spectrometry, FTIR, *H NMR, and SEC-MALS.
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4.1.1.1 UV-Vis absorption spectra of chitosan
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Figure 4-1 UV-Vis spectra of chitosan solutions (0.25, 0.5, 0.75, 1.5 mg/L, 1% acetic acid) at the range 200-500 nm.

The UV-Vis spectra of chitosan solutions at various concentrations (Figure 4-1) exhibited two peaks with
maxima at Amax €qual to 218 nm and 292 nm in accordance with literature (Amidi et al., 2008). This result
confirmed the purity of commercial sample.
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Figure 4-2 UV absorbance at 292 nm vs concentration of chitosan solutions (1% acetic acid, v/v) and calibration curve with

regression equation.
As chitosan solutions with high concentration possess significant absorbance at 292 nm which is the

same value as for Amax Of naringenin, the calibration curve of chitosan was used to estimate the UV
absorbance contribution from chitosan (Figure 4-2).
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4.1.1.2

Fourier transform infrared spectroscopy (FTIR) of chitosan

FTIR spectra were recorded in the mid-infrared (4000 cm™ to 500 cm™) with a resolution of 4 cm™ at
room temperature (20£2°C). The samples for FTIR analysis were prepared by grinding the dry blended
powders of chitosan with KBr, and then compressed to form tablets.
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Figure 4-3 Infrared spectrum of commercial chitosan in the field 4000—500 cm™ with assigned characteristic bonds (KBr

tablet).

Different characteristic bands were assigned from the FTIR spectra of chitosan (Figure 4-3): 3386 cm™,
3270 cm™* (O-H stretching, N-H stretching), 2918-2867 cm™ (C-H stretching), 1650 cm™ (amide Il band,
C-O stretching of the acetyl group), 1592 cm™ (amide Il band, N-H stretching) 1485-1380
cm™! (asymmetrical C-H bending of the CH,group) and 1036 cm™ (O bridge stretching) of the
glucosamine residue. These characteristic bands were in good consistence with data found in the
literature (Dara et al., 2020; Kumirska et al., 2010; Paulino et al., 2006), which confirmed chemical

structure integrity and purity of chitosan.
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4.1.1.3 'H NMR of chitosan
4.1.1.3.1 Solvent: DCI-D,0 vs. CDsCOOD-D,0

185450 147 935 42791 9900 0 T8 76l T8 W s 2k T e A S 2 epm 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 ppm

Figure 4-4 *H NMR spectrum of CD3COOD-D,0(2%, v/v) at 343 K (left) and *3C NMR spectrum of CD3COOD-D,0(2%, v/v) at 343
K (right).
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Figure 4-5 H NMR spectrum of DCI-D,0 (2%, v/v) at 343 K.

Chitosan is insoluble either in neutral pH aqueous conditions or in common organic solvents. Thus,
proper amount of acid is needed to ensure complete dissolution of chitosan. *H NMR spectrum at 343
K of CDsCOOD-D,0 (2%, v/v) revealed solvent peaks of HOD and CDsCOOH were seen at 4.8 ppm and
2.6 ppm, respectively (Figure 4-4). Only one peak of HOD appeared at 4.8 ppm in *H NMR spectrum at
343 K of DCI-D,0 (2%, v/v, Figure 4-5). As chemical shift of proton in methyl group of acetylated units
(A) is close to 2.5 ppm ‘which is close to the peak of CDsCOOH), we finally chose DCI-D,0 as solvent of
chitosan, to avoid possible interference of solvent peak with peaks of chitosan.
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4.1.1.3.2 Temperature: 300k vs 343k
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Figure 4-6 'H NMR spectra of commercial (A,B )and purified chitosan (C,D) at 343K and at 300K. Obviously, 1H NMR spectra at

343K has stronger proton signal and the peaks of H-1(D) at 5.4 ppm were not visible at 300K for both commercial chitosan

and purified chitosan.

Commercial chitosan and purified chitosan were characterized by 'H NMR spectroscopy at 300K and
343K (Figure 4-6), respectively. 'H NMR spectra with assigned protons can be seen in Figure 4-7.
Chemical shift and integrals of protons were listed in Annex I. Chitosan’s *H NMR spectra were in good
consistence with literature (Hirai et al., 1991; Lavertu et al., 2003), and confirmed its chemical structure

and purity.
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Figure 4-7 1H NMR spectrum of purified chitosan (left) and our commercial chitosan (right) in DCI-D;0 (2%, v/v) at 343 K.

Protons were assigned in following orders: H-Ac, H-2(D), H2-6, H-1(D).

87



4.1.1.3.3 DDA% determination of chitosan by *H NMR

DDA% of purified chitosan and commercial chitosan were determined by *H NMR with above mentioned
methods (Hirai et al., 1991) (calculated DDA% presented in Table 4-2).

Table 4-2 Assigned protons of 'H NMR spectrum chitosan in D,0/DCl at 343K.

Protons
H-1(D) HAc H2-6 H-2(D)
Chemical shift Commercial chitosan 5.4 2.5 4.1-4.4 3.7
(ppm) Purified chitosan 5.4 2.5 4.1-4.4 3.7
Integrals of signals Commercial chitosan 1.0000 0.6781 6.7942 1.0012
Purified chitosan 1.0000 0.9390 8.7127 1.0234

Table 4-3 Deacetylation degree (DDA, %) determined of chitosan samples

DDA (%) determined DDA (%) determined

Sample Average DDA(%)

using £q.3.1 using £q.3.2
Commercial chitosan 80 82 81
Purified chitosan 78 76 77

The DDA% results of the commercial chitosan showed good consistency with the DDA% data provided
by the supplier (TCI chemicals, TCI, 2018), as seen in Table 4-3. The slight reduction in DDA% of chitosan
after purification is likely attributed to the deacetylation of the acetyl group during the purification
process.

4.1.1.4 Mw determination of chitosan by SEC-MALS

Calibration of system was performed by PEO 24k before and during measurement of samples (Spectra
seen in Annex || SEC-MALS).

Optimization of chitosan concentration

According to SEC-MALS spectra (seen in Annex Il SEC-MALS), 10 mg/L as concentration was too high for
the system, while 2.5 mg/L as concentration was too low. 5 mg/L appeared as the optimal concentration
of chitosan solution for SEC-MALS analysis. SEC-MALS spectra of commercial chitosan and purified
chitosan are shown in Figure 4-8 and Figure 4-9, respectively.
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Acquired Data: 2019-11-21_18,15,24_Chitosan_comm_01 vdt
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Figure 4-8 SEC-MALS spectrum of commercial chitosan (5 mg/L).
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Figure 4-9 SEC-MALS spectrum of purified chitosan (5 mg/L).

According to the supplier (TCl), the Mw of commercial chitosan should be around 50-100 kDa. Mass-
average molar mass of commercial chitosan and purified determined by SEC-MALS were 44 kDa and 36
kDa (Table 4.3), respectively. The determined Mw of commercial chitosan is near to lowest value of
supplier’s information. A slight reduction of Mw of chitosan was observed after purification process,
during which chitosan was submitted to treatment by strong base at relative high temperature (70°C).
Partial hydrolysis of chitosan chains may exist during purification, which explains lower Mw of purified
chitosan. Mw of commercial CS extracted from marine waste was reported ranging from 100 kDa to

90



1,200 kDa (Hahn et al., 2020; Hossain and Igbal, 2014). Therefore, samples of CS used in this work can
be classified as low molecular weight CS (<150 kDa; Agirre et al., 2014).

Table 4-4 Average molar masses of commercial and purified chitosan samples determined by SEC-MALS.

Commercial sample Purified sample
Mw (kDa) 44 36
Mw/Mn 1.7 1.6

Table 4.3 shows that the polydispersity indices (Mw/Mn) of the chitosan samples were 1.7 and 1.6,
respectively, before and after purification. These values are considered relatively low for chitosan

samples, according to Zielinska et al. (2014), indicating that both the commercial and purified chitosan
polymer samples have a relatively narrow range of molecular weights.
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Effect of purification of chitosan on particle size

The DLS results (Figure 4-10) shows that CS-TPP nanoparticles made of purified chitosan (CS(p)) are
slightly smaller than those made of raw chitosan without purification (CS(b)).

To explore if difference exists among particles prepared by raw chitosan and purified chitosan, sample-
010 and 015 as well as sample-007 and 012 were compared in pair. Except for the type of chitosan,
within each group, samples were prepared under same conditions (concentration and volume of
crosslinking agents and at the same temperature). Size distribution and average size results of these
samples showed that chitosan samples recovered after purification would lead to CS-TPP particles with
slightly smaller size but with better homogeneity. Slight decrease in molecular weight after purification
of chitosan may be responsible for the reduction in size of particles. Indeed, it has been reported that
chitosan with lower molecular weight could form smaller particles by mild crosslinking method(Desai,
2016; Wan et al.,, 2008). Removal of impurities in raw chitosan by purification process may be
answerable for better homogeneity of formed particles. Because impurities like proteins may possess
charges, which could disturb the ionic crosslinking between chitosan and TPP to produce homogenous
particles. For these reasons, purified chitosan is more recommended to be used to prepare CS-TPP
nanoparticles with smaller size and narrower size distribution. These conclusions were not modified
when switching from room temperature to 50 °C.

Size Distribution by Intensity
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Figure 4-10 Size distribution by intensity of samples prepared using raw chitosan (green) and purified chitosan (red). Upper
side are samples prepared at room temperature, whereas below are samples prepared at 50°C.
Particle characteristics including but not limited to particle size, surface charge, particle morphology,

stability, release rate, are profoundly influenced by type of the polymer, which is defined by M
(molecular mass), disparity, and DDA%.
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4.1.2 Characterization of polyphenols

41.21
41.2.11

Characterization of naringenin

UV-VIS absorption spectra of naringenin

UV-VIS spectra of naringenin dilute solutions and absorbance data at 288 nm were present in Figure 4-
11. The wavelength (Amax) of maximum UV absorbance of naringenin was 289 nm. Another characteristic
peak of naringenin was detected at 211 nm but it was convoluted with other signals and thus less
convenient for our work. The characteristic Amax appearing at 211 nm and 289 nm in the UV-VIS spectra
of NRG were in good agreement with literature data.
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Figure 4-11 UV-VIS spectra of naringenin diluted solutions from 190 nm to 500 nm.

To quantitatively determine the content of naringenin, a calibration curve was established using above
five solutions of NRG with known concentrations. The UV absorbance of NRG solution at 289 nm
presents a linear relationship versus the NRG concentration and a linear regression equation was
calculated by Excel 2016 (Figure 4-12).
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Figure 4-12 UV-Vis absorbance of naringenin aqueous solutions with various concentrations at 289 nm.
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Figure 4-13 UV-Vis absorbance spectra of naringenin dissolved in 33% EtOH

On the other side, when NRG was dissolved in 33% EtOH, the Amax of UV derived to 290.5nm (Figure 4-13),
which is close to the one (289 nm) of NRG aqueous solution.

UV-VIS absorbance of NRG dissolved in 33% EtOH
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Figure 4-14 UV-Vis absorbance of naringenin dissolved in 33% EtOH at 289 nm.
Furthermore, the best linear relationship between the concentration and UV-Vis absorbance of

naringenin dissolved in 33% EtOH was observed at 289 nm (Figure 4-14).

4.1.2.1.2 H proton NMR spectra of naringenin

The assignment of naringenin peaks have already been reported in the literature (Alvarez-Alvarez et al.,
2015; Cordenonsi et al., 2017). Figure 4-15 presents 'H NMR spectrum (on left side), chemical structure
(on upper right corner) of naringenin and the assigned chemical shifts of naringenin protons signals and
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data in literature; (A): DMSO-dg, 400 MHz, 300K) ;(B) : in DMSO-ds, 600 MHz (Maltese et al., 2009) ; (C):
in metanol-d4, 600 MHz, 298K (Alvarez-Alvarez et al., 2015)).
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Figure 4-15 'H NMR of naringenin in DMSO-ds at 300 K with assignments.

'H NMR and chemical shift of protons of naringenin were consistent with data found in literature
(Alvarez-Alvarez et al., 2015; Gustavo et al., 2019), which confirmed the structure integrity. In addition,
the absence of unidentified peaks indicated the purity of naringenin sample.

4.1.2.2  Characterization of naringin

4.1.2.2.1 UV-VIS absorption spectra of naringin

UV-VIS spectra of naringin dilute solutions (from 6 mg/L to 37 mg/L) and absorbance data at 282 nm
were present in Figure 4-16. The wavelength of maximum (Amax) UV absorbance of naringin was 282 nm.
Another characterized peak of naringin was seen at 212 nm. These characteristic Amax match well UV-Vis
spectrophotometric data in literature (J. Zhang et al., 2015, Cordenonsi et al., 2017, Ebrahimi et al., 2020)
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Figure 4-16 UV-VIS spectra of naringin dilute solutions and absorbance data from 200 to 500 nm.
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Figure 4-17 Calibration curve for UV-Vis spectrophotometric determination of naringin in aqueous solution (Amex = 282 nm)

Absorbance of naringin solutions at 282 nm was plotted with concentration (Figure 4-17). A linear
variation was observed over the whole range of concentrations.

4.1.2.2.2 H proton NMR spectra of naringin
IH NMR spectrum of naringin in DMSO-ds at 298K with assigned signals are presented in Figure 4-18.
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' C2H 55 56
C6H,C8H 6.1 6.1
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Figure 4-18 'H NMR spectrum of naringin in the range 6 7.5—- 6 2.5 (298K, 400 MHz). Sample was dissolved in DMSO-de. The
signals are assigned as follows: (1) H-3 cis (2) H-3 trans (3) H-2, (4) H-6 and H-8, (5) H-3" and H-5’, (6) H-2" and H-6".

The signals were assigned as follows: (1) H-3 cis (2) H-3 trans (3) H-2, (4) H-6 and H-8, (5) H-3’ and H-5’,
(6) H-2" and H-6’. Chemical shift of assigned protons of this work (A) and from work of Maltese et al. (B,
600 MHz, DMSO-ds) were listed in the table on lower right corner. Consistence in results was found with
another article describing analytical methods of identification of flavanone glycosides by proton NMR
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spectroscopy (Maltese et al., 2009), where NMR spectroscopic data (600 MHz, DMSO-ds , 298K) for
naringin were given. 'H NMR spectrum of naringin confirmed chemical structure and no appearance of
unknown peaks confirmed the purity of naringin sample.

4.1.2.3 Characterization of catechin
4.1.2.3.1 UV-VIS absorption spectra of catechin

UV-VIS spectra of dilute catechin solutions were present in Figure 4-19. A very sharp and strong
absorption maximum (Amax) peak at 280 nm in the UV-vis absorption spectrum of catechin, which
corresponds to results in literature (Merghem et al., 2004; Zu et al., 2006).
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Figure 4-19 UV-VIS spectra of catechin dilute solutions at range from 190 to 500 nm.
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Figure 4-20 Calibration curve of catechin at 280 nm.

Absorbance values of UV of catechin solutions with known concentration (from 5 mg/L to 100 mg/L)
were plotted and the regression equation of this calibration curve (the tendency line) was calculated
(Figure 4-20). The wavelength of peak maximum (Amax) UV absorbance of catechin was 280 nm. UV
spectra of catechin were compatible of UV spectrometry information in literature (Guyot et al., 1995; Li
et al., 2012). Chemical structure integrity and purity were confirmed UV-VIS spectrophotometrically.
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Absorbance of light of catechin at 280 nm were in good linear relation with concentration of sample
(R%>0.99).

4.1.2.4 UV-VIS absorption of polyphenols
Table 4-5 summarizes regression equations of calibration curves of substances with experiment details.
With the assistance of regression equations that demonstrate the linear correlation between the
concentration and absorbance of UV light for molecules, the content of polyphenols can be accurately

measured using UV-Vis spectrophotometry.

Table 4-5 Linear regression equations of calibration curves of polyphenols

Concentration Concentration ~ Wavelength

Molecule Solvent range (mmol/L) range (mg/L) (nm) Equation’
Naringenin water 0.061-0.010 2.8-16.7 288 Abs = 63.521*C - 0.0064
Naringenin  33% EtOH 0.059-0.010 2.7-16 289 Abs = 63.348*C - 0.0030

Naringin water 0.065-0.011 6-37 282 Abs =27.832*C - 0.0032

Catechin water 0.020-0.340 5-100 280 Abs =12.752*C - 0.0035

" Correlation coefficient (r?) of all equations here were higher than 0.99.

4.1.2.4.1 HNMR spectrum of catechin

As seen in Figure 4-21, 'H NMR spectrum of catechin in DMSO-ds at 298K (Figure 4-21A) was compatible
with the referred spectrum (Figure 4-21B, Pauli et al., 2006) in terms of peak areas and chemical shifts.
'H NMR spectrum of catechin confirmed chemical structure of catechin and absence of impurity within
this chemical substance.
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Figure 4-21 *H NMR spectrum of catechin in DMSO-ds (10 mg/mL, 400 MHz, 298K) and assigned proton signals(A); (B)
chemical shifts of catechin in DMSO-dg (5.33 mg/mL, 600 MHz; 298K, reprinted from Pauli et al., 2014).
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4.1.3 Characterization of chitosan particles
4.1.3.1 Morphology

The morphology of nanoparticles refers to their shape, and physical structure. Depending on the
synthesis method employed, particles may exhibit a range of shapes, from simple spheres to more
complex structures such as rods, cubes, and others. The morphology of particles plays a crucial role in
determining their properties, including stability, surface area, drug loading capacity, and release kinetics.
Consequently, identifying and achieving optimal particle morphology is critical for successful application
in various fields. Techniques used to analyze particle morphology are outlined below.

SEM utilizes an electron beam to generate a 3D image of particle surfaces, allowing for the
determination of individual particle size and particle size distribution. However, it is important to note
that a sufficient amount of sample must be used to ensure a representative analysis.

e SEM Microscopy images of chitosan particles

For surface morphology and shape analysis, CS-TPP nanoparticle suspension was dropped on aluminum
studs, dried at room temperature and observed under a Scanning Electron Microscope (SEM, Hitachi S-
4800) at an acceleration voltage of 3 kV.

Figure 4-22 SEM micrographs of CS-TPP particles prepared by crosslinking of CS and TPP. experimental details including

concentration volume. A: sample-021; B: sample-038; C,D: sample-012; E,F: sample-019

In the SEM images (Figure 4-22), individual sphere-shaped CS-TPP nanoparticles can be clearly seen. In
the SEM photo of sample-022(Figure 4-22A), spherical nanoparticles with size about a hundred
nanometers can be clearly seen. Based on this picture, particles seem rather monodisperse; In the SEM
photo of sample-038 with magnifications of 60k (Figure 4-22B), CS-TPP nanoparticles can be seen with
brighter contrast compared to the background. Those particles exhibited sphere forms with diameters
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around 100 nm. Figure 4-22C, D are two SEM pictures of sample-012 with magnifications of 45k and 18k,
respectively. Nanoparticles with sphere and oval shapes can be seen in both photos and some particles
with larger size around 200-300 nm can been seen with lower depth of view in Figure 4-22D. Figure 4-
22E, F are two SEM micrographs of sample-019 with magnifications of 2.2k and 18k. respectively. Both
sphere microparticles with diameters of several micrometers and numerous nanoparticles could be
seen in Figure 4-22E. Figure 4-22F shows that spherical nanoparticles are not only dispersed individually
but also adsorbed onto the surface of the polymer with a glazed surface and lamellar structure.

The SEM micrographs confirmed formation of CS-TPP particles by ionic crosslinking method. Large
agglomerations of nanoparticles were also observed in several samples. Small nanoparticles were
absorbed on the surface and might also be inside those large structure with several to dozens of
micrometers in size (cannot seen by SEM). Temperature and the way of crosslinking (TPP into CS or CS
in to TPP) are detailed in Annex I.

By reversing the preparation process, i.e. dropping CS solution into TPP solution, larger particles can be
formed with broader particle size distribution from nanoscale to microscale, as confirmed by SEM
micrographs of samples. Particle size distribution of sample-019 seemed broader than the ones of
sample-021 and sample-038. In the SEM images of sample-019, individual nanoparticles with diameters
about 300-500 nm can be seen in Figure 4-22.). Microparticles with several micrometers in diameter
were also observed (Figure 4-22E).

4.1.3.2 Particle size
4.1.3.2.1 Nanoparticles
Combination of DLS and SEM

Combining several methods for characterizing particles is commonly used to obtain more accurate and
comprehensive information about particle size and morphology. One commonly used combination of
techniques is dynamic light scattering (DLS) and scanning electron microscopy (SEM). DLS provides
information on the hydrodynamic size of the particles in solution, while SEM allows for visualization of
the particles' morphology and size distribution.

In addition, it is important to note that the results may be affected by factors such as sample preparation
and instrument limitations. Thus this has to be taken into account when comparing data obtained with
different techniques.

In addition to the qualitative information about the surface morphology of the particles, SEM provides
also knowledge on particle dimensions (lengths and widths), especially for irregularly shaped particles
that cannot be characterized easily with traditional methods including laser diffraction and dynamic
light scattering (DLS).

Micrographs of SEM with particle dimensions and particle size distribution of DLS of CS-TPP samples
were presented together in Figure 4-23. For each sample, the DLS result was compatible with SEM
micrographs (only one image of each sample was showed here). In its SEM micrograph particle size of
sample-021 was ranging from about 50 to 150 nm. Likely, in the case of sample-012 and sample-038
were 50-200 nm and 50-800 nm, respectively. Average size determined by DLS of sample-021, sample-
012 and sample-038 were 81, 138 and 396 nm, respectively. Particle size of samples determined by
these two methods were in the same order of magnitude and thus were in good consistence.
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Slight reduction in particle size observed by SEM may due to the dehydration of Cs-TPP particles.
Dehydration of particles during the drying for preparation of sample may be responsible for this

observation.
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Figure 4-23 Combination of results of DLS (left) and SEM images (right) of sample-021, 012 and 038.

4.1.3.2.2 Microparticles

By increasing concentration of CS or/and TPP, average size of CS-TPP particles increases from nanoscale

to microscale.

Observations
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Figure 4-24 Appearance of samples. After addition of TPP and agitation for 1 hour. It was observed that the formed
nanoparticle suspension became less turbid in following order: CS3TPP5> CS5TPP5> CS3TPP2.5.

instantaneous opacity appeared as soon as first drop of TPP solution was mixed with CS solution, and
this opacity was strengthened along the addition of TPP. Different formulation had visible difference in
turbitity. Three samples were prepared with various solutions of CS or TPP thus various mass ratios of
CS/TPP and molar ratios of charges (detailed experimental conditions seen in Table 4-6).
Table 4-6 Three CS-TPP samples prepared with various solutions of CS and TPP. Those samples were named based on the
concentration of solutions used for preparation of these samples The mass ratio of CS/TPP and molar ratio of charges were

also calculated.

Mass Ratio  Molar Ratio

Sample Ccs(g/l) CTpp(g/l) Vcs(ml) VTpp (ml) CS/TPP of charges

CS3TPP5 3 5 10 3.3 1.8 1.0

CS5TPP5 5 5 10 3.3 3.0 1.6
CS3TPP2.5 3 2.5 10 3.3 3.6 1.9

When mass ratio of CS/TPP increased from 1.8 to 3.6 and molar ratio of charges from 1.0 to 1.9, the CS-
TPP sample became more turbid(Figure 4-24).

Rapid settling was observed of CS-TPP microparticle suspensions. After several hours, clear separation
between transparent supernatant and sendiment was seen (Figure 4-24). CS3TPP5 underwent very
quick settling. As for CS5TPP5 and CS3TPP2.5 samples, no clear separation could be seen even after 48-
hour still putting on bench. This was an indication of better colloidal stability of those two samples.

When mass ratio of CS/TPP increased from 1.8 to 3.6 and molar ratio of charges from 1.0 to 1.9, the CS-
TPP sample became more turbid (Figure 4-24). The higher the molar ratio of charges(CS/TPP), the higher
the excess of positive charges of chitosan as compared to negative charges of TPP. Electrostatic
repulsion among excessives positive chages lead to a relatively stable state of particles. When molar
ratio of charges equaled to 1 (no positive charge was in excess), the poorest stability of suspension was
indicated by the quickest sedimentation and visually obvious settling of particles.
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Settlement speed of CS-TPP formulations were also different. CS3TPP5 formulation seemed settled
more quickly than other samples (Figure 4-25). This observation indicates that, finding proper ratio of
charges is essential to obtain CS-TPP particle suspensions with convenient colloidal stability.
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Figure 4-25 CS-TPP particle suspensions, put them still on the bench and observe: newly prepared sample, after 30 min, after

3h30min, after one night and 2 days after preparation.

4.1.3.2.2.1 Size distribution

These particles possess size ranging from several micrometers to around 100 micrometers commonly
with unimodal distribution. Exceptionally, sample-048 (Formula: CS5TPP5R4) and sample-076 (Formula:
Cs3TPP5) exhibited bimodal distributions. Overall, the value of D[3,2] of CS-TPP microparticles ranged

from 2 to 74 um, while the SPAN values ranged from 0.87 to 3.75.

Table 4-7 D [3, 2], SPAN and distribution mode of some CS-TPP microparticle samples.

Distribution
Sample Formulation D[3,2](um) Span mode
045 Cs5TPP5 11 2.63 Unimodal
048 Cs5TPP5R4 2 3.75 Bimodal
058 Cs10TPP5R5 16 3.62 Unimodal
075 Cs5TPP5R2.5 20 1.86 Unimodal
076 Cs3TPP5 23" 1.63 Bimodal
080 Cs10TPP5R2.5 6 1.57 Unimodal

D[3,2] (um)=0.35; 11.24 for each mode; i D[3,2] (um)= 17; 318 for each mode
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Figure 4-26 Particle size distribution on volume of CS-TPP microparticle (R= CS-TPP Mass Ratio).
The laser diffraction analysis of CS-TPP microparticles is presented in Figure 4-26, which shows various
patterns of particle size distribution, including unimodal, bimodal, and even multimodal shapes. These

patterns suggest the presence of aggregates of small particles (submicroparticles). To produce samples
with narrower size distributions, ultrasonication was applied to break the corresponding aggregates.

Effect of ultrasonication on size distribution

Figure 4-27 Particle size distributions of sample-075 (CS5TPP5R2.5) before (A) and after (B) sonication
treatment.

The results indicate that the size distribution changed from a unimodal distribution with a D[3,2] of 19
um to a bimodal distribution, with a smaller peak ranging from nano to micro scale (D[3,2] = 0.15 um)
and a larger peak at 42 um. This suggests that the high energy introduced by ultrasonication caused
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some agglomerates to break into smaller particles, while simultaneously forming larger clusters of
particles.
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Figure 4-27 Size distribution of sample-075 sample before(A) and after(B) ultrasonication.

4.1.3.2.2.2 TPP-CS microparticles

Sample-009 that was prepared by normal method, i.e. dropping TPP into CS solution. sample-042, 006
and 019 were prepared by reverse method, namely dropping CS into TPP solution. Average size and PDI
of above samples are listed in Table 4-8.

DLS results indicates the presence of both small particles and large aggregates in these samples. The
particle populations were rather heterogeneous, and the particle size was closer to the micrometer
range than the nanometer range. The size distribution of these three samples was multimodal, with
large particle peaks appearing in the micrometer region. Both sample-042 and 006 exhibited broad size
distributions, with high PDI values (near to 1 in case of sample-006).

Table 4-8 Size information of samples prepared by normal method and reverse method.

Symbol in Figure 4-27  Number in the Z-average(nm) PDI Method
sample list
A 009 125 0.39 normal
B 042 550 0.50
C 006 115 0.96 reverse
D 019 4303 0.28

4.1.3.2.2.3 ALG coated CS-TPP particles

There are two clear indications of the successful formation of an ALG coating around CS-TPP particles.
The first piece of evidence is the increase of particle size after the coating step. The addition of ALG
resulted in the particles size distribution shifting towards larger values (micro scale). The second
evidence, which strongly supports the successful assembly of an ALG layer around the CS-TPP particle
surface, is the reversal of surface charge from positive (prior to coating) to negative (after coating). This
overturn in charge can be attributed to chitosan being a positively charged polyelectrolyte at acidic pH,
while alginates are negatively charged polymers.
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Another interesting experimental observation is that, CS-TPP-ALG (CS-TPP particles with ALG coating)
samples can be more easily re-dispersed in liquid after centrifugation step. Without ALG coating, CS-TPP
particles alone were found difficult to redisperse in aqueous environment like for instance in CaCl,
solution or water. Consequently, mechanical forces were often needed to adequately redisperse
particles. Above mentioned forces may include but not limited to rotation shaking force (Vortex, IKA).
ultrasonic force (Vibra cell ™, VCX 750).

4.1.3.2.2.3.1 Size evolution of ALG coated CS-TPP particles

To investigate the size evolution during the ALG coating process, samples-026, 030, 035, and 072 were
chosen as examples. The CS-TPP particles were first prepared as described previously at a temperature
of 45°C, and afterwards the ALG shell was added through polyelectrolyte complexation. The
experimental conditions can be found in the supplementary materials (Annex 1). Sample 026 was
prepared by adding TPP solution to a chitosan solution under stirring (see sample list). Sample-035 was
obtained by coating CS-TPP nanoparticles from sample 026 by adding sodium alginate. Sample-072 was
prepared by adding a CaCl; solution to the suspension of sample 035, followed by two washing steps
with water. The evolution of average particle size during this process was monitored.

Table 4-9 summarizes the average size and zeta-potential evolution of CS-TPP particles during the ALG
coating process. Upon addition to the ALG solution, the average size of CS-TPP particles increased from
220 nm to 378 nm. Subsequently, when the ALG-coated CS-TPP particles were redispersed in a CaCl;
solution, their size further expanded to 634 nm (sample-026->030->035->072, Figure 4-28). Each step
led to roughly doubling the average particle size. This enlargement in size might due to fixation of Ca?*
of more ALG polymer chains surrounding ALG coated CS-TPP core. In addition, centrifugal force applied
during centrifugation may lead to agglomeration of individual particles. However, during the washing
step, the particle size remained relatively unchanged. Figure 4-29 illustrates the size progression of ALG-
coated CS-TPP particles during the coating process in a schematic manner.

Table 4-9 Size and zeta-potential evolution of CS-TPP particles during ALG coating process.

Sample code Sample Z-average PDI Zeta potential
number diameter(nm) (mV)
CS-TPP 45°C 026 220 0.37 +34
CS-TPP-ALG 030 378 0.25 -32
CS-TPP-ALG-Ca 035 634 0.14 -29
CS-TPP-ALG-Ca-W 072 637 0.33 -27
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Figure 4-28 Size distribution by intensity of sample-026, sample-030 and sample-072.
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Figure 4-29 Size evolution of ALG coated CS-TPP particles during coating process.

4.1.3.2.2.3.2 Zeta potential evolution of ALG coated CS-TPP particles
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Figure 4-30 Zeta potential distribution of CS-TPP(sample-026, in red). CS-TPP-ALG (sample-030, green) and CS-TPP-ALG-Ca-W

(sample-072, blue) samples.

Zeta potential of sample-026 was +34 mV, after addition of ALG (sample-030), the zeta potential turned
from positive charge to negative charge -32 mV, then after incubation in CaCl; solution and washing step
(sample-072), zeta potential slightly decreased (absolute value) to -27 mV. The protonation of amino
group of chitosan polymer in acidic environment explains the positive charges of CS-TPP particles. The
presence of deprotonated carboxylic groups imparts a negative charge on alginate, and thus negative
zeta potential of ALG coated CS-TPP particles. Then incubation in CaCl; solution slightly reduced surface
charge of particles (from -32 mV to -29 mV) because of the charge neutralization of Ca** with negative
charges of alginate. In final washing step of process, excess CaCl, and alginate were washed away. No
significant change but slight reduction of surface charge was observed. All above absolute values of zeta
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potential of those particles were higher than or close to 30, which indicate good colloidal stability of
those samples.

4.2 Effect of process parameters on particle quality (size control)
4.2.1 Concentration of chitosan (Ccs)

Due to complexity of process. it is hard to explore influence of a single factor without changing other
factors at the same time. According to our results, as a single factor, the effect of concentration of
chitosan has fluctuant effect on size and PDI of particles and no linear relationship between particle size
and concentration of chitosan was observed (Figure 4-31). On the left side of the figure, the samples
were prepared at room temperature, while on the right side, the samples were prepared at 45°C. In
both figures, the samples are arranged in increasing order of chitosan concentration, from left to right.
The influence of chitosan concentration on particle size and polydispersity index (PDI) can be observed
to fluctuate, both at room temperature and at 45°C. Consistently, it has been reported that the
interaction between the concentration of polymer and the mass ratio of chitosan to TPP has a more
significant effect on particle size compared to individual factors such as the concentration of chitosan,
concentration of TPP, and duration of cross-linking (Desai, 2016). In conclusion, although no clear
correlation between chitosan concentration and particle size was observed, it is still possible that
chitosan concentration plays a significant role either as a single factor or in combination with other
factors to influence particle size.
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Figure 4-31 Influence of concentration of chitosan on particle size and PDI.

4.2.2 Influence of crosslinking temperature on particle size

Average size and PDI measured by DLS of above samples are listed in Table 4-10 and size distribution by
intensity of those samples can be seen in Figure 4-32. Particle size of these sample-007, 009,010 were
unimodal distributed between 100-200 nm region, and mainly overlapped with each other. While
sample-009 possessed a tiny peak appearing around 5000 nm region (Figure 4-32A). Size distribution of
sample-024 was a narrow unimodal distribution and sample-029 was a bimodal distribution (Figure 4-
32B). Sample-015 had a broader size distribution spread over tens to thousands nanometers and small
tail peak appeared around several micrometers (Figure 4-32C).

Size distribution of sample-007,009 and 010 were all unimodal distribution and their average particle
size values given by DLS were very close, which are 122, 125 and 126 nm respectively. PDI of above
mentioned samples were not broad (< 0.4). Sample-007 was the most monodispersed and had the
lowest PDI as 0.18.
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Average size of sample-012 (138 nm) was smaller than sample-015 (176 nm). PDI of sample-012 (0.19)
was also narrower than sample-015 (0.42). Similar results were observed in those samples prepared
using purified chitosan.

Table 4-10 Particle size and polydispersity index of samples prepared at room temperature and higher temperatures.

Sample Z-average(nm) PDI Temperature(°C)
007 122 0.18 50
009 125 0.39 RT
010 126 0.27 RT
012 138 0.19 50
015 176 0.42 RT
024 160 0.12 45
029 314 0.70 RT

i Bimodal distribution

Size distribution of sample-029 were a bimodal distribution having a small peak at 20-90 nm and another
peak at 100-500 nm with a very broad PDI (0.70), which indicated that this particle population was very
broad. Average size of sample-029 was 314 nm which was almost twice that of sample-024, but given
to the high PDI of sample-029, the average size value in fact can no more very well present the overall
particle population. Whereas, as a control group of sample-029 prepared at high temperature, sample-
024 exhibited a much lower value of PDI (0.12).

The results obtained from DLS indicate that increasing the temperature of the step of particles'
formation up to 45/50 °C has a significant impact on the size distribution, resulting in improved
homogeneity indicated by lower PDI of the particle population. This effect is observed regardless of the
concentration and type of chitosan used. Furthermore, a noticeable decrease in PDI is observed for both
CS3TPP1 and CS2TPP1 formulations as the cross-linking temperature increases. It is worth noting that a
temperature of 45°C is shown to achieve similar effects as 50°C but with better energy efficiency. In the
size distribution analysis by intensity using DLS, it can be observed that at high temperatures (45°C), the
particle population exhibits a mono-disperse broad peak instead of multiple peaks.

This phenomenon may be attributed to the increased Brownian motion of molecules at higher
temperatures, resulting in an increased mobility of negatively charged species and thus to the formation
of more compact and monodisperse particles. Another possible explanation for the smaller particle size
is the decrease in viscosity of the chitosan solutions at higher temperatures. This lower viscosity
promotes the movement of the cross-linker (TPP) through the chitosan chains, thereby enhancing the
interaction between the chitosan and the cross-linker.

A homogeneous size distribution is advantageous in various characterization techniques as it enables
more accurate measurements. In cases where mathematical models for analyzing data from
inhomogeneous samples are not readily available, a homogeneous size distribution simplifies the
analysis process. Additionally, in many industries such as the food industry and drug delivery, mono-
disperse particles are desired. This is because they offer better control over product quality and
efficiency, leading to improved performance.

In summary, samples prepared at higher temperatures exhibit a more monodisperse particle size
distribution, resulting in narrower polydispersity indices (PDI) compared to samples prepared at room
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temperature. To ensure the production of homogeneous CS-TPP particles, a crosslinking temperature
of 45°C was selected for the preparation of CS-TPP nanoparticles in subsequent studies.
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Figure 4-32 (A)Size distribution by intensity of sample-009 (red), 007 (green) and 010 (blue). (B) Size distribution by intensity of

sample-024 (red) and sample-029 (green). (C) Size distribution by intensity of sample-015 (red) and sample-012 (green).

4.2.3

Mass ratio of CS/TPP

Sample-023, 027 and 079 are three samples prepared by mixing 0.3%(v/v) CS solution with 0.1%(v/v)
TPP solution at room temperature. These samples containing various ratio mass CS/TPP were
characterized by DLS (results seen in Table 4-11).

Table 4-11 Preparation conditions of two samples with low mass ratio of CS/TPP.

Ratio Mass

Sample Ccs(mg/ml)  Crep(mg/ml)  Ves(ml)  Vipp(ml) Cs/TPP Z-average(nm)  PDI
023 3 1 10 12 2.5 140 0.44
027 3 1 50 20 7.5 227 0.47
079 3 1 39 13 9 172 0.50
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Results of DLS (Figure 4-33) showed that CS/TPP mass ratio had fluctuant effect on particle size when
the concentration of CS was fixed. Whereas, the fact that PDI increased indicating higher heterogeneity

of CS-TPP particle population when CS/TPP mass ratio increased.
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Figure 4-33 Influence of Mass ratio of CS/TPP on particle size and PDI. Mass ratio of CS/TPP ranging from 2.5 to 9 had

fluctuant effect on particle size, while PDI increased slightly when mass ratio of CS/TPP increased.

4.2.4 Ratio of charges (NH3*/P30,0°")

A series of samples were prepared with same CS solution (3 mg/L) and various ratio of charges at room
temperature to explore effect of molar ratio of charges on particle size and particle distribution. As
shown in Figure 4-34, an increase of molar ratio of charges led to an overall increase of particle size
when varying over the range from 1.2 to 4.8. The PDI did not seem to be significantly affected by the
molar ratio of the charges. As mass ratio of charges increased, particle size had tendency to increase
with fluctuation. Those particles were all broadly dispersed (PDI> 0.4). No significant relation between
PDI and mass ratio of charges was observed. Experiment details can be found in Annex I.

The influence of molar ratio of charges (positive to negative) may be related to the decrease of the
number of physical cross-links per chitosan macromolecule.
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Figure 4-34 Influence of molar ratio of charges on particle formation(Average size(nm) in blue; PDI in orange).
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4.2.5 Concentration of particles

As a mentioned before (3.2.2.2.5 Concentration of particles), the concentration of particles is an
invented term, that has taken both materials used and the total volume into consideration. It indicates
concentration of final product in the aqueous environment at the end of particle preparation process.

After observation of 36 CS-TPP samples on focusing on their size and concentration of particles (Data
seen in Table Annex |- 4-12). It is interesting to mention that, when particle concentration is below 3 g/L,
particle size was often smaller than 240 nm (Expect for sample-037 and 073). Whereas, particles larger
than 240 nm usually had particle concentration beyond 3 g/L. Figure 4-35 visualized this trend by
tracking down particle size on concentration of particle of those samples, where samples dots were
more likely to disperse in Il and Ill zones but less likely in | and IV zones.
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Figure 4-35 Distribution of samples in terms of particle size and particle concentration

However, some exceptions were observed like for example sample-029(appeared in zone 1), the particle
concentration was 2.5 g/L, the average particle size was 314 nm (>240 nm). This founding can give a
rough prediction on particle size based on particles concentration. Like for example, if one wants to
produce CS-TPP nanoparticles with a dimension around 100-200 nm, particle concentration less than 3
g/L should be considered preferentially. Statistics analysis of these result data would be recommended
to further confirm this observation mathematically.

Although observation of relationship between the particle concentration and size remained sketchy, the
particle concentration could still be a useful tool to locate thresholds of experimental conditions
somehow, once that the desired size of particles is decided.
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Figure 4-36 Process to start up preparation conditions of particles with expected size.

With the help of particle concentration, one could settle upon experimental conditions to prepared CS-
TPP particles with desired size. Based on above mentioned idea, a flowchart was present in Figure 4-36
The flowchart outlines the process for establishing the preparation conditions (Ccs, Crep, Vs, Vrep)
necessary to obtain particles of a desired size.
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4.3 Encapsulation

Successful preparation of CS-TPP particles was achieved using the ionic gelation method. The particles
were characterized in terms of their size distribution, surface potential, and morphology. In contrast to
CS-TPP particles, the particles coated with ALG exhibited a negative surface charge. Our attention now
turns to evaluating the potential of these prepared particles as carriers for encapsulating and delivering
active molecules, specifically polyphenols. Based on a literature search and availability in our laboratory,
naringenin, naringin, and catechin were selected as the candidates for encapsulation. The encapsulation
efficiency of the CS-based particles in delivering these molecules was determined to assess their efficacy
as a drug delivery system. Additionally, the choice of a proper separation method is critical in evaluating
the performance and effectiveness of the delivery system. Therefore, the feasibility of using filtration
and centrifugation as separation methods was investigated and compared.

4.3.1 Choice of separation method

43.1.1 Filtration of NRG, NR and CAT

To evaluate the UV absorbance of the molecules after filtration, separate solutions of catechin, naringin,
and naringenin were prepared. The UV spectrophotometric measurements were conducted both before
and after passing these solutions through a 0.45 um cellulose membrane filter.

According to the findings depicted in Figure 4-37, there was no apparent variation observed in the UV-
Vis spectrum of the aqueous solution containing catechin (CAT) before and after filtration. The UV
spectra of both solutions exhibited almost identical patterns, indicating that there was no substantial
alteration in UV absorbance subsequent to filtration. This suggests that the separation of free catechin
molecules from catechin-loaded CS-TPP particles using a cellulose membrane filter is a viable approach.
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Figure 4-37 UV-Vis spectra of CAT solution before (blue) and after (green) filtrated through 0.45 um cellulose membrane filter.

Unlike catechin (CAT), noticeable reductions in UV absorbance were observed at the respective Amax
wavelengths for naringenin (NRG) and naringin (NR) solutions after undergoing filtration using a
cellulose membrane filter, as illustrated in Figure 4-38 and Figure 4-39. This indicates that the filtration
process resulted in a significant decrease in the concentration of naringenin and naringin in the solution.
Therefore, alternative separation methods, such as centrifugation, were employed for the
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encapsulation process

properties.
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Figure 4-38 UV-Vis spectra of NRG solution before (blue) and after (green) filtrated through 0.45 um cellulose membrane
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Figure 4-39 UV-Vis spectra of NR solution before (blue) and after (green) filtrated through 0.45 um cellulose membrane filter.

The observed interactions between naringenin (NRG) and cellulose-based membranes, such as filtration
membranes, suggest a potential affinity between NRG and cellulose. Further investigation into the
interactions between NRG and cellulose could provide valuable insights into their compatibility and
potential as an encapsulation strategy. Cellulose-based materials have been widely used in various drug
delivery systems due to their biocompatibility, biodegradability, and ability to control drug release (Sun
et al.,, 2019). Therefore, exploring the potential of cellulose-based materials, such as cellulose
derivatives or modified cellulose, for the encapsulation and delivery of NRG could offer new avenues
for developing effective drug delivery systems.
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4.3.1.1.1 Centrifugation and Filtration of CAT

A suspension of catechin (CAT) loaded CS-TPP particles was divided into two parts for further processing.
One half of the sample underwent centrifugation, while the other half was subjected to filtration using
a membrane filter. The supernatant and filtrate were subsequently measured UV-Vis
spectrophotometrically. UV-Vis spectra showed that no significant difference of UV absorbance was
observed of the filtrate and the supernatant of CAT loaded CS-TPP suspension at Amax, 280 nm (Figure 4-
40).

This observation indicates that filtration is equally effective as centrifugation in separating unloaded
catechin (CAT) molecules from CAT-loaded CS-TPP particles. Considering its user-friendliness and the
advantage of requiring a smaller sample volume compared to centrifugation, filtration was chosen as
the preferred method for separating free CAT and determining the amount of encapsulated CAT, based
on the known initial loaded quantity.
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Figure 4-40 UV-Vis spectra of CAT loaded CS-TPP’s supernatant obtained via centrifugation (green) and filtrate obtained via

filtration (blue).

4.3.1.2 Centrifugation

Sedimentation speed of CS-TPP microparticles

The selection of optimal centrifugation parameters for each sample is crucial to achieve effective
separation. The sedimentation speed of the suspension should be considered in order to determine the
appropriate centrifugation conditions. Generally, particles that settle more rapidly require milder
centrifugation conditions. By taking into account the sedimentation characteristics of the particles, the
optimal parameters can be set to ensure a good separation effect of the samples.

Three CS-TPP formulations, namely CS5TPP5, CS3TPP2.5, and CS3TPP5, were chosen as potential
candidates for the delivery vehicle.

It was observed that after addition of TPP, the turbidity increased in the following order: CS3TPP5 >
CS5TPP5 > CS3TPP2.5. CS3TPP5 was the one that settled most quickly, followed by CS3TPP2.5 and then
CS5TPPS. After 2 days of settling, the sedimentation cake of CS3TPP5 was the most densely packed,
followed by CS5TPP5 and then CS3TPP2.5.
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Figure 4-41 Appearance of samples (A) After addition of TPP (B) CS-TPP particle suspensions after 2 days of preparation:
CS5TPP5, CS3TPP2.5, CS3TPP5 (from left to right)

CS3TPP5 exhibited the highest sedimentation rate, requiring milder centrifugation conditions, while
CS3TPP2.5 encountered challenges during centrifugation with the equipment and conditions available
in our laboratory, resulting in incomplete particle separation from the liquid environment and thus
inaccurate measurement of encapsulation efficiency.

The centrifugation conditions for these samples were determined and optimized based on the
sedimentation rate and empirical results, as presented in Table 4-13. Typically, a higher speed of
rotation and longer duration will be required for samples with low settling rate.

Table 4-13 Centrifugation conditions of samples

Speed Centrifugation

Sample Code (RPM) time (min) Temperature(°C)
081 CS3TPP5 3500 5 15
082 CS3TPP2.5 12000 30 15
083 CS5TPP5 5000 20 15

In summary, the separation method employed for catechin (CAT) was filtration, while centrifugation
was used for naringenin (NRG) and naringin (NR)

4.3.2 NRG encapsulation

To investigate the impact of naringenin (NRG) encapsulation on the properties of CS-TPP particles, the
NRG-loaded particles were subjected to characterization studies focusing on particle size and surface
charge.

4.3.2.1 Size evolution of NRG loaded CS-TPP nanoparticles

Sample-073, which represents naringenin (NRG) loaded CS-TPP nanoparticles, was prepared according
to the conditions outlined in Annex I. Subsequently, sample-073 was dispersed in an alginate solution
while undergoing sonication to generate ALG coated particles, denoted as sample-074. Further, sample-
075 denotes the particles obtained after solidification with calcium, and sample-076 represents the
particles after being washed with water.
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Figure 4-42 illustrates the size distribution by intensity, and Table 4-14 provides information on the Z-
average diameter and zeta potential of the particles.
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Figure 4-42 Particle size evolution of ALG coated NRG loaded CS-TPP particles during coating process. The particle size

greatly increased after addition of ALG and continuously increased after addition of Ca®*.

Table 4-14 Particle size, PDI and zeta potential of ALG coated NRG loaded CS-TPP particle.

Zeta potential

Sample Code Z-average diameter (nm) PDI (mV)
073 CS3TPP1INRG 204 0.35 +40
074 CS3TPP1NAR ALG 501 0.24 -32
075 CS3TPP1NARALGCa 1154 0.29 -29
076 CS3TPP1INARALGCaW 1159 0.37 -53

In comparison to blank CS-TPP particles (sample-026) with a size of 220 nm, the naringenin (NRG)
entrapped particles (CS-TPP-NRG) appeared to be more compacted as a slight reduction in average size
was observed. Conversely, similar to the NRG-free particles, the addition of ALG resulted in a significant
increase in particle size in the NRG-loaded CS-TPP particles (CS-TPP-NRG-ALG), with the size expanding
from 204 nm to 501 nm (an increase of 145% in percentage). Additionally, the particle's hydrodynamic
diameter continued to increase upon the introduction of Ca?*.

4.3.2.2  Size evolution of Cs-TPP microparticles after encapsulation of active molecules

Three formulations of CS-TPP were chosen for encapsulation of active molecules (sample-081, 082 and
083, for preparation details see in Annex ). Particle size and size distribution curve of blank CS-TPP
microparticles and active molecule loaded CS-TPP particles were measured by laser diffraction size
analyzer (Mastersizer 2000 and Mastersizer 3000, Malvern). Table 4-15 depicts size distribution results.

The surface mean diameter (D[3,2]) and the width of the size distribution (Span) for CS-TPP particles
with and without active molecules are presented in Table 4-15. The D[3,2] values for the blank samples
(sample-081, 082, and 083) were 51 um, 57 um, and 25 um, respectively. The volume-weighted particle
size distribution results shown in Figure 4-43 indicate that blank sample-081 (CAT3TPP5) exhibited a
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bimodal distribution, while blank samples 082 (CS3TPP2.5) and 083 (CS5TPP5) displayed a unimodal

distribution.

Table 4-15 Particle size of blank CS-TPP particles and active molecule loaded CS-TPP particles

Sample Formulation D[3,2](um) Span
CS3TPP5 51° 1.53
081 CS3TPP5 (CAT) 47 1.71
CS3TPP5 (NRG) 34 1.47
CS3TPP2.5 57 0.94

082
Cs3tpp2.5 (NRG) 82 0.98
083 CS5TPP5S 25 2.34
CS5TPP5 (NRG) 16 5.15

2Bimodal: D[3,2] = 23, 309 um

Encapsulation of active molecules resulted in a decrease in D[3,2] for sample-081 (CS3TPP5) and sample-
083 (CS5TPP5). However, for sample-082 (CS3TPP2.5) particles loaded with NRG, the D[3,2] increased
from 57 to 82 um. Furthermore, the particle size distribution of all active molecule-loaded CS-TPP
particles exhibited a bimodal pattern, as shown in Figure 4-43. The reduction in the average size of
CS3TPP5 and CS5TPPS particles after encapsulation could be attributed to a higher proportion of smaller
particles. The span values, which represent the range of particle size distribution, were relatively broad
for these samples. Therefore, it can be concluded that the encapsulation of polyphenol molecules did

not lead to significant changes in the particle size of CS-TPP particles.
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Figure 4-43 Volume weighted particle size distribution of blank CS-TPP particles and NRG/CAT loaded CS-TPP particles

4.3.2.3 Surface charge evolution of NRG loaded CS-TPP nanoparticles

Before the addition of ALG coating, the zeta potential of CS-TPP nanoparticles was positive and relatively
high, approximately +40 mV. However, after the addition of the coating, the zeta potential became
negative, with a reduction of about 25% in the absolute value of the zeta potential, resulting in a value
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of -29 mV. In the final product, sample-076, the absolute value of the zeta potential was extremely high,
with a value of 53 mV (Table 4-14).

It is worth noting that after incubation in CaCl, solutions, the particles were more easily redispersed in
aqueous liquid after centrifugation, without the need for extra operation introducing external physical
force such as sonication, rotation, or vibration. This was observed for both blank particles and particles
loaded with NRG, and may be related to a change in the surface characteristics of the CS-TPP particles
coated with ALG.

4.3.2.4 EE% of NRG loaded in CS-TPP particles

High encapsulation efficiencies (> 80%) of naringenin were achieved successfully with various CS-TPP
particulate formulations, while slight differences existing in different formulations. CS3TPP5 is the
formulation with highest EE% and relatively low deviation. Initial quantity of naringenin (Qurs) molecules
introduced in the system also have influence on EE% values. Higher initial molecule quantity led to
higher EE% in all CS-TPP formulations. For formulations loading 2mg of NRG, EE% were about 80%, while
for those entrapping 5mg of NRG, EE% achieved to about 90%. What’s more, in all CS-TPP formulations,
when Qg increased from 2mg to 5mg, increase in EE% were observed.

Regardless of Qunrs, EE% decreased in the following order: CS3TPP5 > CS3TPP2.5 > CS5TPP5, and
differences among these formulations remain quite small.

Table 4-16 EE% of NRG in CS-TPP particles.

Sample Qnra(mg) EE%® SD (%)
082 2 82 2
081 2 85 1
083 2 82 2
082 5 93 0
081 5 94 1
083 5 89 3

@ All experiments were repeated twice. Results present here are the arithmetic mean values.
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Figure 4-44 EE% of NRG loaded in various CS-TPP systems (x: Qurc=5 mg; ®: Qurc=2 mgq)
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4.3.2.,5 EE% of NRG loaded in ALG coated CS-TPP particles

The encapsulation efficiency (EE%) of NRG loaded CS-TPP-ALG particles was compared to that of CS-TPP
particles, and a reduction in EE% was observed in the CS-TPP-ALG formulations. This reduction can be
attributed to the loss during the additional fabrication steps involved in the preparation of CS-TPP-ALG
particles. However, the EE% of NRG in the CS-TPP-ALG formulations remained relatively high, exceeding
50% as shown in Table 4-17. Among the formulations, sample-083 (Formulation: CS3TPP5) was selected
for further investigation due to its good colloidal stability and high EE%. Although the preparation
process of CS-TPP-ALG particles is more complex, the CS-TPP-ALG particulate system is also an efficient
vehicle for the encapsulation of polyphenol molecules such as naringenin. The introduction of extra
steps in the preparation of CS-TPP-ALG particles, such as the washing step and the dilution effect due
to ALG solution, may contribute to the decrease in EE% of the loaded molecules. However, the overall
encapsulation efficiency of the system is still satisfactory, highlighting its potential as a delivery system
for polyphenols.

Table 4-17 EE% of NRG loaded in ALG coated CS-TPP particles.

Sample Qnra(mg) EE% SD (%)
083 1.6 51 3
083 2.4 71 2
083 4.0 82 2

Influence of quantity of naringenin (Qngrs) on EE%

Figure 4-45 demonstrates the relationship between the initial quantity of NRG and the encapsulation
efficiency (EE%) of NRG-loaded CS-TPP particles. It is evident that in all CS-TPP formulations, a higher
qguantity of naringenin leads to a higher EE% within the range of 1.5 mg < Qugs < 4.5 mg. This observation
can be attributed to the relatively stable loss of entrapped molecules during each step of the particle
preparation process. As the total amount of molecules increases, the proportion of molecules lost in the
process decreases. This results in a higher proportion of loaded molecules and, consequently, an
increase in the encapsulation efficiency.
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Figure 4-45 Influence of Qurc 0n EE% of CS-TPP-ALG particles
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In contrast to the findings in the current study, another article reported conflicting results when using
similar CS-TPP nanoparticles for the delivery of NRG. In that study, an increase in the concentration of
NRG from 0.1 to 0.25 mg/mL resulted in a significant decrease (p < 0.05) in the encapsulation efficiency
(EE%) from 74.6 £ 4.09% to 59.19 + 5.36%(Shadab et al., 2019). These differing results suggest that the
encapsulation efficiency of NRG in CS-TPP nanoparticles can be influenced by various factors, such as the
specific formulation, preparation method, and concentration of the active molecule. Further
investigation is needed to understand the underlying mechanisms and optimize the encapsulation
process for achieving consistent and high encapsulation efficiency.

4.3.3 Naringin entrapped in CS-TPP particles

EE% of NR loaded CS-TPP particles was either not detectable or very low, less than 10% (as shown in
Table 4-18). After dispersing the CS-TPP particles loaded with NR in water, drug release was monitored
using a UV-Vis spectrometer at specific time intervals. However, no detectable absorption was observed
in the UV-Vis spectra when the initial amount of NR (Qng) was either 3 or 10 mg. On the other hand, a
slight absorption was detected when the initial amount of NR (QNR) was 1 and 5 mg. However, in some
cases, the baseline of UV-Vis spectra drifted (Figure 4-46), indicating poor quality of certain
measurements. This could be attributed to the insufficient amount of NR molecules inside the CS-TPP
particles, which made it difficult to accurately detect them using UV-Vis spectrometry.

This results suggest that the use of CS-TPP particulate system may not be a suitable method for
encapsulating the naringin molecule.

Table 4-18 EE% of NR in CS-TPP particles

Qnr(mg) EE%
1 8%
3 %
5 5%
10 o

* No detectable encapsulation

NR1 NR5

Figure 4-46 UV-Vis spectra of redispersed NR-loaded CS-TPP particles to monitor release of NR from these particles
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4.3.3.1 EE% of NR loaded in ALG coated CS-TPP particles

The results obtained when loading 5 mg and 10 mg of NR into ALG coated CS-TPP particles (formulation:
CS3TPP5) showed undetectable encapsulation efficiency (EE%) of NR. This suggests that the use of ALG
coated CS-TPP particulate system may not be suitable for effectively encapsulating the naringin
molecule. It is possible that the characteristics of naringin, such as its solubility or interaction with the
particle matrix, hinder its successful encapsulation within the ALG coated CS-TPP particles. Alternative

methods or formulations may need to be explored to achieve efficient encapsulation of naringin or other
similar molecules.

4.3.4 CAT entrapped in CS-TPP particles
4.3.4.1 Verification of solubility of CAT in water at room temperature

After 4-hour dissolution, no visible impurities were detected in the transparent light orange/yellowish
solution, as shown in Figure 4-47. The exact solubility of the CAT substance used is unknown, but it was
found to dissolve completely in water at a concentration of 5 g/L at room temperature. This result is

consistent with previously reported data in the literature (Cuevas-Valenzuela et al., 2014; Matsubara
et al., 2014).

After 1h

Figure 4-47 CAT water solution with concentration of 5g/L at room temperature

4.3.4.2 EE% of CAT in CS-TPP particles

Figure 4-48 presents the preparation process of CAT loaded CS-TPP particles. Before addition of TPP, the
mixture of CS and CAT solution was transparent. While after addition of TPP solution into above mixture,
turbidity appeared within seconds.
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Figure 4-48 Mixture of chitosan and catechin solution before(A) and after(B) addition of TPP solution

Table 4-19 displays the encapsulation efficiency (EE%) of different CS-TPP formulations for CAT dissolved
in solutions with varying proportions of ethanol. The results show that the highest EE% achieved for CAT
was 29%. However, in some cases, the amount of free CAT detected by UV spectrophotometry was equal
to or greater than the amount of CAT added (Qcar), Which is not practical. Therefore, these cases were
recorded as non-detectable in the table. Furthermore, sample-082 showed a very low EE%, regardless of
the solvent used to dissolve CAT.

Table 4-19 Encapsulation capacity of CS-TPP formulations of CAT(dissolved in water, in 50% EtOH and in EtOH).

Sample Qcat(mg) EE% Formulation Solvent of
CAT

081 2 ---* CS3TPP5 Water
082 2 ---* CS3TPP2.5 Water
083 2 ---* CS5TPP5 Water
081 2 6 CS3TPP5 50% EtOH
082 2 ---* CS3TPP2.5 50% EtOH
083 2 13 CS5TPP5 50% EtOH
081 2 10 CS3TPP5 EtOH
082 2 1 CS3TPP2.5 EtOH
083 2 17 CS5TPP5 EtOH
081 5 29 CS3TPP5 EtOH
082 5 -—-¥ CS3TPP2.5 EtOH
083 5 28 CS5TPP5 EtOH

* No detectable encapsulation

4.3.4.3 Influence of solvent composition of CAT on EE%

The results obtained from the encapsulation of CAT into CS-TPP formulations (sample-081, 082, and 083)
indicate that the solvent composition of CAT has a significant effect on the encapsulation efficiency
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(EE%). When CAT was dissolved in water, the encapsulation into CS-TPP particles was unsuccessful, as
reflected by the low EE% values reported in Table 4-19.

When CAT was dissolved in 50% EtOH (EtOH:water=1:1) or pure EtOH, successful loading of CAT into
certain CS-TPP formulations was achieved, although the encapsulation efficiency percentages were
below 20%. Furthermore, it was observed that the encapsulation efficiency percentages of CAT in pure
EtOH were higher than those in 50% EtOH, as shown in Figure 4-49.

These findings suggest that the choice of solvent during the encapsulation process plays an important
role in determining the encapsulation efficiency of CAT in CS-TPP particles. The use of EtOH, particularly
pure EtOH, appears to be more favorable for achieving higher encapsulation efficiency percentages. The
underlying reasons for these solvent-dependent effects on encapsulation efficiency could be attributed
to the solubility and interactions between CAT and the CS-TPP particle matrix. Further investigation and
optimization of the encapsulation process with different solvent compositions may be necessary to
enhance the encapsulation efficiency of CAT in CS-TPP particles.

30
50% EtOH

= EtOH

20

EE%

15

10

081 082 083
Sample

Figure 4-49 EE% of CAT loaded CS-TPP samples, Qcar=2mg (x: CAT was dissolved in 50%EtOH; ®: CAT was dissolved in EtOH)
Despite the confirmation of full dissolution of CAT in water at room temperature, it was found that

increasing the proportion of EtOH in the solvent of CAT was beneficial for the encapsulation of CAT into
CS-TPP particles.

4.3.4.4 Influence of Qcar on EE% of CAT

An ethanol solution containing 5 mg of CAT was utilized to encapsulate CAT into the CS-TPP formulations
mentioned above. It was observed that when the amount of CAT increased from 2 mg to 5 mg, the
encapsulation efficiency percentages of CAT increased to nearly 30% for samples-081 and 083 (Figure
4-50).
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Figure 4-50 EE% of CAT (in EtOH) loaded CS-TPP in different CS-TPP formulations (x: Qcar =5 mg; ®: Qcar =2 mg).

Additionally, the EE% of sample-082 remained almost negligible, regardless of quantity of CAT added.
Therefore, this particular formulation (CS3TPP2.5) is deemed unsuitable for CAT encapsulation.

In conclusion, the encapsulation efficiency (EE%) of CAT in CS-TPP particles is lower than that of NRG
overall. However, a higher proportion of ethanol in the solvent of CAT may promote a greater EE% of
CAT. The highest EE% of CAT, reaching approximately 30%, was obtained when a higher quantity (Qcar
=5 mg) of CAT was dissolved in EtOH.

Additionally, errors in measurement and analysis may have arisen from inaccuracy in volume
measurements and the presence of nanosize particles that could pass through the filter and cause
overestimation of unloaded CAT and underestimation of EE%.

In summary, among these three polyphenol molecule candidates, naringenin is the best choice for
further investigation i.e. release properties, due to its high EE% and also for good repeatability of
experiment results.

4.3.4.5 EE% of CAT loaded in ALG coated CS-TPP particles

When attempting to load 5 mg of CAT into ALG coated CS-TPP (formulation: CS5TPP5), the encapsulation
efficiency (EE%) of CAT was determined to be 4% with a standard deviation of 4%.
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4.3.5 Easier redispersion of particles after lyophilization

After centrifugation of suspensions of CS-TPP nanoparticles, massive pellets of NPs were concentrated
at the bottom of Eppendorf tube due to centrifugal force. The opalescent pellet seemed very compact

i

4 L
F
=
Figure 4-51 Two photos of newly prepared CS-TPP particles after centrifugation. Precipitate (pellet) of CS-TPP nanoparticles at

the bottom of Eppendorf tube after centrifugation.

and difficulty was encountered to redisperse these pellets in aqueous liquid even with the help of a
Vortex mixer or an ultrasonic water bath. White pellet of CS-TPP particles aggregation was still seen in
redispersed suspension (Figure 4-51).

Figure 4-52 The appearance of pellet CS-TPP particles after centrifugation(A), and redispersed suspension of lyophilized CS-
TPP particles (B)

On the other hand, lyophilized CS-TPP NPs can be more easily redispersed. The new suspension seemed
very homogeneous and no precipitate was visible (Figure 4-52). Unlike newly prepared CS-TPP NPs,
lyophilized CS-TPP NPs could be redispersed in water by shaking by hand with ease. No extra external
force need to be introduced to obtain homogeneous suspension of lyophilized CS-TPP NPs particles.
Possible explanation of this phenomena might be that Iyophilization operation induced more loose
porous structure of particles during freezing and drying process of water contained in samples.

4.4 Release of NRG from CS particles

As mentioned earlier, three polyphenol molecules, namely naringenin, naringin, and catechin, were
attempted to be encapsulated using CS-TPP particles prepared with different formulations. The
encapsulation of naringenin and catechin was successful, while encapsulating naringin proved to be
challenging. Additionally, naringenin showed a higher affinity towards CS-TPP carriers, resulting in
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significantly higher encapsulation efficiency compared to catechin. Therefore, naringenin was selected
as the loaded molecule for further investigation of its release kinetics in specific media.

4.4.1 Establishment of release kinetics experimental conditions

In order to ensure the proper measurement of release kinetics and obtain accurate and reliable results,
careful investigations were conducted regarding the experimental conditions. Several aspects were
considered, including the volume of the release media, the method of separation, and the composition
of the media.

4.4.1.1 Media volume

In pharmaceutics, during the dissolution testing, the dissolution volume is usually 5 to 10 times greater
than the volume present in the saturation solution of target substance. So, concentration of dissolved
substance should be 5 to 10 times lower than the saturated concentration in this medium. That is
because the dissolution rate will progressively decrease when the concentration gets close to the
saturated point, which can cause faulty test results (Ghosh and Jasti, 2004; Liu, 2008).

In the context of release testing, a "sink condition" refers to a situation where the concentration of the
substance in the release medium is significantly lower than its solubility. In a perfect sink condition, the
drugis rapidly and completely dissolved, ensuring that the dissolution rate is not limited by the solubility
of the substance. The exact threshold for a perfect sink condition may vary depending on the specific
molecule and its solubility characteristics. However, commonly accepted value is to keep the
concentration in the release medium below 10% of its solubility. Maintaining a sink condition is crucial
for accurate and reliable release testing, as it allows for a consistent and reproducible assessment of the
drug's dissolution behavior. It ensures that the release process is not solubility-limited and provides
meaningful data for determining drug release rates and dissolution profiles.

To establish the appropriate volume of release media that ensures sink conditions throughout the
release process, it is essential to have a comprehensive understanding of the solubility of NRG. This is
particularly important as solubility data for NRG available in the literature span a wide range. (14-214
mg/L, Table 1-3).

4.4.1.1.1 Determination of solubility of NRG

The release kinetics of NRG (4.4 mg) were evaluated in various volumes of release medium ranging from
10mL to 800mL, and the results were plotted over time (Figure 4-53). The final concentration of
naringenin in each release medium was determined when the concentration reached a plateau. In water,
regardless of the volume, the release profile of NRG exhibited a rapid initial release within the first 120
minutes, followed by a more sustained and stable release in the subsequent phase.

The cumulative release of NRG differed among different water volumes. In 10mL, 50mL, and 100mL of
water, the cumulative release of NRG was distinct at each time interval and eventually reached 5%, 30%,
and 55%, respectively. Conversely, in 400mL and 800mL of water, the loaded NRG was completely
released by the end of the dissolution period (over 4320 minutes). This was in contrast to the other
cases where the dissolution of NRG was limited and reached a certain amount. Furthermore, the release
profile of NRG in 400mL of water was similar to that in 800mL from the initial point, and the maximum
amounts released in these two samples were relatively close to each other (close to 100%).
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Figure 4-53 Release of NRG from CS-TPP particles in various volume of water at room temperature.

Dissolution volume, amount of released NRG and the final concentration of NRG in the media at the end
of dissolution (calculated by dividing released NRG by dissolution volume) were present in Table 4-20.

Table 4-20 : Maximal concertation of naringenin during dissolution testing in media with various volume

Dissolution Volume  Released NRG (mg) Maximal concentration

(mL) (mg/L)
10 0.213 21.3
50 1.141 22.8

100 2.064 20.6

400 4.264 10.7

800 4.016 5.0

The results revealed that the final concentrations of NRG were approximately 21 mg/L when the
dissolution volume ranged from 10 mL to 100 mL. These concentrations corresponded to the solubility
limit of NRG in our experimental setup. The release of NRG from within the particles was hindered by
the saturation of NRG in the surrounding dissolution media. However, when the dissolution volume was
increased up to 400 mL and 800 mL, the final concentration of NRG was lower, indicating that the
solution was not saturated. Interestingly, in these two cases, the final release amount approached the
total amount (4.4 mg) of naringenin loaded in CS-TPP particles, indicating that all the NRG was dissolved
in the media.
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Figure 4-54 Maximal amount of NRG released from CS-TPP particle within aqueous media with various volumes. When
dissolution volume ranging from 10 ml to 100 ml, amount of released NRG was in good linear relation (R?> 0.99) with

dissolution volume (Seen in the figure on upper side corner).

In Figure 4-54, significant linear relationship (R?>0.99) between dissolution volume and released NRG
amount can be clearly seen when dissolution volume was below 100 mL. Whereas, when dissolution
volume was 400 mL and 800 mL, maximal amount of released NRG achieved to totality of loaded amount
(4.4 mg, marked out by a dot line in blue). In these two cases, the complete release of NRG confirmed
good sink condition were maintained during dissolution testing of NRG. That is to say, release of NRG
was not limited to its solubility, when release media volume was 400mL or 800mL for 4.4 mg of NRG.

The slope of the trend line obtained through linear regression analysis represents the approximation
towards the saturated concentration of naringenin at 20£2°C. Using this method, the water solubility of
naringenin at 20°C, which corresponds to the saturated concentration of the substance in water, was
calculated as 21.1 mg/L, under the premise of artificially setting the intercept to zero.

Additionally, good linear relationship indicated that dissolution media were saturated of NRG when
dissolution volume was below 100 mL. Therefore, there is another way to determine water solubility of
NRG, which is to calculate average value of maximal concentration of NRG in saturated solutions
(Dissolution volume = 10, 50 and 100 mL). Through this method, solubility of NRG in water at 20°C was
determined as 21.6+0.9 mg/L.

Results of these two methods were compatible. Calculated solubility of NRG is closer to low values but
is still in consistence with data listed in Tablel-3. According to European Pharmacopoeia (Ph. Eur.)

131



solubility criteria, naringenin should be classified into practically insoluble chemical (European
Pharmacopoeia, 2016).

In pharmaceutics, during the dissolution testing, the dissolution volume is usually 5 to 10 times greater
than the volume present in the saturation solution of target substance. So, concentration of dissolved
substance should be 5 to 10 times lower than the saturated concentration in this medium. That is
because the dissolution rate will progressively decrease when the concentration gets close to the
saturated point, which can cause faulty test results (Ghosh and Jasti, 2004; Liu, 2008).

Considering the calculated solubility of naringenin at 21.1 mg/L, the maximum concentration should be
kept below 4.12 mg/L, which corresponds to one-fifth of the saturated concentration. As shown in Table
4-20, the maximum concentration of NRG dissolved in 800 mL was 5 mg/L, which is close to the 4.12
mg/L threshold. Furthermore, when selecting the dissolution volume, it is important to consider the
sensitivity of the analytical method. If the media volume continues to increase, the UV signals of the
samples may become too low to be detected by the UV-Vis spectrometer.

Taking the aforementioned reasons into consideration, a dissolution volume of 800 mL was selected to
ensure unobstructed dissolution rate during the release of 4 mg of naringenin in water at 20°C.

4.4.1.2 Separation method
4.4.1.2.1 NRG dissolution through dialysis membrane

Dissolution amount of NRG on percentage of total amount of NRG through a dialysis tube made of
dialysis membrane was followed (Figure 4-55). The dissolution curve of NRG through the dialysis
membrane exhibited a two-phase pattern, characterized by rapid dissolution during the first 360
minutes, followed by a prolonged dissolution phase.
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Figure 4-55 Dissolution of NRG from dialysis tube along time. Dissolution curve from 0 to 360 min was logarithmic shaped

(Seen in upper right corner).

To examine if dissolution in first phase followed Fickian diffusion rule, amount of NRG dissolution was
traced along square root of time (v/T). As seen in Figure 4-56, significant linear relationship between
dissolution of NRG and square root of time was observed as R? was 0.9725, higher than 0.8. This
indicates dissolution of NRG from dialysis tube was dominant by diffusion in the first 360 min. After 360
min, only 80% of NRG was diffused through dialysis membrane.
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Figure 4-56 Dissolution of NRG from dialysis tube in the first 360 min was plotted against square root of time.

UV absorbance measurements were conducted on the liquids inside and outside the dialysis tube after
7200 minutes of dissolution. Figure 4-57 depicts the UV absorption, showing that the liquid inside the
dialysis tube had a slightly higher UV absorption compared to the liquid outside. This finding indicates
that, at the 7200-minute mark, although the concentration of naringenin in the release medium
approached that inside the dialysis tube, a slight disparity in NRG concentration still persisted. After
calculation, approximately 92% of the initial mass of naringenin had passed through the dialysis
membrane.
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Figure 4-57 UV absorbance of NRG liquids inside and outside the dialysis tube at 7200 minutes.
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This gives us a hint that, dialysis method would be improper to use in dissolution test of NRG because
the dissolution is not instant due to the low diffusion rate of NRG through the dialysis membrane.

Based on the calculations, it was determined that around 92% of the initial mass of naringenin (NRG)
had diffused through the dialysis membrane. This observation suggests that the dialysis method may
not be suitable for conducting the dissolution test of NRG, as the dissolution process is not immediate
due to the slow diffusion rate of NRG through the dialysis membrane.

4.4.1.2.2 Filtration of naringenin

As previously mentioned, a significant decrease in UV absorbance was noticed after filtration, suggesting
a possible adsorption of naringenin (NRG) molecules onto the filter membrane. This adsorption effect
during filtration makes it unsuitable as a separation method for the NRG release test. Similarly, dialysis
is not suitable for separating NRG molecules, as the diffusion through the dialysis membrane was
observed to be very slow. Therefore, centrifugation emerged as the preferred separation method for
the dissolution test of NRG-loaded particles.

Furthermore, hindered diffusion was observed during both dialysis and filtration of NRG, suggesting a
possible interaction between NRG and the cellulose membranes used in these operations.
Unfortunately, the ambiguous product specifications provided by the suppliers, such as regenerated
cellulose or cellulose mixed ester, make the exact composition of these membranes unknown. As a
result, we lack the necessary information to further investigate the underlying cause of these observed
phenomena.

4.4.1.3 Composition of dissolution media

The composition of the dissolution media plays a crucial role in the release of drugs from dosage forms
during dissolution testing. In the case of NRG, it has higher solubility in EtOH compared to water.
Consequently, using an EtOH-water mixed media allows for a smaller volume of media while still
maintaining sink conditions during drug release. Additionally, altering the composition of the release
media can influence the partition coefficient (or dissolution coefficient) of NRG, potentially resulting in
a different release profile.

On the other hand, we are curious to know impact of the composition of media on CS-TPP particles. As
known, when chitosan is added to ethanol, it tends to form aggregates or precipitates due to the
reduced polarity and interactions between chitosan and the ethanol solvent. The interaction between
chitosan and ethanol can indeed might have an impact on the particle structure of CS-TPP particles and
subsequently influence their delivery efficiency.

The NRG-loaded CS-TPP particles were redispersed in 10 mL of EtOH-water mixed media with EtOH
concentrations of 10% and 33%, respectively. In addition, the release of NRG in 10 mL of water was
investigated as a control group.

Figure 4-58 illustrates that all three samples exhibited similar two-phase release profiles, characterized
by an initial burst release within the first 10 minutes, followed by a sustained release in the second stage.
The release profiles in water and 10% EtOH were comparable, with both reaching around 20% of the
loaded mass. However, the release in 10% EtOH was slightly higher than in water. In contrast, the release
in 33% EtOH was significantly higher than in the other two media. At the 10-minute mark, more than
30% of NRG was detected in the release medium. Subsequently, there was a gradual release, reaching
approximately 50% of the loaded NRG at 1440 minutes.
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By checking maximal concentration of NRG in dissolution, rather low release level of these three
samples might be explained. Sink condition was no longer remained when amount of NRG increased at
certain period during dissolution process. Although NRG release was limited by solubility in these
experiments, the results still demonstrated that release profile of NRG was not altered in EtOH-Water
media. Moreover, the observed reduction in NRG release could be attributed to a combination of factors,
including differences in solubility and potential alterations in the behavior of CS-TPP in the EtOH-water
systems. However, the exact contribution of each factor remains unclear due to the lack of precise
solubility information for NRG in these specific EtOH-water systems.

To investigate the impact of the 33% EtOH-water mixed solution on NRG release, an experiment was
conducted using the same amount of NRG-loaded CS-TPP particles dispersed in 800 mL of the 33% EtOH
solution. By choosing a larger volume, sink conditions were ensured throughout the release process.
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Figure 4-58 Release profile of NRG loaded CS-TPP dispersed in 10 mL of water, 10% EtOH and 33% EtOH.

The release profile of NRG-loaded CS-TPP particles dispersed in 800 mL of 33% EtOH was compared to
the release profile in water, as shown in Figure 4-59. The similarity in the release profiles of these two
conditions was remarkable. Moreover, complete release indicating that the presence of 33% EtOH did
not significantly alter the release properties of NRG from the CS-TPP particles, when sink condition is
ensured. That is to say, CS-TPP particles structure was not significantly changed in 33% EtOH. Instead of
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aggregation or precipitation in the media, a suspension of chitosan particles might be formed in Ethanol-
Water.
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Figure 4-59 Release profile of NRG loaded CS-TPP particles were dispersed in 800 ml of 33% EtOH and in water.

The addition of EtOH into the dissolution media does not appear to alter the pattern of the release
profile of NRG from CS-TPP particles. However, it may increase the overall release level of NRG by
enhancing its solubility in the release medium. It should be noted that this phenomenon may not be
observed if the sink condition is already established before the addition of ethanol.

In conclusion, the dissolution media for CS-TPP particles loaded with 4.4 mg of NRG was determined to
be 800 mL of water. Centrifugation was chosen as the method to separate the CS-TPP particles from the
release media, allowing for the measurement of NRG content in the media at prescheduled time
intervals.

4.4.2 Release of NRG from CS particles

As mentioned earlier, the CS3TPP5 formulation was selected as the most suitable option for
encapsulating the naringenin molecule, exhibiting an encapsulation efficiency (EE%) of approximately
90%. Our current focus is on exploring the release characteristics of the entrapped naringenin within
these particles. We also conducted investigations on the effect of alginate coating on CS-TPP particles
to assess its potential influence on drug delivery. Additionally, the release properties of NRG-loaded
particles subjected to ultrasonication treatment were monitored. Lastly, we investigated the impact of
the composition and pH of the dissolution media as potential factors affecting the release properties of
NRG.

4421 CS-TPP

A dispersion was prepared by dispersing 39 mg of freeze-dried NRG-loaded CS-TPP particles, containing
4.4 mg of NRG, in 800 ml of water at 20°C under continuous magnetic stirring. The release profile of
NRG from the CS-TPP particles is presented in Figure 4-60. During the initial 10 minutes, more than 70%
of the loaded NRG was released, followed by a rapid release phase that extended until 120 minutes.
Subsequently, a sustained release phase with a slower rate facilitated the liberation of the remaining
portion of NRG (approximately 10%) from 120 minutes to 1680 minutes. The cumulative release of NRG
from the CS-TPP particles gradually approached 100% after 4320 minutes.
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Figure 4-60 Dissolution of NRG loaded CS-TPP particles in water at 20 °C.

4.4.2.2  Ultrasonic treated CS-TPP particle

As mentioned previously, the introduction of ultrasonication treatment resulted in an increased
proportion of small particles within the particle population. We were intrigued to investigate whether
this change in particle size could impact the release properties of NRG from CS-TPP particles. To address
this question, NRG-loaded CS-TPP particles were prepared, and three different durations of
ultrasonication treatment (0.5 minutes, 1 minute, and 5 minutes) were employed. Additionally, a CS-
TPP sample without ultrasonication treatment, was prepared as a control. All above mentioned particles
contained 4.4 mg of NRG, and were lyophilized and subsequently redispersed in 800 ml of water at room
temperature. The content of NRG in the dissolution media was monitored using UV spectrophotometry.

Figure 4-61 illustrates cumulative release of NRG from those particles. Release profile of NRG from
ultrasonication treated particles were similar to non-treated particles. Both of them suffered rapid
release in the first 10 min and then achieved to a plateau within the next 360min. Release from non-
treated CS-TPP was approached to 100%, while release from ultrasonication treated particles stopped
at 90%.

In comparison to the ultrasonication-treated particles, the untreated CS-TPP particles exhibited a higher
degree of particle aggregation. However, the presence of particle aggregations did not appear to impede
the release of NRG, suggesting that the structure of these aggregations remained sufficiently porous.
Conversely, the ultrasonication treatment potentially resulted in the compression of partial
aggregations, leading to a more compacted structure that influenced the release of NRG. Furthermore,
the presence of small particles resulting from the dissociation of aggregations in the treated particles
was expected to enhance the release process. However, the extent of this promotional effect was not
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prominently observed in the results, suggesting that the loose structure of the aggregations in the
untreated particles.
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Figure 4-61 Cumulative release of NRG from CS-TPP and ultrasonic retreated CS-TPP samples in 800ml of water.

4.4.2.3 ALG coated CS-TPP

Successful preparation of ALG-coated CS-TPP particles was achieved by adding a suspension of CS-TPP
into an ALG solution, followed by solidification of the resulting particles using a CaCl, solution. The
introduction of ALG coating led to a change in the surface charge of the particles from positive to
negative. With these questions in mind, we conducted an investigation to determine if the ALG coating
would affect the release properties of NRG from CS-TPP particles. We compared the release properties
of NRG from ALG coated CS-TPP particles with those of CS-TPP particles.

Figure 4-62 demonstrates that the release of NRG from ALG coated particles exhibited an initial burst
release within the first 10 minutes, followed by a prolonged release phase until reaching a plateau.
Initially, approximately 85% of NRG was detected in the dissolution media at the 10-minute mark.
Subsequently, the release rate decreased, and a nearly linear relationship between cumulative release
and time was observed until 360 minutes. After that, from 360 minutes to 2880 minutes, the release of
NRG remained stable at approximately 95%.
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Figure 4-62 Cumulative release of NRG from ALG coated CS-TPP particles in 800 ml of water at 20°C

ALG coating did not hinder the release of NRG from the particles, as complete release was observed at
the end of the dissolution test. However, after the initial burst release within the first 10 minutes, a
zero-order drug release pattern was observed, indicating a more consistent release mechanism, which
could be attributed to the complexity of the matrix structure induced by ALG.

The release profiles of NRG from CS-TPP particles and ALG-coated CS-TPP particles exhibited a high
degree of similarity, as depicted in Figure 4-63. On the contrary, it is worth mentioning that the
additional steps (washing, centrifugation) during the coating process led to a higher loss of the active
molecule. ALG-coated CS-TPP particles exhibited lower encapsulation efficiency, implying that a greater
amount of substances is required to deliver the same quantity of the target molecule in the ALG-coated
vehicle.
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Figure 4-63 Cumulative release of NRG from ALG coated CS-TPP particles and CS-TPP particles
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5 Conclusion and perspectives

In summary, Chitosan-Tripolyphosphate (CS-TPP) particles were successfully developed, optimized,
characterized, and evaluated. The CS-TPP particles were optimized on the basis of various process
variables such as CS concentration, volume of CS and TPP solutions, CS/TPP mass ratio, and temperature.
Impact of those variables was investigated on the purpose to enable the prediction of formulation and
preparation strategies for drug delivery systems. By gaining more insight into these aspects, it is possible
to design DDSs in a more purpose-oriented and predictable way. Furthermore, the successful
achievement of alginate coating on the surface of CS-TPP particles was accomplished under mild
conditions. This coating may provide additional functionalities and can enhance the performance of the
particles as drug carriers:

The CS-based particles were thoroughly characterized using various techniques including Zetasizer,
Laser diffraction Size Analyzer, and SEM. The particle size of the CS-based particles exhibited a wide
range, from 60 nm to over 200 um. Notably, the addition of ALG coating to the particles resulted in an
increase in both the average particle size and the broadness of the size distribution. This suggests that
the ALG coating successfully modified the particle size and distribution.

In terms of surface charge (measured by zeta-potential), the CS-TPP particles exhibited relatively high
negative surface charges, measuring above 30 mV. However, after the application of the ALG coating,
the surface charges of the particles became positive. This change in surface charge further indicates the
success of the surface coating process.

The characterization results obtained through these techniques provide valuable insights into the size
and surface properties of the CS-based particles. The particle size range and the effect of ALG coating
on particle size and surface charge are essential considerations for their potential applications as drug
delivery vehicles or in other relevant fields.

Overall, the successful development, optimization, and characterization of CS-TPP particles, as well as
the achievement of alginate coating, contribute to the advancement of drug delivery systems and offer
potential for the design of more effective and targeted therapies.

In the second part of the study, the encapsulation of three polyphenol molecules, namely naringenin
(NRG), naringin (NR), and catechin (CAT), into CS particles was conducted. These polyphenols have been
extensively studied in the literature due to their reported benefits for human health. However, their
practical applications are often hindered by challenges such as poor aqueous solubility and instability
prior to reaching their intended target sites. To overcome these limitations, the encapsulation of these
polyphenol molecules into CS particles was explored as a potential solution. CS particles have shown
promise as drug carriers due to their biocompatibility, biodegradability, and ability to protect
encapsulated molecules(Chuah et al.,, 2013; Hejazi and Amiji, 2003; Malathy and Priya, 2018). By
encapsulating NRG, NR, and CAT within CS particles, it is anticipated that their solubility and stability
issues can be addressed, thus enhancing their potential therapeutic applications.

The experimental conditions for the encapsulation of the polyphenol molecules, namely catechin (CAT),
naringin (NR), and naringenin (NRG), into CS particles were established and optimized. Different
separation methods were investigated to separate the free molecules from the CS particles. Filtration
was found to be suitable for CAT, while centrifugation was more effective for NR and NRG due to the
reduction in concentration observed after filtration through a cellulose membrane filter.

The encapsulation efficiency (EE%) of the active molecules was characterized using UV-Vis spectrometry
to evaluate the affinity between the CS particles and the polyphenols. The results indicated that CS
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particles were capable of effectively encapsulating NRG and CAT, as evidenced by high EE% values.
However, the encapsulation of NR appeared to be less successful, possibly due to the specific properties
of this molecule or its interaction with the CS particles.

Various variables, such as the initial amount of the polyphenol molecule and the solvent used for the
dissolution of the molecule, were found to be influential factors affecting the encapsulation efficiency.
Optimization of these variables is crucial to achieving high EE% and ensuring the efficient encapsulation
of the polyphenols into the CS particles

These findings provide valuable insights into the encapsulation process and highlight the importance of
understanding the specific properties and interactions between the active molecules and the CS
particles. This knowledge can be utilized to further improve the encapsulation efficiency and enhance
the potential applications of CS-based particles as effective carriers for polyphenol molecules as drug
delivery systems.

In the final part of this study, the release kinetics of naringenin (NRG) from CS particles were extensively
investigated. The aim was to understand the release behavior of NRG from different formulations and
evaluate their potential as drug delivery systems.

During the release studies, a two-phased release profile was observed for NRG-loaded CS-TPP particles,
sonicated-treated CS-TPP particles, and ALG-coated CS-TPP particles. The release profile consisted of an
initial rapid burst release, followed by a prolonged release phase until a plateau approached to 100%
was reached. This behavior suggests that the release of NRG from these formulations is influenced by
multiple factors, such as the structure and composition of the particles.

Given the poor water solubility of NRG, special attention was given to ensuring a sink condition during
the dissolution testing. A sink condition refers to maintaining a low concentration of the released drug
in the release medium compared to its solubility, thereby avoiding potential saturation effects. To
achieve this, a larger volume of release medium or methods to increase the solubility of NRG may be
required. Results indicated that increasing the proportion of ethanol (EtOH) in the release medium up
to 33% was favorable for solubilizing NRG without significantly altering the release properties of CS-TPP
particles. However, to optimize the release experimental conditions, it would be beneficial to obtain
NRG solubility data in a specific water-ethanol miscible system.

Due to limited availability of certain equipment, the investigation of release kinetics was focused on CS
microparticles. However, it would be valuable to explore whether CS nanoparticles exhibit similar
release characteristics. Comparing the release behavior between CS microparticles and nanoparticles
could provide additional insights into the potential applications of CS-based nanoparticles as drug
delivery systems.

By thoroughly investigating the release kinetics of naringenin (NRG) from CS particles and considering
the sink condition, valuable insights can be gained into the release mechanism and behavior of NRG-
loaded CS formulations. This knowledge is important for designing optimized drug delivery systems and
ensuring effective release of NRG for its intended therapeutic applications. Further investigations on
NRG solubility and the release behavior of CS nanoparticles would contribute to a comprehensive
understanding of the release mechanism and aid in the optimization of CS-based drug delivery systems.

The findings of this study demonstrate that CS-TPP particles are a promising encapsulation system for
the delivery of naringenin. This suggests that CS-TPP particles have the potential to be used as a delivery
system for other bioactive molecules, including peptides, nucleic acids, and other similar compounds.
The successful encapsulation and release of naringenin highlight the versatility and potential of CS-TPP
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particles in various applications within the field of drug delivery and therapeutics. Further research and
exploration are warranted to fully explore the capabilities of CS-TPP particles for the encapsulation and
delivery of different bioactive molecules.

Starting from the results obtained from three different molecules, an important development would be
to get further insights about the structural characteristics of molecules to be efficiently encapsulated in
CS-TPP particles, i.e. defining the relevant molecular descriptors. In addition, by modifying the
preparation process, it may possible to further adjust the size distribution and morphology of particles
so as to reach a better control of release process.
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Annex |.  Preparation conditions of CS-TPP particles

Table Annex I-0-1 List of numerated sample with preparation conditions including concentrations and volumes of crosslinking

agents and crosslinking temperature.

Sample Ces (g/L) Crep Ves(ml) Ve (ml)  Temperature?

(8/L) (°c)
001 0.6 1 50 20 RT
002 3 1 50 20 RT
003 3 1 50 20 RT
004 1 1 10 8 RT
005 2 1 8 6.4 RT
006 2 1 50 15 RT
007 2 1 100 30 50
008 2 1 15 5 45
009 2 1 100 30 RT
010 2 1 100 30 RT
011 2 1 100 30 RT
012 2 1 100 30 50
013 2 1 50 15 RT
014 2 1 10 3 RT
015 2 1 50 15 RT
016 2 1 100 30 RT
017 2 1 100 30 RT
018 2 1 15 5 45
019* 2 1 100 30 RT
020 2 5 10 3.2 RT
021 3 1 8 9.6 RT
022 3 1 15 5 45
023 3 1 10 12 RT
024 3 1 10 3.3 45
025 3 1 50 20 RT
026 3 1 10 3.3 45
027 3 1 50 20 RT
028 3 1 50 20 45
029 3 1 10 3.3 RT
030 3 1 10 3.3 45

2 RT: room temperature, 20 +2 °C
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Table Annex I-0-2 List of CS-TPP nanoparticles with particle concentration and particle size. Detailed preparation conditions of

Sample

002
021
005
069
001
068
006
007
008
009
010
011
022
012
013
023
014
024

samples can be found in Table 1. Sample were listed by the order that size increased.

Particle

concentration

(g/L)
0.6
1.9
1.6
2.3
0.7
2.5
1.8
1.8
1.8
1.8
1.8
1.8
2.5
1.8
1.8
1.9
1.8
2.5

Z-average(nm)

64

81

99

109
111
111
115
122
124
125
126
136
136
138
139
140
158
160

Sample

079
015
025
037
073
026
003
027
028
039
040
078
077
041
029
038
050
074

Particle
concentration
(s/L)
2.5
1.8
2.4
4.2
8.6
2.5
2.4
2.5
2.5
5.0
4.1
5.0
8.6
4.4
2.5
33
5.0
5.0

Z-
average(nm)

172
176
189
199
204
220
227
228
236
237
243
267
277
285
314
390
417
501
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Annex Il.  SEC MALS

Size exclusion chromatography (SEC-MALS, Size exclusion chromatography with multi-angle laser light
scattering detectors) allows the determination of the molecular mass and the investigation of the molar
mass distribution of polysaccharides.

Chitosan (C2395, 5-20 mPa-s, 0.5% in 0.5% Acetic Acid at 20°C) was purchased from TCI chemicals (Tokyo).
Purified chitosan sample was prepared in lab by above mentioned method. This method was used to
evaluate the average molar masses (MW) of commercial and purified chitosan. The average molar mass
was determined using the use of PEO standard (PEO 24K, Malvern). For each sample, a solution was made
by dissolving the polysaccharides to be tested at 2% w/v in a buffer acetate (0.3 M acetic acid; 0.3 M
sodium acetate; pH=4.5). This buffer has been filtered on a membrane with a porosity of 0.45 um
(Durapore® 47 mm diameters, Millipore) at 20°C. Buffer acetate also served as the mobile phase for
chromatography. The analyzes were carried out at 30°C at a flow rate of 0.35 mL/min with an injection
volume of 50, 100 and 150 pL and using a viscometer of the Viscotek A4000M type (column 7.8 mm in
internal diameter and 30 cm in long). A SEC-MALLS VISCOTEK 305 TDA (Malvern instruments) and a
Shimadzu HPLC pump (Shimadzu) were used to conduct the molecular weight determination. 100 ulL of
sample was injected unless stated otherwise.

Table Annex Il-1: Experimental conditions of SEC-MALS

Viscometer SEC-MALLS VISCOTEK 305 TDA
Pump Shimadzu HPLC pump
Detector RALS only
Buffer Acetic acid 170 mM, acetate 200 mM (pH 4.5)
Column Malvern A4000 (Polymethyl-methacrylate)
Flow rate 0.35 mL/min
Temperature 30°C
Solvent RI 1.331
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Acquired Dats: 2019-11-21_12;29;40_Quick_Run_Sample_01.vdt
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Figure Annex Il -1 Calibration with PEO24k
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PEO24k @ 3.03 g/L to check calibration

Acquired Data: 2018-11-22_18;18,27_PEC24xDa_01.vdt
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Figure Annex lI-2 Calibration check with PEO24k (3.03 g/L)
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Optimization concentration of chitosan

Commercial chitosan 10 g/L was too much concentrated for SEC-MALS. While 5 g/L was more suitable as
concentration.
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Figure Annex II-3 Commercial chitosan (10 g/L)
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Figure Annex II-4 Commercial chitosan (5 g/L)
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Optimization of injected volume

Acquired Data: 2019-11-25_14;24;11_Purified_chitosan_01.vat
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Figure Annex II-6 Purified chitosan (5 g/L), inject volume: 50ul
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Acquired Data: 2019-11-25_18:48:28 _Purified_chitosan_01.vct
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Figure Annex II-8 Purified chitosan (5 g/L), inject volume: 150ul
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Commercial Purified Purified Purified Purified
Sample chitosan @ 5 g/L chitosan @ | chitosan @ chitosan @ chitosan @
& 25g/L 5g/L 5g/L 5g/L
Sample = 5 2.5 5 5 5
concentration(g/L)
Input (uL) 50 50 50 100 150
Ret Vol (mL) 7.388 7.393 7.407 7.452 7.597
Mw (Da) 44406 34965 35306 36882 36266
Mw/Mn 1.682 1.403 1.483 1.593 1.704
IV(dL/g) 1.6536 1.3915 1.3900 1.4327 1.4308
Rh(w) (nm) 10.09 8.88 8.88 9.04 8.96
Rg(w) (nm) 0.00 0.00 0.00 0.00 0.00
Wt Fr (Peak) 1.0000 1.0000 1.0000 1.0000 1.0000
RI Area (mVmL) 551.38 207.22 296.35 608.06 909.99
RALS Area (mVmL) | 85.94 26.12 37.00 78.28 115.61
IVDP Area (mVmL) | 377.96 117.97 168.73 358.96 540.53
Input
Concentration 5.0000 2.5000 5.0000 5.0000 5.0000
(mg/mL)
Calculated
Concentration 4.5757 1.7196 49186 5.0461 5.0345
(mg/mL)
Recovery % 91.5140 68.7855 98.3721 100.9214 100.6893

Table Annex lI-1I-1 Raw data of SEC-MALS
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Annex lll.  Encapsulation washing step

NR solution (containing 1, 5 and 7.5 mg, respectively) was added into 10 mL of CS solution (5 g/L) under
mild magnetic stirring.
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Figure Annex IlI-1 UV-Vis spectra of washing liquids W1 (blue) and W2 (green), initial amount of NR added was 1 mg.
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Figure Annex IlI-2 UV-Vis spectra of washing liquids of NR loaded CS-TPP particles W1 (blue) and W2 (green), initial amount of

NR added was 5 mg.
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Figure Annex I1I-3 UV-Vis spectra of washing liquids of NR-loaded CS-TPP particles W1 (blue) and W2 (green), initial amount of
NR added was 7.5 mg.
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Sequentially, 4 mL of TPP (5 g/L) solution was dropped and wisely added into a mixture of CS-NR solution.
Then, mixed solution was stirred for at least 1 hour to make sure full gelation of CS-TPP particles and
encapsulation of NR. After, the mixed suspension was transferred into an Eppendorf tube and
centrifuged (5000rpm, 10min, 20°C). The pellet obtained was washed twice with 10 mL of water and
washing liquids were labeled as W1 and W2, respectively. W1, and W2 were measured UV-Vis
spectrophotometrically to determine the content of NR.

Low UV absorbance (even no detectable) of NR at 282 nm was observed in W2 (Figure Al, A2 and A3).
The amount of NR in W2 were calculated and were equal to 3%, 1% and 1% of the total amount of NR
added, respectively. Similarly, the UV absorbance of NRG in W1 was low and undetectable in W2 at 289
nm. 1% of total NRG was found in W1 and quantity in W2 was negligible.

227
Nli NRG
|
[
— W1
Abs — W2
] . o .
190 289 300 400 500

Wavelength [nm) i
Figure Annex IlI-4 UV-Vis spectra of washing liquids of NRG-loaded CS-TPP particles, W1 (blue) and W2 (green)

The quantity of free NR and NRG molecules in W2 was negligible, therefore, two rounds of washing are
sufficient for removing them from the CS-TPP particles.
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