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“In the middle of the difficulty lies the opportunity”

Albert Einstein






Remerciements

Quand je suis arrivé a I'aéroport de Strasbourg en hiver 2019, c'était une nuit froide et pluvieuse. Au
début c'était tres difficile, ] étais perdu. Christophe Serra est venu me chercher a I'aéroport de
Strasbourg, et ses paroles dés le premier jour m'ont donné confiance dans ma décision. Cela a

continué pareil avec Madeline Vauthier, et depuis ce temps-la, nous avons travaillé ensemble trois
ans et j'ai ressenti leur soutien tout le temps. Je tiens a leur exprimer mes profonds remerciements
pour leur soutien et disponibilité.

Merci aux permanents de I'ICS pour leur accueil chaleureux, leur gentillesse et leur bonne humeur.
Merci particulierement aux gérants des plateformes de caractérisation, Christian Blanck, Mark
Schmutz pour les images MET, et Christophe Contal pour les images I’AFM, et ses conseils. Un grand
merci a Wiebke Drenckhan, Delphine Chan-Seng, Leondro Jacomine, Olivier Felix, Laurence Oswald,
Melanie Legros, Catherine Foussat pour ses aide et conseils pendant trois ans. Je remercie egalement
Jerome Kelle, I'ambassadeur Zacharie Gross, Charlotte Payen, Dunya Babanly, Vice-président de
|'Unistra Jean-Marc Planeix pour leur validation, et leur soutien a se faire accepter en doctorat.

Je me dois aussi de remercier ceux qui m’entourent et m’ont soutenu depuis plus longtemps; Jean
Muller, Eulalie Lafarge, ils étaient les meilleurs amis et aussi les meilleurs supporters. Egalement, j'ai
gagné beaucoup d'amis et beaucoup de soutien de leur part, je leur suis reconnaissant a tous, en
particulier a Andrea, Felipe, Wasif, Haseb, Laurie, Martin, Stephane, Jonathan, Eirini, Imen, Charlli,
Quentin, Lisa, Ricardo, Fedir, Florence, Soraya, Ismayil, Abbas, Alexis, Christian, Capucine, Anais,
Teodor, Lorenzo, Thibault, Senem, Sevetlana, également doctorants de l'institut Le bel, Nizami, Irina,
Shamkhal, Baylar, bien d'autres, nous avons eu des jeux amusants, des déjeuners savoureux et de
longues pauses café, et j'étais toujours content de vous tous, et tous les autres avec qui on jouait au
foot toutes les semaines, Sisouk, Michel, Antonio, Damien, Morvan, Friedrich, Nicolas et d'autres. Je
remercie également tous mes stagiaires, Raphaél, Julie, Ahmed, et les autres. Ce fut une bonne
expérience de travailler avec vous.

Des gens avec qui je m'amusais, merci a vous!
et méme avant que je ne sois arrivée!

Mes remerciements les plus chaleureux vont a mes proches qui m'ont soutenu depuis que j'existe
dans ce monde peu importe combien de milliers de kilometres, les océans nous séparent, mes
parents Samira, Karim et ma sceur Sabina sont toujours derriere moi ! Et ma famille, Minaya m'a
toujours soutenu, aidé et encouragé, je vous remercie tous et je suis heureux que vous soyez dans
ma vie.

Enfin, Sara et Davud, si vous lisez et comprenez ce qui est écrit ici, peut-étre étes-vous en 2040, et
peut-étre étes-vous un professionnel dans ce que vous aimiez faire, peu importe, je vous aime
tellement que cela ne peut étre comparé a rien au monde, et je suis reconnaissant a Dieu de vous
avoir. Soyez toujours heureux et brillez toujours d'une lumiére pleine d'espoir que tout le monde
trouve morceau et confiance avec vous!






Table of Content

Résumé de thése: Des macromolécules aux nanoparticules

1 Introduction 13
2 Résultats et discussion 14

2.1 Production en une étape de nanoparticules de PLGA monodisperses et a taille contrélée
pour la libération d'un médicament modele hydrophobe. 14

2.2 Synthése en une étape de nanoparticules polymeres complexes et anisotropes sous flux
élongationnel 17
2.3 Le dispositif capillaire cote a cote pour produire des nanoparticules de polyélectrolytes (PEC). 18
3 Conclusion 19
4 Références 20

General introduction: Polymeric nanoparticle production
Abbreviations
Chapter 1: Production process design and development of
polymeric nanoparticles; state of the art

1.1 INTRODUCTION 31
1.2 POLYMERIC NANOPARTICLES DESIGN, FABRICATION, AND APPLICATIONS 32
1.2.1 Definition 32
1.2.2  Fabrication 35
1.2.2.1 Multi-step process 37
1.2.2.2 One-step process 39
1.2.3  Production design 40
1.2.4 Applications of polymeric nanoparticles 43




1.3 MINIEMULSION-BASED PRODUCTION DESIGNS 45

1.3.1 Towards polymeric nanoparticles via miniemulsions 45
1.3.2  Production techniques 49
1.3.21 High-energy methods 50
1.3.2.2 Low energy methods 55
1.3.2.3 Process and pre-process parameters 62

1.3.3  Theoretical aspects 63
1.3.3.1 Interfacial free energy 63
1.3.3.2 Utility of surfactants 64
1.3.33 Energy density and critical capillary number 66

14 NON-EMULSION-BASED PRODUCTION DESIGNS 68
1.4.1 List of the non-emulsion methods 68
1.4.2 Process and pre-process parameters 74
1.4.3 Theory behind the non-emulsion-based PNP formation 74
1.4.3.1 Diffusion-advection relations by Peclet number 74
1.4.3.2 Mixing time 75

15 POST-PRODUCTION POSSIBILITIES WITH PNPs 77
1.5.1 Stability of polymeric nanoparticles 77
1.5.2 Drugrelease studies 77
1.5.3  Safety of polymeric nanoparticles 79
1.6 CONCLUSION 80
1.7 BIBLIOGRAPHY 81

Chapter 2: Materials and Methods

PREFACE 99
2.1 MATERIALS 929
2.1.1 Solvents 99
2.1.11 Polar solvents 100
2.1.1.2 Non-polar solvents 100
2.1.2  Polymers 101
2.1.3  Emulsifiers 103



2.1.4 Rifampicin

2.1.5 Other materials

2.2 METHODS OF PREPARATION
2.2.1 Emulsion methods
2.21.1 Elongational-flow reactor and mixer
2.2.1.2  Shear-mixing
2.2.1.3 Sonication
2.2.2  Solvent removal
2.2.3  Non-emulsion method

2.2.4  Polymeric nanoparticle purification

2.3 METHODS OF CHARACTERIZATION

2.3.1  Analyses by spectroscopic methods
2.3.1.1 Dynamic Light Scattering & Zeta Potential
2.3.1.2 UV-visible Spectroscopy
2.3.1.3  Fourier Transform Infrared
23.14 Nuclear Magnetic Resonance

2.3.2 Methods of microscopic characterization
23.2.1 Transmission Electron Microscopy
2.3.2.2 Scanning Electron & Keyence Microscopies
23.23 Atomic Force Microscopy

2.3.3 Interfacial Tension Measurements

2.3.4 Other characterization methods

2.4 METHODS OF APPLICATION
2.4.1 Drug delivery studies

2.4.2  Stability

25 BIBLIOGRAPHY

104

105

105
105
106
111
113
115
118

119

120
120
120
122
123
123
124
124
124
124
125

126

126
126

127

128



Chapter 3: One-step Production of Highly Monodisperse size-

of a hydrophobic model drug

controlled Poly(lactic-co-glycolic acid) nanoparticles for the release

3.1 INTRODUCTION 133
3.2 PROCESS ELABORATION RESULTS 134
3.2.1 Influence of the operating parameters on the PLGA nanoparticles 134
3.2.2 Polydispersity index of the produced PNPs 137
3.2.3 Heat emission during the process of emulsification 138
3.2.4  Process volume influence on PNP fabrication 139
33 PLGA NANOPARTICLES AS DRUG CARRIERS 140
3.3.1 Rifampicin’s calibration curve 141
3.3.2 PLGA size and size distribution influenced by the drug encapsulation 143
3.3.3 Understanding the size reduction at different material concentrations 145
3.3.4 Coherence of results from two different characterization techniques 147
3.4 DRUG RELEASE FROM PLGA NANOPARTICLES 148
3.4.1 Influence of the initial drug weight content on the drug release 148
3.5 CONCLUSION 152
3.6  BIBLIOGRAPHY 153
Chapter 4: One-step elongational-flow synthesis of anisotropic
polymeric nanoparticles used as drug carriers
4.1 INTRODUCTION 159
4.2 ELABORATION OF ANISOTROPIC POLYMERIC NANOPARTICLES 160
4.2.1 Influence of the process parameters 161
4.2.2 Influence of the C/D volume ratio and the phase pre-saturation conditions 163
4.2.3 Influence on the polymers’ ratio 164
4.3 SINGLE, BLEND AND JANUS STRUCTURES 167
4.3.1 Morphology analysis 167

10




432
4.3.3
434

4.4
441
4472

4.5
4.6

Solid FTIR characterization of the produced particles
Comparison of the PNP’s capacity to encapsulate a model drug

Drug release from single and anisotropic PNPs

ADDITIONNAL CHARACTERIZATIONS AND CONSIDERATIONS

Observations on size and size distribution

Some notes to be considered for the next studies

CONCLUSION

BIBLIOGRAPHY

169
171

173

175
175

177

178

179

Chapter 5: Process design and optimization of polyelectrolyte

complex nanoparticles’ production

51

52
521
522
523
524

53
53.1
53.2
533
534
5.3.5
5.3.6

54
55

INTRODUCTION

POLYELECTROLYTES FORMED VIA EMULSIONS

Characterization of pre-formed polyelectrolytes and their complexes
Characterization of polyelectrolyte nanoparticles and their complexes
Sign of improved electrostatic attraction

Side-by-side capillary device to improve electrostatic interactions

NON-EMULSION DESIGN WITH SIDE-BY-SIDE CAPILLARY DEVICE

Process optimization

PEC NPS formation mechanism

Other polyelectrolytes capable of forming PEC NPs
Side-by-side capillary collecting tubing

Polymer molecular weight effect on final product properties

Morphological characterizations

CONCLUSION

BIBLIOGRAPHY

185
187
187
189
191

193

195
195
196
198
199
201

202

204

205

General conclusion and perspectives

Production Scientific

11




12



Résumé de These

1 Introduction

Le développement de nanoparticules polyméres (PNPs) est un domaine de recherche largement
étudié de nos jours en raison de leurs nombreuses potentielles applications. Par exemple, en
médecine, ces matériaux peuvent étre des vecteurs de médicaments prometteurs pour améliorer les
traitements. Des études antérieures suggerent que les médicaments présentant des problemes
d'administration pourraient étre encapsulés dans des PNPs biodégradables d'un diametre aussi petit
que 200 nm pour améliorer leur stabilité et ajuster leurs profils de libération [1]. Il n'est pas toujours
possible de contrdoler avec précision les propriétés des PNPs telles que la taille, la distribution de
taille, la composition et la morphologie avec les procédés utilisant des équipements conventionnels.
Compte tenu des défis de production tels que I'opérabilité limitée, le blocage fréquent, la
biodisponibilité ou des rendements massiques trés faibles, les PNPs nécessitent I'emploi de procédés
appropriés et de surcroit adaptés aux domaines d'application visés [2]. Par ailleurs, 'emploi des PNPs
en essais cliniques reste difficile en raison de la disponibilité limitée de méthodes de production
simples, cohérentes et permettant d’assurer des quantités suffisantes. En effet, la conception et les
méthodes de production jouent un réle important pour obtenir les propriétés requises [3], [4]. Ainsi,
au cours de cette these, différents procédés de production de PNPs en fonction de leur application

ont été développés et comparés.

Dans une premiere étude, nous proposons de mettre en ceuvre la méthode d'émulsification-
évaporation pour la production en une seule étape de nanoparticules biodégradables a base d’acide
poly(lactique-co-glycolique) (PLGA) pour encapsuler un médicament modeéle (Rifampicine).
L'influence de trois dispositifs différents, de leurs paramétres a la fois procédés (temps
d'émulsification, température et parametres de mélange) et matériau (concentration de
médicament) sur le diamétre moyen des nanoparticules et les profils de libération du médicament
est étudiée en profondeur. Les principaux objectifs de ce travail sont de développer des PNPs ayant
une gamme de taille spécifique (entre 50 nm et 200 nm) et une faible valeur de dispersité de taille
grace a l'optimisation du procédé et de ses parametres. Ceux-ci rendent possible la production de
PNPs capables d'encapsuler le médicament avec une efficacité suffisante dans un processus en une
étape pour une administration ultérieure du médicament avec des effets secondaires réduits. Les
trois dispositifs différents (sonicateur, mélangeur a cisaillement et émulsificateur microfluidgiue a
flux élongationnel) sont étudiés pour élaborer une approche efficace afin de développer des

nanoémulsions huile-dans-eau hautement stables qui, lors de la nanoprécipitation induite par
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I'évaporation du solvent organique, sont converties en systémes d'administration de médicaments
appropriés. Etant donné qu'une augmentation de I'encapsulation du médicament peut entrainer
certaines altérations, telles qu'une érosion massive du PLGA en milieu acide, des études de libération
du médicament in vitro en maintenant des conditions spéciales a différents rapports d'encapsulation

de médicament sont présentées.

Puis, suite a la publication récente de notre équipe sur le sujet précédent [5], nous proposons une
nouvelle composition de PNPs a la fois complexes et anisotropes produits grace a un nouveau
procédé d'émulsification-évaporation en une seule étape, et leurs applications pour I'administration
de médicaments. Dans cette partie, la pré-saturation en phase continue est appliquée a la méthode
d'émulsification microfluidique et d'évaporation de solvant suite a notre premier article publié [5],
afin de i) augmenter la quantité de médicament modéle hydrophobe encapsulé (rifampicine) et ii)

améliorer le contrble du diamétre et la distribution de taille des PNPs.

Dans le dernier chapitre expérimental de cette thése, nous proposons un nouveau dispositif
permettant la production a I'échelle commerciale de PNP complexes sans émulsification préalable ni
tensioactif et I'optimisation de ses parameétres de procédé. Ici, des nanoparticules de polyélectrolyte

ont été produites dans un dispositif capillaire cote a cote.

2 Résultats et discussion

2.1 Production en une étape de nanoparticules de PLGA monodisperses et a taille controlée

pour la libération d'un médicament modele hydrophobe.

Du PLGA commercial, un surfactant, et éventuellement le médicament ont a ainsi été dissouts dans
de [l'acétate d’éthyle et émulsifiés avec une phase majoritaire aqueuse sous forme de
nanogouttelettes. L'émulsion obtenue fut alors récupérée et placée sous une hotte afin d’évaporer le

solvant organique pour d’obtenir les PNPs.

Premierement, trois dispositifs différents ont été étudiés pour produire des PNPs de PLGA de taille et
dispersité appropriées pour les systemes d'administration de médicaments. Cependant, le sonicateur
ainsi que le mélangeur a cisaillement engendrérent des augmentations de température néfastes a la
stabilité du médicament (T = 60°C). Par contre, I'émulsificateur microfluidgiue a flux élongationnel ne
conduisit a aucune augmentation de température et fut ainsi choisi comme dispositif de choix.
L'optimisation menée sur la base de la taille des nanoparticules et leur dispersité permit de retenir

les paramétres opératoires suivants : 150 cycles a 30 mL/min. Ensuite, I'influence de la concentration
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en médicament a été étudiée. A cet effet, le médicament a été introduit dans la phase dispersée
(PLAG + acétate d’éthyle) a différentes teneurs pondérales en PLGA, allant de 1%/PLGA w/w a
10%/PLGA w/w (les échantillons étaient respectivement appelés R1 a R10) et les nanoparticules
chargées en médicament (DNPs) résultantes ont été analysées par spectroscopie UV-visible a 332 nm
apres établissement d'une courbe d'étalonnage. L'augmentation de la teneur en poids initial de
rifampicine a réduit de maniere inattendue la taille des DNPs de 94 + 4 nm a 69 nm + 2 nm (Figure
1a). Ce résultat s'explique par une diminution de la tension interfaciale entre les phases continue et
dispersée sans (00%= 3,2 mN/m) et avec du médicament a 5% w/w par rapport au PLGA (os%= 2,8
mN/m), en raison des interactions intermoléculaires qui se produisent entre le PLGA et la rifampicine

et en raison de la présence de rifampicine a la surface des gouttelettes.
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Figure 1. a) Evolution de la taille et de I'indice de polydispersité des DNPs pour différentes teneurs en poids de
médicament par rapport au PLGA. b) Profils de libération du médicament in vitro en quatre étapes (i, ii, iii et iv)

al%p/p(R1),2%p/p(R2),5 % p/p (R5) et 10 % p/p (R10) de teneur en poids de rifampicine/polymére.

Sur la Figure 1.b, la premiére observation était que la quantité de médicament libéré augmentait
avec le temps, prouvant que le systéeme développé obtenait une libération de médicament durable
au fil du temps. De plus, quatre étapes ont été identifiées pour le processus de libération du
médicament : (i) I'effet de libération iméfita a été remarqué dans les 3 premieres heures; (ii) de 6 a
72 heures, une libération cumulative de médicament due a la diffusion constante des DNPs dans
I'eau a été observée; (iii) une résilience partielle s'est produite entre 3 et 5 jours, ce qui peut
s'expliquer par le piégeage du médicament prés de la surface interne des DNPs; (iv) lors de la
derniere étape, le médicament encapsulé au centre des DNPs a commencé a se diffuser dans I'eau
apres avoir atteint la surface des DNPs. De plus, la quantité de médicament libérée en 8 jours était de
129 + 12 pg (67 %), 147 + 10 pg (46 %), 175 ug + 9 ug (45 %) et 242 pg + 9 ug (38 %) pour R1, R2, R5

et R10 respectivement. Pour mieux comprendre le mécanisme de libération du médicament, les
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images de microscopie électronique a transmission (MET) ont été discutées (Figure 2).
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Figure 2. Images MET (A-F) et analyse statistique (G-K) des PNPS de PLGA sans encapsulation (A, C, E, G, J) et a
5% w/w en médicament (B, D, F, H, K) apres le 1er (A, B), 3e (C, D) et 8e jour (E, F). L'analyse statistique des
diamétres des PNPs (G, J) et des DNP (H, K) est présentée pour le ler jour (G, H) et aprés 8 jours d'incubation (J,
K)a37°Cet pH =7,4).

Dans la figure 2, les images MET ont montré que tous les PNPs and DNPS étaient de forme sphérique.
Dés le stade initial, les PNPs (A) et les DNPs (B) produits avec les mémes parametres procédés et
matériaux avaient une différence de taille de plus de 30 nm. Ainsi, la différence de taille entre les
PNPs (G, 98 nm) et les DNPs (H, 64 nm) au premier jour a confirmé les résultats de taille obtenus par
diffusion dynamique de la lumiére (DLS) discutés précédemment. La courbe gaussienne plus large
obtenue pour le PNPs a également prouvé un indice de polydispersité (PDI) plus élevé par rapport
aux DNPs. Les PNPs au 3éme jour (C) et au 8eéme jour (E) ont montré, par MET, une propriété de
stabilité morphologique élevée similaire aux DNPs au 3éme jour (D) et au 8eéme jour (F), et I'analyse

statistique (G-K) a confirmé ces résultats.
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2.2 Synthése en une étape de nanoparticules polymeres complexes et anisotropes sous flux

élongationnel

Dans la deuxieme partie de cette these, des PNPs a structure anisotrope, composées de deux
polymére différents, ont été produites par la méthode d'émulsification-évaporation a flux
élongationnel. Ainsi des nanoparticules de poly(méthacrylate de méthyle) (PMMA, neutre) et de
polystyrene (PSS, chargé) ont été obtenues suite a 'optimisation d'une concentration en polymére
au stade initial de la nanofabrication. A une concentration supérieure a 75% en poids de PMMA
(25 % en poids pour le PSS), il a été possible de produire des PNPs monomodales de tailles inférieures

a 130 nm (Figure 3).
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Figure 3. Effet du rapport de concentration entre le PMMA et le PSS sur les propriétés des nanoparticules

obtenues avec la méthode d'émulsification-évaporation a flux élongationnel (150 cycles, 30 ml/min).

Suite a l'évaporation du solvant organique, les deux polymeres se séparerent sous l'effet de
conditions thermodynamiques peu favorables au mélange pour former, pour la premiére fois en une

étape, des nanoparticules présentant deux parties distinctes (particules Janus) (Figure 4a).

Figure 4. Images MET de nanoparticules polyméres de morphologies différentes obtenues avec la méthode
d'émulsification-évaporation a flux élongationnel (150 cycles, 30 ml/min); a) nanoparticule polymére Janus de
PSS-PMMA (130 nm, PDI = 0,2), b) nanoparticules de complexes de polyélectrolytes de PAA-PDADMAC (200
nm, PDI = 0,17), c) agrégat de nanoparticules individuelles de PAA (50 nm, PDI = 0,1) et de PDADMAC (220 nm,
PDI =0,25).
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L'emploi de deux polyméres chargés comme I'acide polyacrylique (PAA, chargé négativement) et le
chlorure de poly(diallyldimethylammonium) (PDADMAC, chargé positivement) conduisit par contre a
I’'obtention de nanoparticules de complexes de polyélectrolytes (Figure 4b). D’autres morphologies
originales ont pu étre obtenues comme celle de la Figure 4c. Elle présente un agrégat de taille
micrométrique de nanoparticules de polyélectrolytes obtenus séparément et mélanger selon la

méthode d'émulsification-évaporation a flux élongationnel.

2.3 Le dispositif capillaire cote a cote pour produire des nanoparticules de polyélectrolytes

(PEC).

Afin de réaliser des NPs complexes, ce que n’a pas permis le précédent procédé, une nouvelle
méthode sans tensioactif et non basée sur une émulsion a été développée. Cette méthode est basée
sur I'emploi d’un systeme microfluidique a deux capillaires, placés céte-a-coéte, par lesquels sont
injectés les deux solutions de polyélectrolytes dans un flux d’'une phase continue de propane-2-ol.

Les résultats obtenus sont présentés en Figure 5.
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Figure 5. Résultats de la taille moyenne DLS et de la distribution de taille des NPs PAA/PDADMAC produites

avec le dispositif capillaire cote a cote a des débits dispersés/continus de 6/200 uL/min (ID capillaire de 0,4
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mm) et en faisant varier le diametre du tube collecteur a) 1,6 mm, b) 1 mm, c) 0,5 mm.

Il a été possible d'observer la formation d’un seul jet résultant du mélange des deux phases polymére
et donc la production des PEC NPs. Les débits ont été maintenus a 3 pL/min avec le premier
capillaire, 3 uL/min avec le second capillaire et 200 uL/min pour la phase continue. Les NP PEC

produites ont été directement collectées dans I'alcool et analysées au MET (Figure 6).

Figure 6. Image MET des NPs complexes PAA/PDADMAC produites avec le dispositif capillaire céte a cote.

Suite a l'imagerie MET effectuée sur 500 particules environ, il a été vérifié que les PEC NPs produites
avaient une taille nanométrique de I'ordre de 60 nm en moyenne, étaient étroitement distribuées
(PDI = 0.15) et de forme quasi sphérique. Une seule couleur observée par TEM était un signe de
matériau PEC.

Dans I'ensemble, ce travail a proposé de mettre en ceuvre un dispositif capillaire cote a cote pour
fabriquer des PEC NPs dans un processus continu sans tensioactif en une seule étape. Il a permis de
fabriquer des PEC NPs de différents matériaux plus rapidement que les méthodes d'émulsion
conventionnelles. A I'avenir il semble possible que ces PEC NPs puissent encapsuler une molécule

d'intérét pour différentes application.

3  Conclusion

Au cours de cette thése, des nanoparticules polyméres pour I'administration de médicaments ont été

produites en une seule étape par différents procédés d’émulsification. L'émulsification

microfluidique a flux élongationnel s'est avérée étre une méthode efficace et reproductible pour la
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fabrication de PNPs avec une dispersion de taille faible et une taille controlée et ajustable. Des PNPs
de morphologies originales a base de polyélectrolytes ont également été élaborées, telles que des
PNPs PMMA-PSS de type Janus de taille inférieure a 200 nm. On peut conclure que les méthodes
microfluidiques offrent des voies intéressantes pour comprendre et contréler les propriétés des
PNPs. Une nouvelle méthode plus efficace de fabrication de PNPs, ou des PNPs complexes de taille
comprise entre 50 a 100, fut également développée. L'influence de la structure du polymeére, de son
poids moléculaire mais également des débits microfluidiques a été étudiée et a révélé la possibilité
de produire une large gamme de PNPs et DNPS aux propriétés et morphologies variables et
ajustables. Ce travail ouvre ainsi des perspectives innovantes pour la conception de systemes de

libération controlée de médicaments.
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General Introduction

Background overview and context

Polymeric nanoparticles (PNPs) are part of nanomaterials that is intensively studied since the last
decade. These are 3D nanomaterials made of polymers with all three dimensions of below 500 nm
scale. PNPs are particularly interesting because of their wide range of applications due to their well-
controlled composition, reactive end groups, solubility, stability, and molecular weight for tuning
desired properties. PNPs can be found in agriculture, cosmetics, food, drugs, implants, and even in
motor oils in car industries, etc. This is emanated from the very broad properties that polymers

provide, through being tailored according to the final application.

PNPs’ production can be found in a variety of methods. However, some production challenges, like
limited operability, frequent clogging, bioavailability, or remarkedly insufficient process yields, can be
frequently found, making it difficult to achieve the requested material properties. To fulfill the final
products’ requirements, these methods are generally classified into several groups according to their
i) number of production steps, ii) chemical synthesis routes, iii) processes employed, iv) process
conditions, v) application field and/or vi) biocompatibility. The majority of multi-step batch processes
to fabricate PNPs are well-described, however, microfluidic mixing has recently attracted the major
focus of researchers since it allows producing PNPs in one-step continuous production, and fulfills all
the listed requirements. Also, there is an increased interest in developing environmentally friendly

processes in last few years, which makes some methods eventually fade away.

In this context, the present PhD thesis is dedicated to studying and developing one-step strategies
for PNPs production and is supported by the French Embassy in Azerbaijan (French Ministry for
Europe and Foreign Affairs). The goal is to create a wide range of products and properties as well as
to develop eco-friendly and more efficient processes to provide PNPs. To achieve this, firstly, the
literature on PNPs, and their most recent fabrication methods are deeply studied. Following these
studies, all the main fabrication methods that are widely used are classified into two design groups: i)
emulsion-based fabrication design, and ii) non-emulsion-based fabrication design. Here, an emulsion
is a dispersion of two immiscible liquids, such as water and oil. A good example of an emulsion can
be mayonnaise, where oil is mixed with vinegar and egg yolk (as an emulsifier). The first design
includes emulsions, which are mainly produced with help of emulsifiers, and emulsification methods.
Then, it is followed by solidification, and purification to achieve the final product. In the second

design, some of these requirements are avoided, since in this design no emulsification methods are
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involved. This may sound very promising for non-emulsion-based design, however, other
disadvantages like limited encapsulation, frequent clogging, and challenges to control size and size
distribution can be found being reported in the literature. In this context, we started with an
elaboration of different emulsification methods to achieve monomodal biodegradable PNPs of sizes
(diameters) smaller than 200 nm, to later study in drug delivery applications. Then, we modified the
composition of these PNPs with the goal of i) achieving anisotropic Janus structure, and ii)
understanding drug delivery properties’ dependency on PNPs composition and morphology. This
allowed producing PNPs with two different material properties, including anionic surface charge with
hydrophilic polymer on one side, and non-ionic hydrophobic polymer on another side. Following this,
we tried to replace the non-ionic side of PNPs with a cationic polymer, to achieve a Janus structure
with two oppositely charged surfaces. However, all the given efforts to achieve this structure allowed
producing complex PNPs via initially conventional methods, then with a side-by-side capillary device.
Since the latter has never been used to fabricate any kind of nanoparticles before, the novelty, and
efficiency of this newly developed method have attracted interest for the development of large-scale

industrial applications.

This doctoral manuscript comprises five different chapters, that describe production of different
PNPs on the bases of eco-friendly pre-formed polymer materials. In the following part, the general
overview of each chapter is briefly described. These include a literature review, materials & methods,
and three experimental chapters. In the end, the conclusion and perspectives, also scientific

dissemination are given as part of this manuscript.

In Chapter 1, the state of the art is presented in which a review of PNPs design, types of production,
post-treatment, characterization, and applications are described. All the fabrication methods are
classified into two major groups emulsion-based-design, and non-emulsion-based-design. First,
emulsification devices to produce PNPs are listed and compared, then other methods of producing
PNPs are listed, and evaluated. A variety of emulsification processes are used worldwide to achieve
PNPs, the most dominant emulsion methods are high-shear mixing, sonication, and high-pressure
homogenizers, regardless of their high-level energy consumption. Other methods like
nanoprecipitation, spray-drying, electrohydrodynamic co-jetting, etc. use less energy, and don’t
involve emulsification, however, due to insufficient production rates, these methods have limited

industrialization.

In Chapter 2, the materials and methods used in the experimental parts of this research are
delineated. Firstly, the description for solvents, polymers and emulsifiers is given. Then, three

different emulsification methods; i) shear-mixing, ii) sonication, and iii) elongational-flow
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micromixing are described for achieving size-controlled PNPs with a single polymer. Then, a side-by-
side capillary device to produce complex PNPs is given. To better understand the produced material
properties, different characterization methods are listed, and classified into i) spectroscopic

methods, and ii) microscopic methods. In the end, application methods are described.

In Chapter 3, Poly(lactic-co-glycolic-acid) (PLGA) NPs are elaborated using high shear mixing,
sonication and elongational-flow micromixing homogenization devices. Process parameters, such as
rotation speed, ultrasound amplitude, flow rates, mixing element geometries, and residence time
along with pre-process parameters, such as the composition, and phase ratio of the produced
miniemulsions are assessed. The influence on the PNPs size under the changes of the different
parameters is thoroughly discussed. Then, the elaborated PLGA NPs are used to encapsulate and

deliver rifampicin in a weekly release study.

Chapter 4 is devoted to the depiction of single, blend, anisotropic PNPs made of different polymers
in a one-step elongational flow micromixing device that is previously discussed in chapter 3. Using
this device, first, miniemulsions are prepared, and then PNPs are achieved. The aim is to obtain

different PNPs in a continuous flow and compare them in their carrier properties.

In Chapter 5, Initially, emulsions are used to achieve the designed product. Then, instead of using
emulsions, PNPs are produced using the microfluidic side-by-side capillary device in a two-step
process. Then, this process is developed into a one-step production process, that doesn’t require
emulsions. This non-emulsion-based design uses nanoprecipitation and electrostatic attraction
forces to yield polyelectrolyte complex NPs. The effect of the flow rate along with the polymer type,

molecular weight, and collecting tubing diameter on the particle properties are investigated.
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Chapter 1

Production process design and development of polymeric

nanoparticles; state of the art

1.1 INTRODUCTION

Nanoindustry is one of the fastest growing industries since many international nanotechnology
programs started in 2000™" years, which involved more than 60 nations worldwide [1]. Very
significant contributions of nanotechnology can be found nowadays in multidisciplinary research
fields for human flourishing [2], expected to reach a market capitalization of $0,1 Trillion by 2025 [3].
In a variety of sectors, including adhesives [4], agriculture [5], medicine [6]—[8], cosmetics [9],
electronics [10], food technology [11], textiles, and bioengineering [12], nanoparticles (NPs) are of
great interest with a wide range of available properties [13]. For example, in medicine over 25
nanotechnologies were approved by Food and Drug Administration (FDA), and 45 were going
through trials on the clinical landscape with the goal of increased biocompatibility, therapeutic action
followed by reduced dosage, and side effects, especially for patients with reduced metabolism [14].
In food industries, nanotechnologies are essential to improve absorption for masking, maintain
controlled release of vitamins, minerals to deliver these ingredients to the food matrix, and parallelly
protect the encapsulated substances [3]. Until less than a decade ago, it was believed that NPs
reduce drug toxicity and side effects but researchers then realized that, in some circumstances, these
NPs can impose risks by themselves. For instance, only 5 years ago 10 nm silver nanoparticles were
found to be one of the most toxic materials in the liver due to an ionic silver that occurred during the
treatment, however, these NPs were one of the most widely used nanomaterials in consumers
products like food, several decades before until this information was revealed [15]. In another study,
one of the FDA approved medical nanotechnologies, superparamagnetic iron oxide NPs were
recently found to undergo Haber—Weiss and Fenton reactions during the therapy in the human body
where free Fe?* jons interact with cell powerhouse by altering its DNA and causing genotoxicity or
cellular inflammation. These NPs were recently eliminated from the list of approved medical
nanotechnologies by FDA following the recent studies, after multiple years of use in medicine [16].
Also, many diseases that require a specific drug for effective treatment cannot be treated due to
limited clinical use such as crossing a blood-brain barrier in the brain [17]. The major strategy to

avoid these reverse NP functioning can be in the proper production design, methods, and materials
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to achieve the needed properties like improved bioavailability, and reduced material quantity
involved to achieve the goal [18], [19]. Above all NPs, polymeric NPs (PNPs) are particularly
interesting because of their well-controlled composition, reactive end groups, solubility, stability,
molecular weight for tuning desired properties, and most importantly their facile fabrication [20],
[21]. For example, chitosan NPs were successfully used to safely pass the blood-brain barrier and
rapidly deliver an active pharmaceutical ingredient directly to the brain [6], [22]. To produce these
PNPs, the batch methods were well-described, however, microfluidic mixing was able to attract the
major focus of researchers [18], [23] since the production challenges such as limited operability,
frequent clogging, bioavailability, or remarkably insufficient process yields, can be avoided through a

proper production design that provides an improved mixing [23], [24].

1.2 POLYMERIC NANOPARTICLES DESIGN, FABRICATION, AND APPLICATIONS

1.2.1 Definition

PNPs are solid-state nanomaterials in the range of 1-500 nm in size made of polymers [24]. These
nanomaterials can appear in the form of natural nanoparticles (NNPs) or engineered nanoparticles
(ENPs) [5], [25]. NNPs are generally formed during natural combustion, corrosion, or wear processes,
while, ENPs don’t appear naturally, and are human-made nanomaterials, thus, purposefully
fabricated for targeted applications [4], [26]. Recently, many nanomaterials made of polymers such
as PNPs [27], [28], polymer micelles [29] or dendrimers [30], and polymersomes [31] have been
developed. The reason for the growing interest in PNPs evolves from their improved properties at
the nanoscale, in their tiny size polymeric materials are refashioning their physicochemical
characteristics, eventually inaugurating the advantages of nanotechnology [10]. Bulk counterparts of
these polymeric materials completely differ in the means of physico-chemical, optical, mechanical,
electrical, and magnetic properties [13], [23], [32] due to their small size and large surface area, and
improved surface chemistry and reactivity. PNPs’ physicochemical properties can be particularly
dependent on structural morphology [33]. The properties of the produced PNPs are also designed
according to specific requirements by selecting the type of materials, and fabrication methods that
are suitable [27]. These aspects lead to a wide range of possible applications from foods [11], [34],
cosmetics [9], [35] medicine [8], agriculture [5], vehicle components [36], electronics [10], etc. Thus,
the very first PNPs with approximately 80 nm size were developed in a multi-stage micelle
polymerization of acrylamide monomer in aqueous solution in the 1970s [37], as they started

attracting the attention of many researchers [38]-[40]. Later, flower-like charged poly(methyl
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methacrylate)-based NPs were produced [41]. Anisotropic polymeric NPs have been produced in a
multi-step process by Rahiminezhad et al. [42].

The possible control over properties like morphology, functionality, size, size dispersity, surface
charge, and in some cases anisotropy structure shows that PNPs are promising materials having
possible bioavailability, biostability, and stability [27], [43]. For instance, it has been accepted that
PNPs are promising for the treatment of major diseases through having a window for therapy,
improved drug pharmacokinetics, biodistribution, and also imaging [23]. Simultaneously, translation
of PNPs into the clinic is remaining challenging due to the limited availability of facile production
methods that are consistent, and sufficient in quantities. Some technologies are promising to address
these challenges by accelerating the clinical translation of PNPs [18], [19] such as microfluidic
precipitation to produce ligand-terminated poly(lactic-co-glycolic acid-co-ethylene glycol)
nanoparticles able to target the prostate-specific membrane antigen on prostate cancer cells [23].

In the literature, morphology of PNPs can be found analyzed by TEM and AFM techniques to confirm
the particle’s size distribution and shape. In some studies, produced PNPs were passed through
dialysis to purify sample before the analysis [44]. For example, to maintain a sustained release of an
antibiotic, Vancomycin-loaded N-trimethyl chitosan NPs showing an average diameter of 220 nm and
an apparent Zeta Potential of +15 mV (DLS reports) were prepared by ionic complexation, and then

analyzed with two different techniques (Figure 1.1) [45].

50.0 nm

Figure 1.1. Morphology of Vancomycin loaded N-trimethyl chitosan NPs. (A) TEM image; and (B) AFM image in

contact mode [45].

Methyl substituted ladder-type poly(para-phenylene) NPs at 150 nm diameter size together with
different soluble derivatives of polyfluorene were produced by ultrasound emulsification and
evaporation process in the presence of SDS at different (0,6%-1,8%) concentrations to stabilize the

system (Figure 1.2).
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Figure 1.2. Morphology of Methyl substituted ladder-type poly(para-phenylene) NPs. (A) TEM image; and (B)
AFM image in tapping mode [46].

Morphology of the produced semiconducting PNPs was observed by TEM and AFM techniques
(Figure 1.2) [47], [48].

In another study, PNPs were produced via hydrodynamic flow focusing nanoprecipitation, and
produced PLGA-PEG NPs were characterized with the electron microscopy by showing spherical

corona structure [49].

water

I~
e QD
—

PLGA-PEG
in acetonitril

}water

Figure 1.3. A microfluidic device for hydrodynamic flow focusing nanoprecipitation (a) of polymeric NPs in

water (scale bar = 50 um), view of produced PLGA-PEG nanoparticles captured by TEM of (b) [49].

This type of microfluidic device can be fabricated with poly-dimethyl siloxane (PDMS) for achieving a
hydrodynamic flow-focusing nanoprecipitation with the organic solution of the polymer (Figure
1.3.a). To achieve the formation of the PLGA-PEG nanoparticles in this device, the total volume of the
outlet acetonitrile and water stream solution was kept at around 5 uL/min, thus, the collected
samples were imaged after dispersing in water. Following the staining of the hydrophobic PLGA core
in uranyl acetate, while the hydrophilic PEG groups did not, spherical NPs of around 50 nm diameters

were observed under electron microscopy (Figure 1.3.b) [24], [49].
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Figure 1.4. Cryo-TEM characterization of the Janus PNPs obtained with the elongational-flow micromixing

method [27].

Janus-type biodegradable PNPs having a diameter of below 200 nm produced by the emulsification-
evaporation method were characterized by TEM (Figure 1.4). Here, the ethyl-acetate solution of
PLGA and PSS was emulsified with surfactant aqueous solution by using the elongational-flow
micromixing technique. Following the evaporation of the solvent Janus-type PNPs were observed
under microscopy [27].

In general, the polymer dispersions can be obtained either by the polymerization of monomer
droplets or following solvent evaporation or solvent diffusion methods with pre-formed polymers,
where latex starts forming inside a droplet of the preformed polymer [24], [27], [46]. Moreover, the
size, shape, and crystallinity of a material can vary according to the method used and process
conditions such as residence time, feed volume ratio, concentration, and process parameters like
temperature, pressure, flow rate [33], [50]. In this context, important fabrication methods allowing
to control material parameters, also methods that allow PNP fabrication with polymerization or with

pre-formed polymers are described in the next part.

1.2.2  Fabrication

Considering the daily emerging, wide range of PNP applications, there is a huge demand for cost-
effective, environmentally friendly, fast, and reproducible fabrication approaches [33]. Most of the
conventional methods, such as shear-mixing or ultrasonic homogenization, are applicable today [51],
[52], however, they mainly lead to limited control within multistage non-continuous fabrication
involving high heat emissions, energy and material loss, long cleaning procedures, poor compatibility
accompanied by organic solvents, and lack of reproducibility [53]. Fabricate materials having
geometries at nano-range can be achieved through different approaches like bottom-up [54]-[56],
where the complex structure formation on molecular or atomic scale is maintained, or top-down
[10], [33], [57], where bulk materials are processed by breaking down into small pieces. This can be

achieved also by using lithographic techniques such as X-ray, etching, and techniques where particles
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can get cut, milled, and shaped, such as mechanical, thermal, and electrochemical treatment to
produce NPs [41].

However, PNPs are generally produced on small scale and it is difficult to shift to scale up the
processes [24], [33]. This is why, in industries, PNPs are usually fabricated through the chemical
growth of molecules and clusters, which is also referred to as the bottom-up method. [24], [33]. This
method can be divided into two steps of (i) nucleation and (ii) growth [24], [33], [41]. The starting
materials precipitate in solution during the first nucleation phase, then, the chemical reaction occurs
when nucleation stops by reaching its supersaturation state. Finally, in the growth stage, the solute
particles aggregate to form NPs with desired properties controlled by the temperature, the pressure,
the polymer molecular weight, and the solubility, for instance. To maintain well-controlled
nucleation and growth of PNPs, it’s extremely important to have a uniform fabrication environment
and conditions [41]. In this context, to achieve rapid and uniform mixing while maintaining control
over heat, temperature, mass, and pressure, Kolishetti’s [23], Serra’s [24], and Amreen’s [33] teams
recently proved the power of microfluidic devices to design PNPs. More recently, It has also been
suggested that assembling different materials can generate a new physicochemical property, such as
an anisotropy driven by two different polymers showing different material natures like hydrophilicity
or a surface charge for instance [27], [41].

As we mentioned in the introduction part, several methods are available for PNPs fabrication on both
laboratory and industrial scales: considering the materials’ future applications, requested properties,
and logistics. In general, we divided these techniques as (i) heterogeneous polymerization-based
methods, which can be either in emulsion or in suspension, such as a reversible addition-
fragmentation chain-transfer polymerization [58], and (ii) non-synthetic methods, requiring a bulk of
preformed linear polymers, such as solvent-evaporation emulsification, diffusion and displacement
or nanoprecipitation [53]. Nanoprecipitation is well-known as one of the non-synthetic methods,
used for instance by Wallyn et al. to elaborate poly (ethylene glycol) PEGylated PNPs [43]. Materials
such as PEGylated polymers and surfactants, enable the formulation to target tumor cells by
incorporating these materials into the PNP surface to protect an encapsulated ligand against
antibodies. This conjugation can be employed for a specific tumor cell targeting application with an
active targeting ligand like Dexamethasone [20]. They first prepared the iodinated homopolymer
through the radical polymerization of the 2-methacryloyloxyethyl (2,3,5-triiodobenzoate) monomer
(MAOTIB) with 62 wt% iodine content in DCM solution with, then DCM was removed before
dissolving a powder of prepared polymer into THF as a good solvent and forming hydrophilic
poly(MAOTIB) NPs by dropping method in PEGylated stabilizer ethanol solution under 500 rpm
stirring. Some PNPs’ production techniques without emulsification were reported as spray-drying,

extrusion/spherization, or prilling, however, the majority of PNPs pass through the emulsification
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step [19], [53]. As a definition, an emulsion can be defined as a biphasic system consisting of two
immiscible liquids, with one of them being dispersed as small spherical droplets distributed in the
other liquid [59]-[61].

Because emulsions are thermodynamically unstable systems and are quite open to destabilization, it
was suggested that the incorporation of essential oils (EOs) can potentially yield a much more stable
system, especially for encapsulation in medical and food industries, where a long-term miniemulsion
stability is requested [11], [62].

Overall, there are numerous ways to fabricate PNPs, and it’s possible to classify these fabrication
methods according to the number of production process steps required for achieving needed
material properties. These production processes can be divided into two classes as multi-step

processes [63], and a single-step process [64].

1.2.2.1 Multi-step process

Two-step or multi-step is the number of production steps that are involved in the fabrication of any
product and they are mainly considered while shifting to large-scale material production, and
estimating the production costs. In previous studies, the majority of PNPs’ fabrications contain at
least two steps [44], [63], [65], [66]. For example, it’s almost a century since the very first multi-step
emulsification process design for double emulsions (also referred as emulsions of emulsions) was
introduced, however, it was highly unstable, and rapidly phase separated [67]. Regardless of the
instability challenges of the final product, following thirty-five years of intensive research, it was
finally possible to encapsulate insulin by this multi-step process [24], [31], [68]. In a recent study,
high-molecular weight chitosan dissolved in a sodium acetate-acetic acid buffer (pH 4.0) and paraffin
oil containing sorbitan oleate (Span80) were emulsified by stirring to produce a polydisperse
emulsion of around 1 um size, then this emulsion was sonicated in the second step to reduce the
droplet size and polydispersity index (PDI) value before the solvent removal step to achieve CS PNPs
[69]. Sonication was mainly used in order to produce miniemulsion, and reduce the PNPs size. For
instance, a two-step ultrasonication process was used to prepare water-in-DCM-in-water double-
emulsions resulting in poly(lactic acid) (PLA) NPs of 200 nm diameter size dispersed in water [31].
These PLA NPs were developed to encapsulate and release hydrophilic ingredients like protein and
peptides, where these molecules were first entrapped in water droplets surrounded by the
hydrophobic polymer matrix and dispersed again in water. Fabrication of double-emulsions using
PNP inside the middle phase (colloidosomes) can also be referred to as multi-step production [47],
[70]. We can also cite poly (e-caprolactone) (PCL) NPs fabrication through emulsification in the

presence of 0,.5 % w/v polyvinylalcohol (PVA) in water [71]. Here, two-step ultrasound emulsification

37



was used to fabricate PCL NPs in the water. This was achieved by first emulsifying water phase with
PCL solution in dichloromethane (DCM), then in the second step, emulsifying the produced emulsion
with PVA aqueous solution to finally yield PNPs following the solvent evaporation for potential drug
delivery (DD) applications [71]. To improve the chemical stability of drugs, a natural polysaccharide,
arabinogalactan was modified by folic acid and methotrexate by reaction under stirring in a multi-
step process including extensive dialysis, then, in an additional step, this product was used to
fabricate PNPs for cancer cells targeting [53], [72].

PNPs can also be produced in a microfluidic continuous-flow process consisting of several production
steps including polymerization [53]. An example of multi-step microfluidic fabrication of 100nm PNPs
can be given where methacrylic (co)monomers, catalyst, and initiator in a solvent were pumped into
a thermoregulated tubular microreactor and polymerized by atom transfer radical polymerization

(ATRP) following microfluidic emulsification process [50].

In some scenarios, multi-step processes can provide a specific structure that is challenging, or nearly
impossible to achieve in a single step [42]. A good example of this is the three-step PNPs (230 nm
poly(tri(propylene glycol) diacrylate-co-methyl methacrylate) NPs) encapsulated inside 300 um
poly(acrylamide) Janus microparticles by microfluidic approach (Figure 1.5) in 2017 by Yu et al. [19].
In this preparation, UV polymerization was used first in nanodroplet polymerization, and the second
time in microparticle polymerization to achieve spherical polymeric microparticles with two different
material properties on their surface [19] In another similar study, nanoemulsions were first prepared
by elongational-flow micromixing method followed by the UV or thermal polymerization of
acrylamide (AC) in water containing a water-soluble photoinitiator, crosslinker to vyield
nanosuspension in polydimethylsiloxane (PDMS). Then this nanosuspension was purified and
dispersed into water with again a monomer, photoinitiator, and crosslinker to be the inner phase of
microfluidic capillaries-based droplets. The droplets in capillary device were formed due to a shear
force induced by highly viscous PDMS as the continuous phase. After one more polymerization step,

polymeric microparticles containing thousands of PNPs were characterized [19].
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Figure 1.5. The three-step microfluidic fabrication of PMMA NPs encapsulated inside microparticles [19].

The described methods in this part consisted of more than one process steps. However, in order to
limit the possible material loss or contamination during each step, it could be interesting to develop

one-step methods.

1.2.2.2 One-step process

Even though the one-step PNPs productions are highly demanded due to their efficiencies, it has
been reported in the literature that PNPs’ diameter and size distribution control is a challenging task,
especially in bottom-up approaches, which was popularized by Eric K. Drexler in the 1980s by
positioning reactive molecules with atomic precision for chemical reactions [57]. To maintain well-
distributed NPs’ size, the process parameters like residence time, flow rate, energy dissipation,
material concentrations, solubilities, viscosities, and ratios have to be precisely monitored. In this
context, one-step processes are faster and more efficient to produce a certain material, however,

these processes require a precise control over all the chemical and physical forces occurring at the
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nanoscale to build large structures based on single atoms or molecules of materials that co-exist in a
single system [24], [33]. For instance, to prepare water-in-oil emulsion for encapsulating hydrophilic
molecules inside Chitosan NPs, the paraffin oil was emulsified with polymer solution in the presence
of a more lyophilic surfactant (sorbitan oleate). Emulsification of two immiscible phases was realized
by using the stirring method at 500 rpm with a mechanical stirrer. The product of this single-step
process was larger than 1.5 pum and highly polydisperse (PDI = 1), and required an additional step to
reach a nano range [69]. By using microfluidic devices the particles’ size and PDI appears to be much
easier to control in a single step [18]. The in-situ nanoassembling can be also an example, which was
used to produce flower-shaped PNPs around 300 nm [41], also Janus polymeric microparticles [24] in
a single-step. In 2021, Vauthier et al. demonstrated the possible way to fabricate Janus and core-
shell PNPs having a chemical anisotropy property in single-step process, thanks to the elongational-

flow micro-mixing method [27].

1.2.3  Production design

PNPs are nanomaterials made of polymers that are widely used in different fields. These NPs
demonstrate all three dimensions below 500 nm scale [13], [18], [73]. Considering these tiny
geometries, PNPs require a specific production method. In previous reviews, PNPs are classified
according to the number of steps required to produce them [24] and/or their physical,
physicochemical, and chemical preparation methods [10]. Here, considering the production
methods, we classify them into two different classes: miniemulsion-based design and non-emulsion-
based design. These designs include a variety of production equipments, like specific devices, power
density, geometries, employed in different methods to fabricate PNPs. Some devices can be
employed to fabricate PNPs with both designs. For example, microfluidic tools can be used to
operate in both mini-emulsion-based and non-emulsion-based designs [19], [53]. The advantages of
microfluidic techniques are numerous and include a continuous production process, small and
controlled reagent consumption at 1 — 10° L range, laminar flow based on a small Reynolds number
[74], rapid mixing time, high operability, etc. [18]. For example, it is possible to use monomers and
polymerize them to yield PNPs in continuous microfluidic production with emulsification [50], and
non-emulsion methods [75]. While designing the production, it can be necessary to consider the
process yield to compare different approaches. The process vyield is simply a ratio between the
particle’s weight and the weight of the total components. It is the percentage value of a produced
material fulfilling the designed material properties. The process yield is more frequently referred to
while studying the methods for shifting to the industrial production scale, however, can be helpful to

compare different fabrication methods.
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Miniemulsion-based design

All the methods requiring an emulsification step in PNP fabrication are classified as the methods of
the miniemulsion-based fabrication design. In this design, the particles are generated through
homogeneous, micellar, and coagulative nucleation. Here, the particle’s size and the number of
particles that are formed during the process, are affected by the physicochemical nature of the initial
materials used to develop the system [41], [53], [76]. For example, miniemulsion-based design can
require specific emulsifier to insure stability [11], [77], and polymers can be found in both the
aqueous and oil phases of miniemulsions [8], [19], [26]. Double emulsions (emulsion of emulsions)
require more attention where flocculation and coalescence can easily disturb the system [31], [47].
When using miniemulsions, one of the key advantages can be shown as the number of particles (Np)

being controlled [76], such as in the elongational-flow emulsification method [19], [27].

Figure 1.6. Images of PNPs produced by following emulsion-based designs (a) Poly(ethyl acrylate) NPs [78], (b)
PEI-PAA NPs via emulsion-polymerization method [79], (c) PLA NPs [80], (d) PMMA NPs via emulsion-
evaporation method [81]. PNPs produced with monomers (a, b) and with pre-formed polymers (c, d) solubilized

in dispersed phase before emulsification process.

In miniemulsion-based designs, it’s possible to directly form PNPs from monomers that the dispersed
phase contains followed by polymerization, where the solvent evaporation is not mandatory,
however, an excessive and multi-step purification is required to eliminate toxic and unreacted
chemicals from PNPs (Figure 1.6.a, 1.6.b). Another method of fabricating PNPs by emulsion-based
design is emulsion-evaporation, here a preformed polymer is dissolved in the dispersed phase

followed by one of the solvent removal approaches [24], and PNPs fabricated by this approach
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(Figure 1.6.c, 1.6.d) can either be directly applied or followed by a mild purification step to remove

surfactant (if required).

Non-emulsion-based design

Methods in the non-emulsion-based design neither follow the specific solvent immiscibility property
nor the emulsification process. Methods like diffusion and convection nanoprecipitation [50] refer to
the diffusion of polymer solvent into miscible polymer non-solvent. This is different from emulsion
methods, where two phases are supposed to be immiscible (for instance, cyclohexane and water) or

partially miscible (ethyl acetate and water) [24], [82].

Figure 1.7. Images of PNPs produced by following non-emulsion-based designs (a) CS-PEG NPs [6] via ionic
gelation, (b) CS-PMAA via polymerization [83], (c) PMMA NPs [84], and (d) Eudragit RS100 NPs via microfluidic
nanoprecipitation method [85]. PNPs produced via synthetic methods (a, b) and with pre-formed polymers (c,

d) solubilized in a polymer solvent before nanoprecipitation in a polymer non-solvent.

In non-emulsion-based design there are two classes that can be found to fabricate PNPs. These are
the methods where a chemical synthesis like ionic gelation or polymerization is involved (Figure
1.7.a, 1.7.b). In the second class, no chemical reaction is taking place (Figure 1.7.c, 1.7.d).
Nanoprecipitation can be realized by using impact-jet micromixers to fabricate drug-encapsulated
PNPs [53], [84]. Initially, non-emulsion-based design can stand highly promising for involving less
complex and efficient methods, however, it can be very challenging to control the mixing parameters

of the two phases to form narrowly distributed PNPs [24].
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1.2.4  Applications of polymeric nanoparticles

Since the early 1990s, drug deliveries have been widely developed through NPs [86], [87]. When
compared to liposomes, PNPs are found to be more reproducible, stable, and more convenient for
material surface modification, and to have better release properties. They can be categorized into
two: nanospheres and nano- or micro-capsules. Here nanospheres are “matrix type,” where all the
drug molecules are distributed throughout the matrix, differently from microcapsules, where drug
molecules are located in a core, surrounded by a polymer shell [87]-[89]. PNPs made of PLGA-PEG
diblock copolymer are an effective carrier for docetaxel hydrophobic drug, which is noncovalently
encapsulated and released from the PNPs [84]. By using the ionic gelation method, Chitosan-PEG,
Chitosan-PEG-Biotin, and conjugated NPs are produced with sizes of around 300 nm for
encapsulation and release applications [6], [12], [90].

Produced PNPs, especially engineered ones can be applied in a variety of applications in food
industries to protect and prolong the lifetime of products like fruits, cheese, and meat [11], [87], in
the cosmetic industry to encapsulate and deliver biocompounds at high efficiencies [9], [35]. These
ingredients include curcumin, polyphenols, B-Carotene, essential oils, etc. [52]. In vehicle
manufacturing, nanocomposite materials are made of polymers, also for car engines, PNPs provide
excellent boundary lubrication performance for low-viscosity engine oils [12], [25], [36]. Before
diving into the applications some PNPs are required to be separated from their suspension and dried
into powder form. PNPs produced with preformed polymers by emulsification method are going
through solvent removal either by evaporation or diffusion [24]. To avoid solvent evaporation,

nanoprecipitation can be used to fabricate PNPs for suitable applications [84].

PNPs’ size is important for the circulation half-life, biodistribution, and cellular uptake, particularly in
DD [24], [88]. The advantage of PNPs for the last application is to adapt the PNPs’ formulations to
control drug release depending on a requirement such as a rapid or interrupted release within
several hours, or a slow release up to a month [53]. The need for drug encapsulation is emerged on
the bases of the therapeutic amount of drug required to treat a specific kind of disease in an organ
without leaving a harmful side-effect on other organs. For instance, an increased dosage due to the
limited targeting will both favor the side effects, and increase the treatment costs, however, through
encapsulation of a drug, the exposure of other organs to undesired biocompounds can be reduced,
as Paul Ehrlich predicted a century ago, the increased amount of a drug was accompanied by
undesirable effects on the rest of the body [53]. In another study, to reduce the number of injections
during prostate cancer treatment, and improve drug targeting, cisplatin and docetaxel are co-

encapsulated in a blend of PLA and PLGA-PEG NPs with reactive hydroxyl functional groups. The
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surface functionalization by using the A10 RNA aptamer is maintained on the PNP surface by using
the microfluidic approach to play the role of binding PNPs to the prostate-specific membrane antigen
in the next steps. PNPs of 100 nm are produced by adding the functionalized polymer solution
dropwise into the water phase, and then the drug release is studied. PNPs are able to deliver both
cisplatin and docetaxel simultaneously within 3 days (Figure 1.8), and this approach can also be

applied in solid tumor targeting of breast or lung cancers [23] [90].

100

=]
[=]
1

60 —

40 -

% Drug release

20 —

0

T T T T T T T T T T 1
0 15 30 45 60 75
Time (h)

Figure 1.8. In vitro release study of prodrug (red circle) and docetaxel (square) encapsulated in PNPs within

three days under sink conditions (PBS at 37 °C) [23].

Derivatives of polylactide (PLA) having pendant hydroxyl groups are prepared, then conjugated to a
platinum (IV) prodrug. Following this, 80% encapsulation efficiency (EE) at 1% initial docetaxel load is
achieved. The release of docetaxel from biodegradable PNPs is studied under sink conditions
showing approximately 90% release (Figure 1.8) within 3 days [23]. Chitosan NP [90], which is a
cationic polysaccharide in nature, is used to efficiently transport the inhibitor. To deliver the caspase-
3, the chitosan NPs are coated with caspase-3, the requested ingredient, and also with monoclonal
antibodies, to facilitate the delivery across the blood-brain barrier [91]. It is demonstrated that after
the PNPs injection into a mice, it takes only 10 minutes for PNPs to enter the brain parenchyma to
deliver an active pharmaceutical ingredient (API) [22]. PNPs made of PMMA by emulsification and
polymerization method is introduced for applications where electrochemical interactions and also
encapsulation of a fluorescent PNPs inside larger particles can be requested [41]. It is demonstrated
that PMMA NPs can be employed to encapsulate superparamagnetic iron-oxide to produce
nanohybrids for biodentrimer application [92]. Other applications like a nanocoating agent having a
specific flavor or color can be found in literature. Edible enzymes, antimicrobials, or antioxidants
incorporated in PNPs can be used in dairy products such as cheese, ice cream, yogurt, fruits or

vegetables to protect and prolong their shelf life [11], [53].

44



1.3  MINIEMULSION-BASED PRODUCTION DESIGNS

1.3.1 Towards polymeric nanoparticles via miniemulsions

An emulsion can be defined as a two-phase system prepared by mixing of two immiscible liquids
where one phase is dispersed within the second phase yielding a biphasic system called “dispersed
phase” in “continuous phase”, or the oil in water (o/w). This can be found in a form where water is
dispersed in the oil phase, referred to as w/o emulsions. In emulsions, to define which phase is
continuous and which phase is dispersed, in 1913, Bancroft formulated the rule describing that in a
hydrophilic colloid, where water phase is more than the oil phase, colloid will tend to make water the
continuous phase. Oppositely, a hydrophobic colloid, where oil is more, will tend to make water the
dispersed phase. According to this rule, phase which contains most of the surfactant simply becomes
the continuous phase [93]. Additionally, regarding their average droplet size, emulsions can be
classified into macroemulsions (>400 nm), miniemulsions (100-400 nm), also referred as
nanoemulsions, and microemulsions (<100 nm). Compared to macro- and miniemulsions,
microemulsions are more thermodynamically stable and they can freely pass the visible light to
appear translucent due to an extremely small droplet size [62].

Generally, miniemulsions can be divided into three types, these are oil in water (o/w), water in oil
(w/0), and bicontinuous or so-called emulsion of emulsions, as water in oil in water (w/o/w) and oil
in water in oil (o/w/0). It's been near a century since both w/o/w or o/w/o emulsions were
introduced [44], [67]. Oils as soybean, sunflower, cottonseed oil, and sesame oil are digestible and
widely used in production to especially encapsulate lipophilic compounds. While homogenizing the
two immiscible phases containing polymer molecules, these systems do not necessarily require a
typical organic solvent such as cyclohexane, acetone, or chloroform for instance, where the second
phase can be replaced by edible oils like “Bixa Orellana” or “Copaifera langsdorffii” to avoid material
contamination due to the solvent, or for the specific applications [94]. By using edible oils and
homogenizing them several ingredients have been encapsulated such as paclitaxel, curcumin,
polyenetaxel, retinoic acid including other anti-tumor drugs [86], and studies of entrapping essential

oils, nutrients, etc. can be found reported [87].

In emulsions, the dispersed phase can be imagined as separate spherical droplets conserving their
individuality throughout the process, thanks to the stabilizers (Figure 1.9) [76]. The production of
these systems is fast and can be easy, however, maintaining their stability can be challenging
because emulsions are thermodynamically unstable systems of two immiscible phases continuously

trying to separate from each other to reach an equilibrium state [82].
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molecules in oil phase, and co-stabilizer in water phase through a) w/o emulsification, b) w/o/w emulsification,

c) double emulsion evaporation. Reprinted after modifications [71], [95]

Emulsion instability is the main factor to be controlled in order to avoid the phase separation, i)
during the emulsification, where the surface energy opposes the droplet break-up, and ii) after the
emulsification, where smaller droplets show higher surface free energy which accelerates the
formation of the larger droplets and finally phase separate. Following this, the thermodynamic
instability starts to intensify under influence of an increased interfacial free energy, which indirectly
leads to droplet coalescence [47], [77]. To better understand emulsion destabilization, the base w/o
emulsions composed of water, sweet almond oil, and 6% v/v Span 80/Tween 80 emulsifiers at
Hydrophilic-Lipophilic Balance (HLB) range of 4 to 9 were elaborated with the high-pressure
homogenizer (HPH) and reported to valorize w/o emulsions made of natural compounds [96].
Stability can be reached by using additional materials like emulsion stabilizers, or surfactants, and in
some scenarios, other methods or principles like the Ouzo effect [54] to reach a near-stable

emulsion, and many more, detailed in Table 1.1.
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Table 1.1. List of the miniemulsion-based polymeric nanoparticle fabrication methods.

Fabrication Number of
PNPs Advantages Disadvantages
method production steps
No chemical
Janus e o chemica Residual solvent and
Emulsification- One-step reaction
200 nm, 'on, surfactant
solvent .
<0,2 PDI Biodegradable
evaporation
[21] nature,
Anisotropy
Two-steps: No chemical Incomplete PNPs’

Polycaprolactone

w/o emulsification

(PCL) Double synthesis involved, solidification
235 nm emulsification- (sonicator), Highly capable for Limited control over size
>0,2 PDI evaporation w/o/w emulsification maximum and size distribution
(71] (stirring mixer) and encapsulation
evaporation Residual impurities.
. Two-steps: )
Eudragit S100 Emulsification- ) High reproducibility Residual solvent and
High-speed
e . surfactant
250 - 350 nm solvent diffusion homogenization No chemical
reaction High solvent consumption

(9]

(Ultra-Turrax) and
stirring for solvent

diffusion

Easy to operate

Poor encapsulation, large

size

Eudragit L100-55

Emulsification-

Two-steps:

High-frequency

pH responsive drug

release,

Residual toxic solvent and

256 nm, homogenization no interaction surfactant,
solvent diffusion .
0,2 PDI (Sonicator) and between polymer Additional solvent used
[97] stirring for solvent and drug
diffusion
Multi-step:
. High thermal and Chemical reaction,
Polystyrene-SiO; High-shear

200 nm,
<0,2 PDI
(98]

Emulsification-

polymerization

homogenization,
Miniemulsion
polymerization,
Thermal separation or

calcination

mechanical
stabilities,
hollow structure, no

residual impurities

High temperature,
Low efficiency
Retained chemicals inside

the PNP
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Two-steps: Narrow size, high Retained chemicals inside

PMMA, -
Emulsification emulsification, and stability, the PNP,
200 nm,
<0.2 PDI polymerization miniemulsion Continuous-flow High-shear requirement,
[41], [99]-[101] polymerization operability frequent clogging
Poly
(trifluoroethyl Surfactant-free High-shear Highly polydisperse and
methacrylate) emulsification- homogenization, No surfactant instable system
270 nm i ati Not environmental-friendly
polymerization RAFT polymerization
>0,2 PDI Long purification
[102], [103]
Poly(pentaerythritol One-step process: Easy to implement
triacrylate) Ouzo driven self- Low energy High solvent consumption
Microfluidic mixin : : °
130-460nm, emulsification and ; consumption Chemical synthesis at 60°C,
and free-radical
>1 PDI polymerization o .
polymerization No surfactant Agglomeration
(54]
Eudragit S100 Multi-step: Highly efficient, Intensive purification
Emulsification- ;
210 nm High-shear Easy to implement, requirement,
salting out ioati
[104], [105] ng ou homogenization, Applicable with Retained salt inside the
Salting out DNA, RNA, proteins PNP

For some applications like in food industries, it’s necessary to provide high emulsion stability [11],
thus, several parameters are considered to maintain highly stable systems. In this context, William
Seifriz introduced double-emulsions in 1925, where the oil density influence on the emulsion
characteristics was also investigated. Here, an emulsion made of straw oil (having a density of 0.882
kg.L™!) showed a different behavior by encapsulating smaller water droplets inside while itself being
in the form of big oil droplets in water, which appeared to be the first-ever double-emulsion model
[67]. However, the first time ever double-emulsion that William Seifriz demonstrated was unstable,
and not applicable. This instability was due to the osmotic pressure difference based on different
solute concentrations, which limited this emulsion to be applied for encapsulation. Then, it was
possible to u these emulsions in drug encapsulation only after more than three decades of research
[31], [47], and thanks to these studies, it's much easier to control these colloidal systems in our
modern-life [31], [106]. In the literature, a T-junction microreactor can be found in a

miniemulsification process of methyl methacrylate (MMA) monomer followed by the thermal
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polymerization to produce 400 nm PNPs [41]. For this purpose, two immiscible phases got emulsified
before polymerization by using T-junction microreactor in the presence of monomer in the dispersed
phase before emulsification. Here, the aqueous phase contained the cationic surfactant cetyl-
trimethylammoniumbromide (CTAB) during the emulsification for generating 110 nm PMMA NPs
having a positive surface charge and four different fluorescence colors. The same device was then
used to achieve the continuous phase and was concentrated with polyvinyl pyrrolidone to fabricate
PNPs with a flower shape and a negative surface charge [41]. The microfluidic-based device was also
used to produce biodegradable Janus PNPs with a negative charge on one side, and a neutral charge
in another side via the emulsion-evaporation method [27].

In their biomedical applications, PNPs have a huge challenge to deliver drugs having poor solubility
properties while inflation hits the drug market. A drug used against parasitic infections, Daraprim,
had spiked from $14 to $750 in the 2015 year. The price of EpiPen increased 6-folds in the 2016 year,
where a full Hepatit C treatment requires $80.000 for a single DD with no side effects [17]. In this
context, emulsification-based PNP fabrication designs can be a promising way of delivering poorly
soluble materials through improved API delivery properties, and reduced production, and therapy

costs [107].

1.3.2  Production techniques

Two major emulsification designs, classified according to the energy consumed during the process
are known: high- and low-energy methods. High energy methods include rotor-stator mixing [82],
sonication [26], high-pressure homogenization [44] [96], static mixing [108], [109] or membrane
emulsification [110], [111]. It should be noted that the most referred high-energy method is the
shear mixing method using rotor-stator mixers. In brief, the rotor-stators are used for the
preparation of liquid-liquid dispersions of oil and water phases at rotation speeds of a minimum of
1000 rpm [112]. Several examples in industrial fields including food [51], [113], and the high-energy
homogenizers to produce double emulsions in two-step processes [31], [44] can be found in the
literature. Another frequently referred to high-energy method is the ultrasound method which uses
ultrasound generators. These tools convert an oscillating electric field into high-energy mechanical
vibrations [69], [114]. The driving force in this method is the power dissipation-induced cavitation
creating bubbles that implode to generate shock waves, thus breaking the droplets [115]. For
example, it was possible to reduce the size of a sunflower oil emulsion by increasing residence time,
amplitude and decreasing the processing volume [26]. However, at increased emulsification time a
strong heat emission can be observed, which can be considered as an undesired property for bio-

applications. In low-energy methods, a process involves complex interfacial hydrodynamic
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phenomena, here the process results depend on the material composition properties at a lower
amount of energy input when compared to high-energy methods. The well-known low-energy
methods are solvent displacement, spontaneous emulsifications, phase inversion, and the
microfluidic approach [44], [62]. All the major high- and low-energy methods were investigated and
discussed in detail. Following this, the high-energy methods can be found below with detailed

information on working principles, efficiency, and applications.

1.3.2.1 High-energy methods

Large disruptive forces are provided in high-energy methods to reduce size of the produced material

while controlling the amount of a given energy and residence time in the equipment [116].

High-pressure emulsification

In high-pressure homogenization processes, a mixture of components (oil phase, water phase,
surfactant) is pushed through a small gap to prepare the emulsion at high pressure [49], [117]. This
method is widely used in the food industries for high-pressure homogenization and miniemulsion
production. After long-term stability tests, a part of the miniemulsion where creaming occurred was
again processed by the microfluidizer to redisperse the cream layer of the miniemulsion [11].
Another good example of this method for the fabrication of emulsions can be the high-pressure
microfluidic device called the Microfluidizer, which is a high-pressure device operating at 1200 psi
and is considered the efficient technique for production where the oil and aqueous phases are

premixed and coarse emulsion is injected into the chamber before homogenization [44].

Static mixing

Static mixing is the type of mixing method where the only driving force is the pressure difference
between the inlet and outlet of the specially designed tubes which are called static mixers [118].
These mixers are mainly used to mix both miscible and immiscible liquid systems, or gas streams
[109]. Static mixers started being commercially in the 1965, when Arthur D. Liddle Company
introduced their new motionless mixing tool, a new way of mixing two liquids or one liquid with one
gas with a hollow cylindrical tube that contains several thin flat, and curved sheets in the inner tube.
To improve dispersions to be produced, these elements can be located in different shapes and
angles. Their main use was to blend two viscous liquids that react with each other and create either a
viscous or solid product, for example, synthetic resin [108], [118]. The first company to install static
mixers as micromixers in a production plant was Merck, Germany, (Figure 1.10) for the synthesis of

metallo-organics with 23% higher yield than in the conventional batch processes [119], [120].

50



|
I

=

=-, :
——
B
3
=

\

Figure 1.10. Production plant using static mixers as micromixing elements for a metallo-organic compound

fabrication (Merck, Germany) [120].

Static mixing was demonstrated to be a cost-effective method that provides in-depth mixing at low
pressure drop. Several static mixers can be found under the brand names of Kenics® and Sulzer® and

others (Figure 1.11) in the market, which can provide laminar or turbulent flow depending on the

application.

SMX (Sulzer, Inc.) Kenics KM (Chemineer, Inc.) KMX-V (Chemineer, Inc.)

3‘\:\%"76 =i %{m

Standard LPD (Ross Engineering, Inc.)
Corrugated channel reactors
(Laboratory pilots)

Figure 1.11. Examples of commercially available static mixers [121].

The biggest advantage is no requirement for external power apart from the energy needed to pump
and flow the fluids through the mixer. However, the conversion is lower with high flow rate than in
conventional stirred batch reactors and increasing the residence time requires higher pressure. Static
mixers can be frequently found in the form of shell and tube heat exchangers in industries [119],

[120]. Static mixers are applied in homogenization [108] [121], for instance, corn oil-in-water
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emulsion was produced with a helical type of static mixer equipped with 20 elements [108]. It was
demonstrated during a static mixing experiment even at very low residence time, emulsion droplets
were smaller and more uniformly distributed at 4 um size than the results received from a

conventional mechanical mixing (11 um) method [108].

Membrane emulsification

Membrane emulsification uses pressure to pass the first phase through membrane pores into the
second immiscible phase. The membrane emulsification method to fabricate monodispersed
emulsions was first introduced in 1986 by Nakashima and Shimuzu [110]. In this method, the shear
force is applied to break the droplets inside the membrane after the liquid reaches the membrane
surface, and passes through the pores at micro scales [122]. The mechanism of membrane
emulsification (Figure 1.12.a), and a commercial laboratory scale membrane emulsification device

(Figure 1.12.b) are given in the next figure.
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Figure 1.12. a) Schematic preparation of a w/o emulsion using a hydrophobic membrane and b) view of the

laboratory scale membrane emulsification device developed in [110].

Here, the dispersed phase containing materials like polymer, surfactant, and APl passes through the
membrane pores which are hydrophobic in nature, and enters the oil medium by forming a
dispersion. The dispersed phase is pushed with the help of a pump to flow across the membrane into
the continuous phase flows to form the droplets. In membrane emulsification, due to a large number
of pores, the process can be realized without further heat emission [122]. This technique has low
energy consumption, however, it has a production rate lower than in the conventional methods
[110], [111]. Additionally, the membrane should be replaced with a hydrophilic one to avoid

membrane clogging, in case o/w emulsions are required to be prepared.
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Ultrasonic emulsification method

In the list of high-energy methods, the sonication methods can be found. It was reported for the first
time for emulsification in the 1927 year [123]. In general, this method uses devices called
(ultra)sonicator, which converts electric energy into high-frequency ultrasonic oscillations mainly by
using an ultrasound generator and a specially designed probe (Figure 1.13). The classic sonication
method for miniemulsions production uses 50% of the power cycle for 2 minutes long to vyield
polystyrene NPs of around 110 nm diameter [124]. The mechanism of the droplet formation can be
explained by the unstable interfacial waves generated by the acoustic field. Also, the bubbles
induced by acoustic cavitation collapse which leads to extreme localized turbulence, where the
primary droplets break into smaller ones. Recently, synthetic polystyrene@SiO, NPs produced by
ultrasound emulsification method are reported by the addition of hyperbranched
poly(ethoxysiloxane) as a stabilizer during the process to fabricate thermally stable NP dispersions

[98]. Also, 200nm PLA NPs are fabricated by using a two-step ultrasonication emulsification [31].

Figure 1.13. Pilot-scale ultrasonic technique miniemulsion production 1200W ultrasonic generator with (1),
piezoelectric transducer (2), half-wave Barbell horn (3), reactor chamber (4), inlet tube (5), pump (6),

storage/mixing beaker (7) [26].

Barbell Horn Ultrasonic Technology (Figure 1.13) is used to elaborate NPs at approximately 65 °C, and
a series of premixed 50 mL samples are re-circulated for complete w/o emulsification for an average
of 10 min at the ultrasonic amplitude of 90 uy, [26]. However, the titanium contamination sourced
from the horn is reported. But 9-fold improved results compared to previous works of ultrasound
emulsifications is achieved due to its new semi-continuous production design. The pilot-scale
production is reported at the productivity rate of 100 mL/min with the energy density input of
690 J/mL for an emulsion size of below 100 nm. In another study, the exposure time of sonication is
studied, and compared to the vortex mixing emulsification while producing PNPs. It is explained that,

if the given energy is lower than the minimum required energy, which is called the low-energy
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threshold, then the droplet doesn’t break. Oppositely, it can result in a very high PDI if the given
energy is too high or non-uniform [31]. Fessi et al. demonstrated a two-step emulsification-based

PNP production, where PCL NPs reached the minimum of 219 nm size [71].

Shear-mixing methods

The most frequently referred high-energy methods in industries are shear-mixing methods [51],
[112], [113], [125]. Rotor-stator mixers (RSM) are the one of the most conventional devices used in
emulsification processes, and widely studied since the 1880s until reaching its modern design that
was frequently used in different productions [82], [86], [112]. The mechanical and shear stress that is
generated in the turbulent flow at high-speed rotation is the main principle by which droplets break-
up is obtained in this method [116]. Here, homogenization takes place due to the kinetic energy
given to the system. The kinetic energy is generated by the high-speed rotation of an internal part
inside the stationary part resulting in turbulences between the two parts. Due to the small volume
the system is induced to a quite high shear, which ruptures the droplets to yield miniemulsion [51].
The gap size between rotor and stator part (50 to 1000 um) will define the given stress. The given
shear stress can also be increased by increasing the rotation speed and/or the operating time [115].
With the rotor-stator mixing device (VirtishearTM), it was possible to homogenize an aqueous bovine
serum albumin solution (BSA) with DCM to produce droplets of 1000 nm diameter. The following
parameters of 24,000 rpm, and 10 mm of a rotor diameter allowed to maintain 12.5 m/s tip speed.
At the end of the first emulsification minute, it was possible to reach the highest size dispersity.
However, at 15,000 rpm, time was delayed to 3 minutes in order to reach the highest dispersity of
1000 nm droplets [86].This experimental results are a good example of shear-force to droplet
diameter relationship, thus in this experiment higher rotation speed reduced the droplets’
polydispersity.

A larger rotor-stator system, One Silverson, was used to develop silicone oil & water emulsion. Here
droplet sizes around 3000 nm were produced at 11,000 rpm (36 m/s rotor tip speed) and their size
decreased down to 1000 nm at higher given shear rate, and by reducing the silicon oil viscosity. The
highest shear rate was achieved with Miccra D27 rotor-stator system at 36,000 rpm (5 minutes)
allowing to reach 135 nm droplets with narrow size distribution [113]. RSM can be found operable in
both batch mode (Figure 1.14.a), and also with complementary parts which allow it to be operated in

continuous mode (Figure 1.14.b) to produce emulsions [86], [126].
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a) o b)

Figure 1.14. RSMs devices in batch (a) and continuous (b) mode of operation [112].

Considering both batch and continuous mode RSM operations, it’s often challenging to achieve the
same emulsion results, since in the continuous operations one more operating parameter, flow rate
plays role to control the droplet size.

In this part, we described the devices which use high energy density to break-up the emulsion
droplets. However, in order to consume less electrical energy, for instance, it can be interesting to

use low-energy methods.

1.3.2.2 Low energy methods

Low-energy methods for emulsification are found to provide laminar flow and low energy dissipation
conditions. Using this method has an important economic advantage due to near zero energy
consumption. Additionally, it has the advantage to encapsulate fragile molecules, which cannot be
encapsulated in high-energy emulsification. Differently from high-energy methods applying shear
forces, in low-energy methods, the primary force controlling the droplet formation is the
physicochemical properties of the system including the materials used. Here, the behavior of the
surfactants, co-surfactants, solvents, and all their combinations require careful considerations. [116].
Low-energy emulsifications can be found in literature with examples of spontaneous emulsification
[54], [127], phase-inversion temperature [128], phase inversion composition [129], and microfluidic

emulsification [63].

Spontaneous emulsification

Spontaneous emulsification was introduced by Johannes Gad in 1879, where there was no
requirement of external force to prepare emulsion. When an oil and water phases, which are not in
thermodynamic equilibrium, are added together, the spontaneous emulsification (Figure 1.15) can

occur [127]. This effect was then completely described and referred as “Ouzo effect” by Vitale and
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Katz [130]. They demonstrated that, once the anis oil is dissolved into water, small droplets
spontaneously nucleated and formed the emulsion [131]. Here, the dispersed phase was an oil
containing surfactant and also another miscible soluble solvent (ethanol). When the contact of these
two phases were maintained, the first prepared phase together with the solvent diffused rapidly into
the aqueous phase. Following this diffusion, a high turbulence at the oil-water interface was
observed. This fast diffusion accelerates the growth of an oil-water interfacial area and oil droplets
spontaneously appear in the aqueous phase. In another study, 100 nm monomodal marble NPs were

fabricated based on cluster chemistry via the simple solvent shifting “Ouzo” method [132]. This

method is still valid if one works with w/o emulsions.
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Figure 1.15. Schematic representation of the spontaneous emulsification: oil droplets are spontaneously
formed when an oil phase containing a water-dispersible substance is mixed with an aqueous phase. The
underlying mechanism is the movement of the water-dispersible substance from the oil phase to the water

phase (red arrows), leading to interfacial turbulence and oil droplet formation [127].

For spontaneous emulsifications, three main principles play important roles in the control of the
particles’ formation: i) the selection of the used materials, ii) the environment temperature, pH and
ionic strength conditions, and iii) the speed with which the second phase is added to the first one
[127]. The drawback can be the fact that large amounts of synthetic surfactants are required.
However, a recent study showed that it's also possible to realize spontaneous emulsification for
polymerization to fabricate PNPs without using surfactants [54]. However, the process can be

improved to reduce its size, and PDI value (Table 1.1).

Phase inversion Temperature

Phase inversion temperature (PIT) is a type of low-energy emulsification method that allows to
produce emulsion droplets. Regarding of the “Ouzo” effect, the PIT was described by Shinoda and

Saito after approximately a century in the 1969 year [133]. They demonstrated that simply mixing oil
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with a non-ionic surfactant solution under low stirring can yield to an emulsion. However, a single
condition had to be maintained. This was a temperature that had to be increased progressively to get
emulsion droplets formed by following a phase inversion. This low-energy emulsification method can
be used for producing both oil-in-water and water-in-oil emulsions due to a change in the
physicochemical properties of the surfactant used including its HLB value [134]. When the
temperature is low, the surfactant is highly soluble in water, increasing the temperature dehydrates
the surfactant end group and lowers its solubility in water with the goal of reaching equal solubilities
in both oil and water phases. At a certain temperature which is referred as PIT, the surfactant
molecules are equally soluble in both phases. It was later reported that the higher surfactant
hydrophilicity yield higher PIT, and when the surfactant was more hydrophobic, the PIT decreased
[128], which allowed the system to be tuned for selective applications [135]. In this method, oil
selection plays a major role to control the process, for example, FGrster et al. [128] explained that

with less polar oil lower PIT was achieved.

Phase Inversion Composition

The main difference between PIT and phase inversion composition (PIC) is the absence of heat input
to the system, and the fact that the PIT method is restricted to the use of the amphiphiles. Here, the
surfactant molecule is not required to be thermoresponsive [129]. PIC can be conducted at room
temperature, and the main key parameter here is the composition change of the system [127]
(Figure 1.16). To achieve an emulsion, a big volume of water is added to a water and oil mixture in
order to dilute and reach a critical point above which an oil-in-water emulsion will be formed. When
more water is added, the surfactant micelles of the water phase swell while the water diffuses and
forms a sponge-like phase. When the addition of water continues, it leads to the phase inversion
followed by the oil droplet nucleation inside the sponge phase, and the rest of the sponge phase
forms spherical water-soluble micelles. Eventually, when micelles are formed the oil droplets and
micelles separate yielding a bimodal particle size distribution [129]. The starting point of the PIC
method is a water-in-oil micellar phase, which is an equilibrium phase of a ternary system, in which
the surfactant is already at the water/oil interfaces with a curvature turned toward water (Figure

1.16).
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La: lamellar phase
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Figure 1.16. Ternary phase diagram of the C16E8 surfactant/hexadecane/water system. Six main
transformations occur as water diffuses in. (1) The drop (oil and surfactant) is surrounded by water. (2) The
drops swell with water and swollen reverse micelles form. (3) Further swelling leads to a decrease in the
curvature and a lamellar phase form. (4) The lamellar phase connects to form a sponge phase as the curvature
turns toward the oil. (5) Emulsion droplets nucleate within the sponge phase with a diameter that matches the
spontaneous curvature. (6) The system transforms into a biphasic combination of small micelles, and the large
droplets [129].

The method then proceeds with a large addition of water, which causes an inversion of the
spontaneous curvature of the surfactant film, now turned toward the oil. It is found that for certain
compositions and with some constraints on the process a homogeneous metastable emulsion, with

diameters in the 100 nm range, can be obtained [127] [129].

Microfluidic emulsification

One of the main advantages of microfluidic systems is their continuous-flow operability for both
emulsion-based and non-emulsion-based PNPs fabrication [50]. Especially, in the last few years, by
providing a precise mixing rate of materials, such as solvent with non-solvents at nanoliters, this field
also opened its doors to the complex and targeted PNP fabrication where a strong size control and
narrow distribution can be maintained [19], [27], [136]. This field has been widely accepted in
analytical chemistry, chemical synthesis, cell analysis, tissue engineering, etc. [136]. Microfluidic
systems appeared in different chromatographic systems since the 50s [18], then they were designed
for emulsification. These systems are vastly used for microdroplets production [31], [53], [137],
[138], but also to produce polymeric nanoparticles (PNPs) [19]. They allow the production of PNPs
with both top-down (polymerization then emulsification) or bottom-up (emulsification followed by

polymerization) methods [57].
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To produce a miniemulsion of methyl methacrylate (MMA), a T-junction microreactor was used and
then the emulsion passed through the thermal polymerization step to yield polymethylmethacrylate
(PMMA) NPs of below 400 nm [41].

Another example of microfluidic emulsification is the production of PNPs, in Serra’s team, with a very
small reagent amount (around 1w% in the dispersed phase) by using elongational-flow microreactor

and mixers (RMX, Figure 1.17.a), using two electromechanical piston pumps [19], [21], [27].
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Figure 1.17. Schematic illustration of the a) microfluidic RMX [27].

The fundamental review of PNP fabrication with the bottom-up approaches by using different
microchannel designs like “T”, “Y”, “Y”-serpentine, and techniques of reagent mixing like “co-flow”,
“multijet”, “cross-flow”, “capillary-based”, “co-capillary based” are described in Figure 1.18 [24],
[33].

Moreover, since solvent diffusion is the main driving force of nanoprecipitation [50] and it can take
place within a few milliseconds (depending on the width of the lamella, more precisely, the
microchannel width), it becomes crucial to control it. In this context, microfluidic systems and
especially micromixers are powerful devices to produce PNPs (Figure 1.18). By using these
micromixers, it has been shown that different PNPs, such as PLGA (350 nm), B-carotene copolymer,
poly-e-caprolactone (200-600 nm), or PMMA (250 nm) NPs can nanoprecipitate with narrow size
distributions by solvent diffusion [136]. Overall, PNPs can be produced also with methods that don’t

include emulsification processes. Under certain requirements, this can be economically efficient

59



Collided flows Staggered flows
Split flows

P> Substreams\ , to diffuse

(©) 5

~ns

Polymer: PMMA
Drug: ketoprofen

Polymer: PMMA

Polymers: PLGA,

PLGA-PEG,
Pluronic F127
Drugs: Q,
docetaxel, Focused |
b-caroten, flow )
dexamethasone, Microvortex
doxorubicin flows
Q"s
(d) Polymer: PLGA
Collided flows
to diffuse ~ 5
o -—Q_
0 ey

Drugs: & Polymers:

Danasol, Impinging Polystyrene-PEG,

cefuroxime axetil, jets poly-e-caprolactone

artovastain calcium, Drug:

hydrocortisone p-caroten

Figure 1.18. Microfluidic mixers used in different NP fabrications, Qs and Qns represent the solvent and non-
solvent flows respectively; (a) hydrodynamic flow focusing micromixer, (b) combination kinetic energy and
molecular diffusion micromixer, (c) molecular diffusion microchannel, (d) multi-inlet vortex mixer, (e) confined

impinging jets micromixer, (f) collided flows micromixer [136].

By using the “co-capillary” microfluidic technique, for instance, it is possible to produce droplets of
MMA and to polymerize, with UV light, the droplets in a single step to obtain PMMA microparticles
[139]. In another study, 100 nm PMMA NPs are fabricated by micromixer-assisted nanoprecipitation
by pumping pre-formed PMMA solubilized in THF and water phases using impact-jet micromixer, and
encapsulation of Ketoprofen drug in PNPs are demonstrated [84]. This low-energy method consumes
a lower amount of energy (syringe pumps) when compared to high-energy methods.

Several advantages of microfluidic fabrication can be listed as improved accuracy, cost efficiency
considering the microliter quantities and lower consumption, etc. Additionally, advantages like a
uniform miniemulsion size and identical reaction conditions with high reproducibility can be added to

the list [18], [27], [33].
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Other homogenizers

In order to produce miniemulsions, similar to the methods like shear-mixing [82], ultrasonication
[26], there are also other less-popular methods of emulsification. One of these methods is a bubble
bursting method, where mass transfer from a lower liquid phase to an upper gas phase drives the
formation of nanosized droplets. Interestingly, this is one of the non-stop processes that occur in sea
waters due to the systems trying to reach their thermodynamical equilibrium state. Also, a reverse
transport form of a bubble bursting method from outer air/hexadecane phase to a surfactant
solution was reported for the first time only a few years ago [140]. This is a new type of low-energy
emulsification method capable of producing 100 nm sized NPs applicable in drug delivery and food
science. This method is limited to very small scales; however, the method is only at its starting point.

There are also other homogenizers like a “narrow-gap” homogenizer (Figure 1.19), which operates at

high driving pressure and yields micro-sized droplets due to a pressure drop [141].

Figure 1.19. Schematic illustration of a ““‘narrow-gap’’ homogenizer with a single gap (a) and two gaps (b) [116].

In “narrow-gap” homogenizer, the valve geometry, gap size, and the number of gaps highly influence
the emulsion droplet size [142]. These parameters initially influence flow rate, varying the
hydrodynamic conditions, which consequently influence the average power density given by the
emulsification device [141]. Experimentally, this was demonstrated by Tcholakova et al. [143], where
increasing the gap width from 75 to 395 um increased flow rate from 3.42 to 7.8 L/min and mixing
volume from 2.4 x 10° to 17.2 x 10° m3 in a “‘narrow-gap’”’ homogenizer (Figure 1.19). Later, it was
verified that the reduced flow rate resulted in final emulsions with larger droplet size by Steiner et al.
[141]. The same team also studied the relationship between number of gaps and the emulsion
properties in a ‘““‘narrow-gap’’ homogenizer. Smaller droplet diameters (15 % lower) with 3 um size at
8.7 L/min flow rate were observed with two gaps compared to results of a single gap
homogenization, explained due to increased turbulence. However, due to additional frictional forces,

two gaps require higher pressure to reach the same flow rate as a single gap homogenization.
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1.3.2.3 Process and pre-process parameters

Operating parameters

Process parameters including the energy input or residence time within the equipment can be
controlled directly in order to tune the particles’ size: increasing them might lead to the formation of
smaller particles [116], [144]. For example, in high-pressure homogenizers, pressure is one of the
main process parameters, thus, increasing pressure may lead to faster and less polydisperse
emulsion production [44]. In static mixers, it is more dependent on the mixer design, pressure drop
across the mixer, and flow rate [108]. While using sonicator, the overall pressure doesn’t appear
important to be considered, however, the major process parameters here are the ultrasound
amplitude, temperature, and residence time [26]. Also, in rotational shear mixing devices these are
the rotation speed, fluid turbulence, and residence time [112]. Regardless of the process parameters
being applied for each method, the pre-process parameters appear similar in all methods. These are
the interfacial tension, material concentrations, fluid viscosity, volume and C/D ratio, applied in all

emulsification methods.

Material parameters

One of the pre-process parameters is the HLB value of the surfactant used during the emulsification
process. Emulsion stability can be ameliorated and controlled through the surfactants added to the
initial feed materials resulting in better-stabilized interfaces and also a controlled particle size [31],
[47], [62]. Additionally, the molecular structure of a surfactant should be considered, where a high
unsaturation degree and solubility in a second phase (oil or water) can be directly affected by the
ending groups (especially aliphatic group compatibility with an oil nature) of the surfactant molecule.
[31]. It's been also demonstrated that dissolving polymers in monomer solutions where
polymerization will take place later, lead to emulsion droplets with an improved stability [76] since
increasing the hydrophobicity of the dispersed phase improved droplet nucleation. For instance,
PLGA and PLGA-PEG NPs were produced by the emulsification-evaporation method in the presence
of PVA as an emulsifier. The polymer in ethyl acetate as an organic phase was dispersed into the
surfactant-containing water phase and emulsified by a high-shear homogenizer at 11.000 rpm speed.
Following the homogenization process, ethyl acetate was removed by a rotary evaporator to then
obtain 271 nm monomodal PNPs suspensions in water [7]. Regardless of how surfactants were vastly
used in emulsion-based PNP fabrication designs, some researcher reported surfactant-free emulsion-
based PNP production like emulsion-polymerization, emulsion-precipitation, which refers to direct

polymerization or precipitation of a prepared emulsion [98], [100], [145].
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Overall, by controlling process and pre-process parameters and maintaining appropriate operating
conditions, PNPs can be produced via emulsion-based fabrication designs. There are also post-

homogenization parameters that are essential to consider.

1.3.3 Theoretical aspects

PNPs produced by emulsion polymerization or dispersion polymerization are shown to self-assemble
while particle growth follows a homogeneous nucleation mechanism [24], [33], [76]. There are
several factors that are crucial to consider before diving into the emulsification process. These are
interfacial free energy, hydrophilic-lipophilic balance, critical capillary number, emulsion stability, etc.

[74].

1.3.3.1 Interfacial free energy

An important property required for stable emulsion is the immiscibility of the two phases. In some
cases, the first phase is slightly soluble in the second phase where solvent diffusion can lead to the
imbalance of droplet. So, the main emulsion stabilization can be understood by considering the
interfacial energy [47], [62]. Interfacial energy is generated at interfaces based on imbalance of the
molecular forces [31], [47]. In terms of an energy balance at droplet surface, an osmotic pressure is
being affected by the hydrophobic agent which is previously dissolved in the solvent. This
phenomenon can be demonstrated by (Plaplace) the Laplace pressure, defined as the differential

pressure of inner and outer parts of a given droplet of spherical droplets (Equation 1.1).

2YL

PLaplace =R Equation 1.1
v, = -4 Ya + (1 S )y Equation 1.2
Asurf Asurf

with v, (mN/m) the oil droplet surface tension, R droplet radius. Then, the oil droplet surface tension
correlates with Aq the surface area of the droplets, A the surface area covered by the surfactant
molecules, y (mN/m) the interfacial tension between aqueous & organic phases, and y; (mN/m) the
interfacial tension of aqueous & oil droplet covered with the surfactant molecules [76].

Due to their high surface energy, after emulsification, the nanodroplets are unstable in the
continuous phase, however, there are some results showing that charged ligands are capable to
improve miniemulsion stability by generating a repulsive force between the nanodroplets. For

example, poly-ionic electrolytes can also provide a charge density that leads to surface repulsions
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evolved from the nanodroplet surface charge [41], [62]. An ionic surfactant can also limit droplets’
coalescence via electrostatic repulsions after covering the surface of droplets [76].

Moreover, considering both Laplace and osmotic pressures, it's important to reach the equilibrium
state between them to stabilize the droplet [48], [76]. By reaching an optimum surfactant or polymer
concentration, it is thus possible to distribute the given energy equally after reaching Laplace and
osmotic pressures equilibrium, however the given emulsification energy should be high enough to

treat all the droplets equally [76].

1.3.3.2  Utility of surfactants

As previously reported, emulsions are hydrodynamically unstable systems kept at their maximum
metastable condition following addition of the stabilizing agents. Depending on the desired emulsion
properties, the surfactant must be wisely chosen. [34]. Indeed, the emulsion properties are indirectly
correlated with the surfactant thermodynamics via hydrophilic-lipophilic balance (HLB) value. HLB is
a value to determine the hydrophilic or lipophilic degree of the surfactant as described by Griffin in
1945 [146]. HLB value gives information of the hydrophilic and lipophilic moieties’ size and strength,
and scales from 0 to 20. For example, surfactant HLB value of between 3.5 to 6.0, is more suitable for
use in w/o emulsions [147].

When two immiscible phases are emulsified, the surfactant which is more soluble in water migrates
into the water phase, this can be as fast as the turbulence is usually generated, yielding nano-sized
droplets of colloid [44]. Particularly, to avoid collisions of droplets in miniemulsions and also to limit
the mass exchange (Ostwald ripening), surfactants are used to stabilize the system [46], [48], [82]. In
double emulsion, which is also called emulsion of emulsions [24], HLB value become even more
crucial and complex. For example, to start with a w/o emulsion HLB value of below 7 (preferably 3-4),
and for the second emulsification, HLB value should be kept above 10 in order to avoid droplet
instabilities. Eventually, choosing correct emulsifier and controlling HLB value is one of the main
properties to produce stable emulsions and also to control a droplet size [31]. Instead of moving to
the higher emulsifier concentrations, tuning the average HLB value to later obtain stable emulsion
can be applied through combining emulsifiers of different water-oil loving indexes. For instance, 6%
v/v Span 80/Tween 80 emulsifiers at HLB ranging from 4 to 9 were used to produce stable water &
sweet almond oil miniemulsion, and this was later reported as the emulsion made of natural
compounds for selective applications [47], [96]. In a previous work with w/o/w double emulsion, at
higher surfactant (Tween 80) concentrations, EE dramatically decreased which was induced by the
rupture of internal droplets [24], [147]. However, the efficiency can be improved by combining a

number of emulsifiers owing different HLB values, the ionic or non-ionic surfactant properties, and a
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selective molecular structure for miniemulsion tailoring [47], [94]. Besides controlling HLB value, it
was demonstrated that ionic surfactants can also change the surface properties of PNPs. Thus, while
producing PMMA NPs the cationic surfactant cetyl-trimethylammonium bromide (CTAB) was added
to the aqueous phase to generate PNPs with the positive surface charges through emulsification and

polymerization (Figure 1.20) [41].

-14-(3) Surface potential
& of flower-shaped
3 particles
S 16
=
Q
©
Q
@©
E -18 \-\
]
2 3 4 5
Concentration of PVP(mM)
(b) Surface potential
S 40 - of Spherical
E nanoparticles
S
=
[]
©
Q
©
©
N

0.1 1 10 1 (')0 10I00
Concentration of CTAB (uM)

Figure 1.20. Surface charge results of the SDS based (a) and CTAB based (b) PMMA NPs, and two PNPs (c)
attached by the electrostatic interactions (d) induced by the surfactants used during the fabricated by the

emulsification and polymerization method [41].

For building an electrochemical interaction between two PNPs later, sodium dodecyl sulfonate (SDS)
containing aqueous phase was emulsified with the same device to produce another PMMA NPs with
a negative surface charge. Both systems were prepared at different ionic surfactant concentrations,
and the surface potential was measured to compare the two different surface charges (Figure 1.20)

of the two PMMA NPs [41].
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1.3.3.3 Energy density and critical capillary number

Energy density

The energy density (Ev) describes the energy per unit volume (J/m?3) allowing to estimate the average
droplet size of an emulsion. Ey depends on the power density (Py) and the residence time t, both
controlling the droplet size [115]. A significant amount of energy deposition is required to produce
miniemulsion where shearing forces can overcome the viscous forces [26]. When the minimum
required energy is reached, the droplet can be expected to break into smaller droplets. For example,
in high-frequency ultrasonic emulsification, it is possible to reach 100 nm emulsion droplet size (100
mL/min) at the energy density input of 690 J/mL [31]. In another method, the high-pressure
homogenization, the energy density Ey can be estimated by considering the pressure difference Ap of
the micromixer (pressure difference between inlet and outlet) where the droplet is induced to shear
or elongational-flow forces [115] [148]. In general, the energy density (J/m3) can be expressed in the

following Equation 1.3.

P
E, = 7 =Ap Equation 1.3

Where P the power input (W), and (V = dV /dt) volume flow rate (m3/s), which equals to (Ap) the
pressure difference (pressure drop across a restriction) depending on the device design, and may

also be applied to compare energy densities of different high-energy emulsification processes.

For example, Zidouni et al. demonstrated how to compare different emulsification devices according

to their energy densities (Figure 1.21).
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Figure 1.21. Comparison of homogenization efficiency of various homogenization valves for an o/w emulsion

with a high viscosity D/C ratio na/nc [148].
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It was reported that three different emulsification results varied according to the provided energy
density at constant viscosity, and 30% D/C ratios. The smallest emulsion droplet size of
approximately 500 nm was achieved at energy density of 10”7 J/m? according to the pressure

difference at the orifice valve.

Capillary number

While producing a controlled size miniemulsion, the ratio between viscous forces and interfacial
tension of the two immiscible phases is also considered to be crucial to generate (nano)droplets [24],
[47]. The capillary number (Ca) is a dimensionless number defining this ratio and expressed by

Equation 1.4.

Ca=— Equation 1.4

where u (cm? s7%) is the fluid viscosity, v (m/s) the fluid velocity, and y (mN/m) the interfacial tension
between the two immiscible phases.

According to the Taylor theory, when the viscous forces are higher than the interfacial forces, the
capillary number reaches its critical value, which is referred as the critical capillary number (Cac). At
this range of Ca, the shear stress applied to fluids reaches a sufficient level to i) deform the
immiscible phases high enough to form the emulsion droplet and ii) break it into smaller droplets.
However, the lower the diameter of the droplets, the higher is Cac. This mean that breaking the
smallest droplets requests higher energy. This theory also proves that in the simple shear, droplets
break up when the viscosity ratio between dispersed and continuous phases is lower than 4. At a
higher viscosity ratio, the Ca. is not reached, and the shear force is not enough to rupture the
droplet. On the contrary, in the two-dimensional extensional flow, the droplets rupture at viscosity
ratios higher than 4, under the evolution of time.

Overall, regardless of how much work is done on the fluid, below Ca. the emulsion droplets are not
experiencing the force enough to rupture. In practice, the viscous forces of the surrounding liquid
deform the second liquid in flow, forming the emulsion droplet, thus these droplets break down
every time when they reach their Ca. until the process is complete [149]. This force appears under
the fluid flow conditions. Here, the phase ratio and polymer concentration also influence the final
product size, due to the reason that they influence the phase viscosity, and the process requires

more energy to generate smaller droplet at higher viscosity ratios [31].
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1.4 NON-EMULSION-BASED PRODUCTION DESIGNS

1.4.1 List of the non-emulsion methods

PNP fabrication designs for the large-scale production have been hampered due to the reason that
complex multi-step processes can limit the production efficiency. To fabricate PNPs by avoiding
additional materials in the systems, some methods like the dropping nanoprecipitation [43], surface
atomic wave (SAW) atomization [24], hydrodynamic flow focusing nanoprecipitation [49], [50],
electrohydrodynamic co-jetting and phase separation [42], ionic gelation [6], [90], [150], complex
coacervation (liquid-liquid phase separation that can occur in solutions of oppositely-charged
macromolecular species) [12], microbial method (with bacteria) [151], and thermally induced phase
separation (TIPS), that is induced by cooling the polymer solution can be used. The major non-
emulsion based PNP fabrication methods are listed with their production steps, advantages and

disadvantages (Table 1.2).

Nanoprecipitation

Nanoprecipitation is the production process of a colloidal nanosuspension made of a polymer
solution dispersed into a precipitating medium [50]. In general, nanoprecipitation can be divided into
three main stages (Figure 1.24.b): (l) the polymer nucleation where the polymer molecule
experiences a solvent change, (ll) the already formed nanoparticles start growing through
aggregation to the nuclei, and (lll) these NPs kinetically lock after reaching the aggregation time. The
third stage is extremely slow compared to other stages. For example, to produce polyetherimide
(PEI) NPs, it was dissolved in DMSO at 90°C, then temperature was gradually decreased and the
solution was added dropwise to a polytetrafluoroethylene (PTFE) film to evaporate the solvent
yielding a powder form PEI NPs [66]. In another study, by using microfluidic flow focusing synthesis it
was possible to fabricate biodegradable PNPs having reactive hydroxyl functional groups, then the
A10 RNA aptamer was used to surface functionalize these NPs, here this functional groups bind to
the prostate-specific membrane antigen extracellular domain to reach the prostate cancer cells later.
Before adding PLGA-PEG solution into an aqueous solution for generating NPs via nanoprecipitation,
a diblock copolymer is dissolved into a solvent (acetonitrile) which is miscible with water [23].
However, even if this method is very efficient to develop engineered living materials like bacteria
with polysaccharides, it is also extremely expensive. There are also methods using the main principle

of nanoprecipitation with different approaches to fabricate PNPs.
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The dropping nanoprecipitation

The majority of the studies introduce the dropping nanoprecipitation to fabrication PNPs, such as
Wallyn et al. who produced PNPs of 170 £30 nm diameter size to deliver iodine, following the radical
polymerization of 2-methacryloyloxyethyl(2,3,5-triiodobenzoate) monomer (MAOTIB) [43]. After
successful polymer synthesis, 50 mg poly(MAOTIB) homopolymer and PEGylated surfactant were
dissolved in 10 mL THF and then dispersed dropwise into 40 mL ethanol at 500 rpm magnetic stirring

for 3 hours (Figure 1.22).
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Figure 1.22. Poly(MAOTIB) nanoparticles fabrication via dropping nanoprecipitation technique based on the

nanoprecipitation process

Then obtained PNPs (Figure 1.22) were washed via centrifugation to remove surfactant after diluting
in water [43]. This method allows producing PNPs in batch process conditions, however, there are

other nanoprecipitation methods that maintains a continuous production of PNPs.

Microfluidic nanoprecipitation

As a second example, microfluidic approaches can be used in this case due to its rapid and tunable
mixing advantages [24], [56], [78]. For example, Poly (lactide-co-glycolic acid) (PLGA) and a block
copolymer composed of poly (lactic-co-glycolic acid) and poly (ethylene glycol) (PLGA-b-PEG)
nanoparticles were produced by microfluidic approach. They suggested that, the polymer
concentration near the channel walls can influence the aggregation, and clogging can be avoided
through the polymer concentration [24]. These kind of biocompatible materials have then been used
to obtain RNA-functionalized surface (Figure 1.23) [53], [56].

Crystalline danazol, a hydrophobic compound with poor oral bioavailability, was used to produce

drug NPs by a precipitation method: Y-shape microchannel was used to form 364 nm particles,
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characterized by Fourier transform infrared spectroscopy (FTIR) to understand if the material
remained stable after the process. This was reported to increase the specific surface area from 0.66
m?/g to 14.37 m?/g, and 100% drug dissolution achieved compared to traditional 35% raw danazol

dissolution in 5 minutes while the drug molecules remained unaffected [18].
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Figure 1.23. Microfluidic synthesis of PNPs (A), characterization via DLS (B), TEM (C) and surface

functionalization with A10-Aptamer of hydrophilic platinum prodrug encapsulated PNPs [23].

The surface atomic wave atomization

Moreover, surface atomic wave (SAW) atomization method was used to produce PNPs followed by
the microfluidic droplet generation. This microdroplet was induced to SAW atomization which
resulted in PCL PNPs through rapid evaporation where aggregates reached 200 nm when dispersed
into solution. This method consists from the droplet generation by using a microfluidic approach
followed by the wave atomization to form PNPs in batch. It has been described that, with this

method, the PNPs easily aggregate while collecting the solution after the wave atomization [24].

Hydrodynamic flow-focusing nanoprecipitation

In hydrodynamic flow-focusing nanoprecipitation (Figure 1.24), due to the diffusion of the polymer
solvent into non-solvent, polymer self-assembly takes place yielding the PNPs’ growth. In order to
accelerate the last “lock” stage of nanoprecipitation, the fluid stream is mixed by the meeting two
polymer non-solvent streams flowing at flow rates (Figure 1.24.a). The central stream is getting

squeezed, yielding to a narrow stream allowing the rapid mixing. [24], [49], [56], [76]. It was
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explained that layers can be generated on PNP’s surfaces also by introducing polyelectrolytes and

forming electrostatic nanoassembly in a controlled manner [41].
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Figure 1.24. The process of mixing (a), and PNP self-assembly mechanism (b) in the hydrodynamic flow-

focusing PLGA-PEG nanoprecipitation. Adapted from [49].

Hydrodynamic flow-focusing nanoprecipitation is also one of the microfluidic approaches, and
overall, in non-emulsion PNPs’ fabrication design microfluidic systems have a very important role and

potential due to precise control over flow rates and mixing parameters.

Electrohydrodynamic co-jetting

In another microfluidic approach, co-jetting was used to generate PNPs to encapsulate biomolecules.
In this context, Kyung-Ho et al. used the Taylor cone to produce PNPs with Janus structure through
applying the electrical field, which distorts the liquid drop into a narrow line at the tip of the nozzle
[152]. The electrical field leads to the formation of a polymeric particles at near nanorange, where a

conjunction with solvent evaporation contributes to the size reduction (Figure 1.25).
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Figure 1.25. PNPs fabrication via electrohydrodynamic co-jetting method (a). Digital image of the setup with a

typical Taylor cone (b). Colored image taken by confocal micrograph and TEM image of the particles produced
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by electrohydrodynamic co-jetting with (i) first polymer, and (ii) second polymer forming a Janus particle of

around 500-2000 nm size [152].

When exposed to an electric potential (5-15 kV), an electrical field between the liquid and the

collecting substrate induces the bipolar jetting liquid into narrow line and forms Janus NPs. Thus,

with this approach PEO-PAA biphasic carriers were successfully fabricated with a size range of 500-

2000 nm (Figure 1.25), and were able to encapsulate color-encoded biomolecules for further

characterization [152].

All the described non-emulsion-based PNP fabrication methods, and other recently developed

methods can be found listed in Table 1.2 with PNP examples, their applications, advantages and

disadvantages.

Table 1.2. List of the non-emulsion-based polymeric nanoparticle fabrication methods.

) Fabrication Number of L i
PNP material Applications Advantages Disadvantages
method production steps
PLGA NPs Two steps; Doxorubicin Rapid encapsulation Limited process control
225 nm, Nanoprecipitation Ultrasonic hydrochloride High polymer High solvent
<0,2 PDI nanoprecipitation, encapsulation concentration consumption for
[153] solvent removal (23% w/v) purification
Large volume of
Poly(MAOTIB) _step: radi L .
Two-step; radical High iodine delivery solvents (including toxic
NPs i izati i i
Dropping polymerization, and lodine delivery, ones) used, purification,
163 nm, P ; PN High potential for co-
nanoprecipitation, the dropping preclinical imaging possible PNP
0,1 PDI P delivery
nanoprecipitation agglomeration, batch
[43] .
operation
Chitosan-TPP Two steps; _ . High process
NPs Pulmonary High purity temperature
Spray drying magnetic stirring, then .
300 nm administration No organic solvents Low drug encapsulation
spray drying involved
[154] involve Agglomeration
. o Limi
Chitosan NPs Both sonication and imited control
_ Desolvation No organic solvents ;
600-800 nm, o blade stirring in one- Antitumor agents ] Synthesis
<0,2 PDI nanoprecipitation . involved Need for an excessive
step batch operation
[155] washing
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Two steps;

PCL NPs -
Surface atomic Microdroplet
150-200 nm,
wave (SAW) generation, then
<0,2 PDI o
atomization internal recirculation
[24]

and rapid evaporation

Encapsulation and

release of pDNA

Quick fabrication
Few materials used

No purification

Limited process control

Aggregates

PLGA-PEG NPs Hydrodynamic

Narrow size, Low encapsulation
One step
150 nm, flow focusing Docetaxel delivery high stability Low process volume
rapid mixing
<0,2 PDI [23] nanoprecipitation Continuous process Organic solvent
PEI-PSS NPs Electrohydrodyna One-step jet ejection Potential medical  Janus structure can be Electrified jetting
100-400 nm mic co-jetting from a Taylor cone applications observed requirement
[152] Low process yield
AMB PEC NPs Polyelectrolyte Two steps; Medical Absence of harsh
- . A PNP size and size
600-800 nm, complex (PEC) stirring, then dropwise applications, >2 conditions
. . distribution can be
[156] Method addition of chitosan sulfate groups per Spontaneous NP
solution glucosyl residue formation reduced
Chitosan-TPP
lonotropic One-step magnetic Protein, peptide Large aggregates
NPs No organic solvents Unreacted polymer
gelation stirring delivery
142 nm, removal
<0,2 PDI [157]
~PMAA - Two steps; . Aggl i
s 60 Polymerization Self-assembled No organic solvents gglomeration at
nm, o Thermal stirring, and ] . normal pH,
nanoprecipitation ) films involved
<0,2 PDI [83] separation Thermal reaction
Chitosan NPs . ) Moderately high process
Complex High encapsulation ( )
12-82 ) Vortex mixing . ) temperature (55°C
>12-820 nm coacervation DNA delivery No organic solvents
[158] Large particle size and
size distribution
Multi-step: Bone Ecofriendly o
Hyaluronate . - . . Low production yield
Microbial capture, enzymatic mineralization, Biocompatible
<100 nm, ’ s Long processing time
synthesis reduction. and mitigation of Reduced aggregation
[159], [160] ’ L High costs
capping arthritis pain Reduced toxicity
PEI NPs ) Two-steps; ) )
Thermally induced Does not involve a High temperature
193 nm Droplet generation, Not reported
! phase separation chemical synthesis Agglomeration
<0,2 PDI then temperature
[66] induced evaporation
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1.4.2  Process and pre-process parameters

While producing PNPs and designing their fabrication methods, the control over the final product
properties can be classified into two fundamental parameters. These are process (temperature,
pressure, duration, reaction kinetics, flow rate) and material which are (miscibility, interfacial
tension, kinematic viscosity, phase ratio, polymer, surfactant, initiator, inhibitor, cross-linker,
catalysis and other material concentrations). Such as in emulsion production, it’s necessary to control
the solvent and polymer non-solvent ratio, polymer concentration, diffusion and residence time, etc.
[50]. It was for instance possible to tune PNPs’ diameter from 80 to 200 nm by simply changing PLGA
concentration from 1% w/v up to 5% w/v, which strongly influenced the size with a single pre-
process parameter [24], [47].

As it was previously mentioned, in PNP fabrication two main strategies are employed to deliver the
product. The first strategy is the polymerization of monomers, where the emulsion polymerization
method is widely used and can be considered as of the methods of the first strategy. The second
strategy is a dispersion of preformed polymers, more precisely, dispersion of a readily available
synthetic or natural polymer in a polar or non-polar solvent. According to PNPs’ application, raw
materials and resources, one of these strategies can become more efficient than the other one.

PLGA NPs were fabricated by diffusive nanoprecipitation and it was demonstrated that the higher

polymer concentration increased the average diameter of the produced PNP [24].

1.4.3 Theory behind the non-emulsion-based PNP formation

1.4.3.1 Diffusion-advection relations by Peclet number

While using microfluidic devices, flow is generally laminar which allows a controlled diffusion or
convection [137]. In general, it becomes crucial to estimate whether the system is dominated by
diffusion or advection, this is why (P.) the Peclet number is necessary (Equation 1.5). P. increases
when the flow rate increases and decreases when diffusion coefficient is increased. Thus, a higher P.
means an advection dominated contribution. To reduce P. for an improved diffusion contribution,
the fluid velocity reduced. As reported in the literature, this can be done by enlarging the fluid cross-

section area or by splitting this single flow into several channels [161].

Fe = D, Equation 1.5

with L. (m) the characteristic length, v (m-s™!) the fluid’s average velocity, and D, (m? s™) the

diffusion coefficient [161].
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1.4.3.2 Mixing time

In non-emulsion based PNPs’ fabrication methods, the key principle is a fast mixing of two miscible
solutions (polymer solution/non-solvent). Here, the material which is going to form the NPs should
be soluble in the solvent, however, the same material should stay insoluble in the non-solvent [136].
The solvent transfer, which takes place while mixing, can be underlined as the main driving process
parameter to control the nanoprecipitation, and this is directly influenced by the physicochemical
parameters of two solvents. It's been demonstrated that this transfer phenomenon can be controlled
by referring to the microfluidics [136]. For example, a high-pressure interdigital multilamination
micromixer (HPIMM) was used to realize the nanoprecipitation with controlled mixing [50]. Diffusion
that takes place in the hydrodynamic flow focusing zone of this device where the width of each fluid
to be mixed is in micron range (L.). Thus, geometries of the channel but also a ratio between aqueous
and organic phases may control the time of diffusion. All these factors can be expressed in the
following equation (Equation 1.6).

oo Wi w1
mix ~ 2
4D, 9D, (1+%)

Equation 1.6

With T, (s) the mixing time, D, (m? s) diffusion coefficient, ws (m) the width of a flowing stream,

w (m) the channel width, and (r) the ratio of two flowing streams flow rates [49].
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Figure 1.26. Two different self-assembly mechanisms depending on a rate of mixing during NPs formation by

nanoprecipitation [49].

In this diffusion/precipitation method, NPs are formed only if the mixing time is greater than the
intrinsic aggregation time (Figure 1.26). Here the organic phase is kept at high fraction that polymers
can grow by adsorbing into nanoparticle aggregates driven by the hydrophilic end groups.

Controversially to the slow mixing, at high mixing rates, a small organic fraction is enough to form
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NPs through aggregation of polymer, and molecules don’t have enough residence time to adsorb into
nanoparticle matrix and grow larger with the hydrophilic end groups attached inside the nanoparticle
[49].

To design the nanoprecipitation, spontaneous self-assembly of polymers can be expressed by a
supersaturation ratio when the solvent quality is selectively altered [56]. Rapid self-assembly of
polymers can be characterized by critical attributes like solvent content and temperature, which are
driving the nucleation to reach an initial supersaturation ratio, So = C, / Ccme > 10%, where the unimer
concentration in an initial state is C,, the final micelle concentration following the NP nucleation and
growth Ccme. The homogenous mixing kinetics can be achieved when the mixing time is less than the
aggregation time [56]. In this context, lower particle size can be achieved by increasing the jet
velocity until particle size becomes stable, which is called a breakpoint and corresponds to (Day)

Damkohler number (Equation 1.7) [56], [162].

Dap = Trmix / Tage Equation 1.7

Where time ratios of mixing and aggregation are considered. Processes involving both reaction and
mixing can be correlated by Da, number [162]. On one hand, under homogeneous conditions (Da, <
1), NPs are formed following polymer molecule nucleation and diffusion limited growth mechanism
[162]. If we compare it with the normal crystallization process, polymers here self-assemble due to
the entropic shifts following the internal degrees of freedom, which is not always the case for the
crystallization of small molecules [56], [76]. It was demonstrated that, when Da, < 1, only the solvent
ratio can affect the critical aggregation number because mixing time is short, and agglomeration
takes place very slow. For instance, different concentrations of polystyrene (10)-b-polyethylene oxide
in tetrahydrofuran were mixed with a water stream. Here, the critical water content was near 20%
and the initial supersaturation ratio was So > 100 when the particle size remained stable over time
after reaching a breakpoint [56].

On the other hand, when Da, > 1, i.e. the time to homogenize the solvent and non-solvent phases is
very long, the time to form polymeric structures is too short. In this case, the slow exchange and

diffusion of the solvents will prolong the time of fusion leading to higher aggregation.
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1.5 POST-PRODUCTION POSSIBILITIES WITH PNPs

1.5.1 Stability of polymeric nanoparticles

One of the stability challenges in nanoparticles is the particle agglomeration in nanosuspensions.
Agglomeration is adhesion of particles by weak forces leading to formation of larger species. These
interactions between PNPs are much weaker than the interactions in aggregation. The agglomeration
is an inevitable chain auto-process of the system, and it is minimized thanks to the Brownian motion
that is continuously active above zero Kelvin. No matter the efforts of the particles moving by the
Brownian theory, several factors can be considered when it comes to the stability of colloidal
suspensions [62], [73], [80]: (i) surfactant molecules adsorbed onto (or desorbed from) the
nanoparticles’ surface, (ii) nanoparticle size or charge, measured by zeta potential, (iii) the solution’s
pH and (iv) the eventual molecule encapsulated into the PNPs. These factors can become more
crucial in the industrial application of PNPs, in prolonged storage periods with low physicochemical
stability. For example, curcumin-loaded oil-in-water emulsions produced with different surfactants
like arabic gum, saponins, tween, sodium caseinate and their different concentrations were studied,
and demonstrated that the thermal stability of the emulsion, degradation and also curcumin
retention time varies according to these parameters. Emulsion droplet was larger with the arabic
gum, also impact of pH to emulsion stability varied when compared to others. The excess of an
emulsifier at lower pH increased the particle size, however, in some cases, it improved the thermal
stability [59].

To minimize or limit these physicochemical challenges, lyophilization (freeze-drying) after NPs’
fabrication [163] and spray drying was demonstrated [73] were suggested to dry nanodispersions

and thus to improve the stability of the polymeric nanoparticles.

1.5.2 Drugrelease studies

Drug targeting can be classified as active or passive targeting. The first targeting is fulfilled following
a direct interaction of PNPs or drug with the cell. This interaction is due to the presence of specific
targeting group at the surface of the PNPs dedicated to reach the cell, where the drug should be
released. The passive targeting is based on an accumulation of PNPs in solid tumor cell by
penetration, which is induced by enhanced permeation retention (EPR). Regardless of the drug
targeting, the systems should follow four important requirements: retaining, evading, targeting and

releasing [53].

77



Certain PNPs made of cationic polymers have been reported to be applied in a specific treatment as
these nanocarriers can cross the blood-brain barrier (BBB) [6], [89]. From the cationic polymers’
family, chitosan can be given as a good example because it is one of the frequently used
polysaccharides in PNPs’ production due to its high biodegradability and biocompatibility [12]. In the
literature, a considerable amount of estradiol was delivered to the central nervous system via
intranasal delivery from estradiol-loaded chitosan nanoparticle conjugates of around 300 nm
produced by ionic gelation method [90]. Another team has reported the possibility of delivering
peptides, caspase inhibitors (a family of protease enzymes) and dopamine directly to the central
nervous system by using chitosan nanospheres (150-600 nm) conjugated with PEG [22], [150].
Moreover, surface modification of chitosan-based nanoparticles is easy, as reported by Aktas et al.
for tailoring PNPs with different ligands to bypass the brain-blood barrier, and receptor antibodies
[6], [17]. Indeed, chitosan was surface modified with biotin-PEG in the presence of NHS and N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride under 24 hours stirring, then CS-PEG-Bio
modified polymer foam with 83% grafting yield was received [164]. A nucleic acid delivery has been
seeming more efficient since chitosan amino groups got protonated through manipulations over the
molecule [12], [89]. In practice, to prolong the drug release period PAA or bovine serum albumin
(BSA) were used to create a layer on a micro-droplet surface with hydrophobic poloxamer molecules
[31].

It was also reported that the particle/drug pair has to be carefully chosen in order to control the
drug’s release kinetics. For instance, while studying the release of drugs such as docetaxel and
cisplatin, the first drug was released faster than the second one under similar conditions, and this
difference was explained by cisplatin being covalently bonded to the carrier’s poly(acrylamide)
matrix, where docetaxel is attached non-covalently [53]. In another similar study, poly(acrylamide)
(PAA) was incorporated with poly(ethylenimine) (PEI) to compare cisplatin loading. The published
results showed that cisplatin total release amount increased from 15% to around 25% when the PEI
qguantity was increased [79]. Considering the fact that PEl and PAA are oppositely charged polymers,
this can reduce a covalent bond formation with cisplatin as a result of an already reduced polymer
reactivity (Figure 1.27). Overall, a drug release can be improved by reducing possible covalent bonds

between an active ingredient and a charged polymer matrix.
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Figure 1.27. Comparison of (i) cisplatin-loaded poly(acrylamide) and (ii) poly(ethylenimine)-based
poly(acrylamide) NPs with their cisplatin release kinetics, and on the right hand side, Pt uptake by a healthy

model cell from cisplatin loaded NPs [79].

1.5.3 Safety of polymeric nanoparticles

Considering the fact that both emulsion and non-emulsion designs can include materials like drugs,
polymer or surfactant micelles, and excess of unreacted monomers, initiators, or stabilizers following
the PNP fabrication, these materials, especially the toxic ones are required to be eliminated from the
system. However, this may require a very long and costly trials. In general, new methods for PNPs
toxicity assessments are highly demanded [87]. Recent advances in NPs were demonstrated through
different applications such as improved pharmacokinetics, also tailored biodistribution of active
pharmaceutical ingredients (APls) [6], [84]. It’s also possible to deliver peptides and proteins for gene
therapy with ameliorated toxicity parameters. Here NPs’ parameters such as size, size distribution,
surface charge, and quality factors like bioavailability, biocompatibility, degradation, and
encapsulation capacity are crucial parameters that directly affect the material’s performance in vivo.
[165].

PNPs produced by methods that don’t involve polymerization are considered as versatile approaches
in medical [6], [9], and food industries [11] for their purity and biocompatibility. [24].

In medical applications, for long-term safety goals, the drug carriers are designed to be temporarily
eliminated or reduced after the drug is completely released [6]. For this reason, preferably
biodegradable materials, such as peptidyl- [166], amide- [29], [78], hydrazine- or carbonate-based
PNPs [167], are chosen for their degradability with time and their no accumulation in the body, by
avoiding renal filtration and potentially evolving long-term side effects.

PNPs made of the chitosan-alginate biodegradable polymers loaded with lutein revealed neither

mortality nor morphological or clinical changes in rats at 10 mg/kg dose [168]. In general, the safety-
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evaluation studies are limited in numbers for different applications, for instance, in food industries
leaving a need for safety studies [11], [87]. Also compared to the traditional pollutants, nearly no
data is available regarding NNP and ENP toxicity in water applications [25]. The toxicity assessments
can be done with PNPs in DD, for example, highly DOX-loaded NPs showed higher cytotoxicity than
the NPs with adjacent drug loading.

PNPs at a range of 20-200 nm size were frequently used as carriers for delivering active cosmetical
biocompounds into the skin by penetrating skin pores. Fluorescent polystyrene NPs, Nile Red—loaded
poly (e-caprolactone) (PLC) were cooperated into skin pores to study its distribution [35]. In a recent
study, retinol, against acne, wrinkles type of skin conditions, was encapsulated inside Eudragit RS 100
by emulsification-solvent evaporation method to fabricate 350 nm cationic PNPs for cosmetical
applications to reduce retinols’ toxicity due to its high reactivity [9].

As generally accepted, some organic solvents, such as DCM, tetrahydrofuran, chloroform, or
cyclohexane, can promote toxicity and environmental risks, so, in cases of contamination, solvent
residues must be eliminated from the final product through post-treatment steps. To overcome this,
in all the possible scenarios, these solvents have been replaced with ethyl acetate, which was
classified as GRAS (generally regarded as safe) by the FDA. Considering the entry of ethyl acetate into
the market it has been shown a better toxicological profile than the other nanomaterials that use

highly toxic solvents, especially for bio applications [73], [169].

1.6 CONCLUSION

In this chapter, various polymeric nanoparticles (PNPs) were discussed with their methods of
fabrication, including operation conditions, pre- and post-process parameters influencing their size,
size distribution, stability, etc. Applications in biomedicine, cosmetics, and food industries have
evolved a large demand for PNPs fabrication, where morphology need to be fully controlled through
the process design and parameters (mixing conditions, time, compositions, ratios, etc.). Thus, it is
essential to consider various fabrication methods to maintain these properties with high
reproducibility. It was demonstrated that, there were different methods to produce PNPs having a
controlled size and size dispersity, including microfluidic devices which were found to be effective
and reproducible. It can be concluded that PNPs produced by microfluidic, high-shear mixing and
acoustic methods can particularly be found scalable and robust in design. Particularly found in
medical, and cosmetical industries where these methods were used frequently to deliver active
ingredients from PNPs. Also, it was demonstrated that some of shear mixing and sonication methods

required the accompanying devices to maintain their continuous operability. It would be interesting
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to study operating parameters like flow rate and operating volume to elaborate PNPs with these
continuous processes.

In this work we compared and suggested that PNPs can be fabricated with both emulsion and non-
emulsion design. According to the design, the processes were also characterized as one-step or
multi-step, in small or industrial scale, where the physicochemical properties of PNPs were controlled
according to the final material properties. Here, as the main difference it can be concluded that some
emulsification processes require additional compounds like surfactants, stabilizers to promote
stability and smaller droplet size. However, the non-emulsion design allows choosing methods of
fabrication that have no emulsion stability requirements. When comparing PNPs’ fabrication with
pre-formed polymers, microfluidics appeared promising for being able to be used in both emulsion
and non-emulsion-based designs to achieve the required PNPs’ properties. For example, microfluidic
synthesis of PNPs can give an access to control morphology and size which are important in the
emerging field of nanomedicine. These methods offer exciting avenues to understand and control
nanoprecipitation, also for tailoring PNPs’ properties through controlling NPs self-assembly.

For this reason, following parts of the current manuscript are dedicated to the elaboration of PNPs
by shear mixing, ultrasonic and microfluidic techniques.

Additionally, there is an open window to develop one-step PNPs production methods, especially for
biomedical applications. Also, most of the processes using toxic and environmentally dangerous
solvents, and other materials can be avoided through improved or fundamentally new methods of
fabrication. It should be noted that there is a gap between the number of produced nanomaterials
and their cytotoxicity assessments as many newly developed systems lack these assessments due to
the long-lasting and costly trials of cytotoxicity procedures. Following this, other solutions, such as
the development of the data to estimate the most probable PNPs systems to be cytotoxic in different

environments through artificial intelligence can be a future perspective of the field.
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Chapter 2

Materials and Methods

PREFACE

In this chapter, materials used for both emulsion and non-emulsion-based polymeric nanoparticles
(PNP) fabrication designs, the protocols, and the characterization methods are described. Emulsion-
based PNP fabrication design was built in three different, rotor-stator mixing, sonication, and
elongational-flow micromixing emulsification approaches to later elaborate a suitable design for drug

delivery application (Figure 2.1).
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Figure 2.1. Polymeric nanoparticle production strategy through the emulsion- and non-emulsion-based

fabrication designs by using different methods.

2.1 MATERIALS

2.1.1 Solvents

Substances that were used in this research to dissolve solutes, namely, solvents can be classified into
polar and non-polar groups regarding their polarity-based solubility factor. These materials were
used for either producing PNPs through emulsification, nanoprecipitation, and diffusion or for PNPs’

post-production treatment like dilution and purification.

99



2.1.1.1 Polar solvents

Due to a large dipole moment driven by the electronegativity difference between atomic bonds,
solvents can be polar. Several polar solvents used in this research are listed in Table 2.1. with their

boiling points at atmospheric pressure, dynamic viscosities, and densities at 20°C temperature.

Table 2.1. Polar solvents used

Solvent name (and Boiling point Dynamic Viscosity at Density at 20°C
supplier) (°C) 20°C (g/mL)
(cP)
Water* 100°C 1cP 0.99
Ethanol (Merck) 78°C 1.14 cP 0.79
Isopropanol (Merck) 82°C 2.4 cP 0.78
Polyethylene glycol 250°C 67 cP 1.2
(Merck)
Trimethylol propane 295°C 90 cP 1.1

(Sigma-Aldrich)

*Milli-Q water obtained with a Merck-Millipore (Molsheim, France) filtration system

The given solvents were used in this thesis for different purposes. Water was used as a continuous
phase in o/w emulsions, and a dispersed phase in w/o emulsions. Alcohols were used mainly in the
last chapter, where isopropanol was used as a continuous phase fluid, and ethanol was used in the
purification of nanoparticles. Poly(ethylene glycol) and trimethylol propane were used as viscosifying

agents in water. All the solvents were received and used in an analytical grade.

2.1.1.2 Non-polar solvents
The hydrophobicity of materials is correlated with their non-polar molecular structure. The majority
of the non-polar solvents presented in Table 2.2 were used in this project for their hydrophobicity-

based immiscible or partially soluble nature with water. This property of the listed solvents allowed

them to represent either a dispersed emulsion droplet or a continuous phase fluid.
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Table 2.2. Non-polar solvents used

Solvent name (and supplier) Boiling point Dynamic Viscosity at 20°C Density at 20°C
(*C) (cP) (g/mL)

Dichloromethane (Aldrich) 40°C 0.44 cP 1.32
Ethyl acetate (Merck) 77°C 0.45 cP 0.9
Chloroform (Aldrich) 61°C 0.57 cP 1.49
Toluene (Fisher) 110°C 0.6 cP 0.86
Cyclohexane (Fisher) 81°C 1cP 0.78
Hexadecane (Merck) 287°C 3.4cp 0.77
Paraffin oil (VWR) 370°C 15cp 0.84
Miglyol® 812 (Caelo) 250°C 33 cp 0.94
Olive oil (Carapelli) 180°C 84 cp 0.91
Silicone oil (Aldrich) 315°C 970 cp 0.97

More precisely, ethyl acetate and hexadecane were frequently referred in processes like
emulsification. Miglyol® 812 was used in drug encapsulation to reduce the burst release, and
chloroform was used in sample preparation for characterization. Other non-polar solvents were used
to prepare and optimize the w/o emulsions in Chapter 5.

Miglyol® 812, a medium-chain triglyceride was used as received to prepare the emulsions and
improve drug delivery-related properties, like burst release phenomenon during the cumulative drug
release studies. Other non-polar solvents were used to understand the emulsification process, as
some emulsions were highly unstable to proceed without hydrophilic lyophilic balance (HLB) value

control.

2.1.2 Polymers

Poly(lactic-co-glycolic acid) 50:50 (PLGA) block copolymer Resomer® RG 504 H (Merck, 64,000 g/mol)
(Table 2.3.a) with approved biocompatibility by Food and Drug Administration (FDA), complete
degradation and wide-range of biological applications are used in this thesis for PNPs’ fabrication and
drug encapsulation.

Poly (methyl methacrylate) (PMMA) (Table 2.3.b), is a linear chain polymer (Merck, 120,400 g/mol)
soluble in most non-polar solvents from this research to fabricate PNPs. This material is

nonbiodegradable, however, it can undergo photodegradation or oxidative degradation.
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Table 2.3. Polymers used
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Other polymers, classified as polyelectrolytes due to their ionic structure, were also used. From the
cationic polymers’ family poly(D-glucosamine), with a brand name Chitosan (Merck, 200,000 g/mol)
was used to form polyelectrolyte complexes following its cationic nature. Chitosan (Table 2.3.c) is a
naturally occurring biodegradable, biocompatible polysaccharide, and is widely used in PNPs
production due to its properties. Poly(diallyldimethylammonium chloride) (PDADMAC) (Merck, 20-
35% solutions in water, 35% of 100,000 g/mol, 20% of 500,000 g/mol and 45% of 1,000,000 g/mol) is
a cationic polymer (Table 2.3.d) and was used to produce surface charged PNPs, and polyelectrolyte
complexes. Poly (styrene sulfonate) (PSS) (Sigma, 70,000 g/mol) is an anionic polymer (Table 2.3.e),
used to form anisotropic PNPs. Dextran (Table 2.3.f) is a glucose polymer (Merck, 110,000 g/mol)
used to fabricate complex polyelectrolyte NPs following its anionic nature. Poly (acrylic acid) (PAA)
(SCF Floerger, 450,000 g/mol (102g/mol), 4,000,000 g/mol, 18,000,000) is an anionic polymer (Table
2.3.g.) with a formula of (CsH402)n. A linear poly (ethylenimine) (PEI) (Merck, 10,000 g/mol), used as

surface modification agent for silicon wafer (Chapter 4), since it is a polyanion (Table 2.3.h).

2.1.3 Emulsifiers

Similar to sodium caseinates acting as a stabilizing agent in milk, cheese, or ice creams, in this
research, some emulsifiers, also known as surfactants, were requested to achieve long-term
miniemulsion stability. Indeed, surfactants are required to avoid thermodynamic instabilities
influenced by i) the interfacial free energy and ii) the osmotic pressure difference based on different
solute concentrations, which both lead to droplet coalescence. To produce stable emulsions and to
have improved control of droplet size, a given amount of a chosen surfactant was added to the
continuous phase under gentle stirring to equally distribute molecules for the following
emulsification process.

Pluronic® F-127 (Merck, 12,500 g/mol), a non-ionic, non-toxic, biodegradable block copolymer
(Figure 2.2.a) was used as received to prepare oil-in-water (o/w) emulsions. According to the number
of x and y groups, this polymer can be either more hydrophobic or more hydrophilic. Here, the
polymer we used had x = 95 polypropylene oxide (PPO) groups and y = 62 polyethylene oxide (PEO)
groups at both edges, with an HLB value of 22, which makes this material more hydrophilic, or water-
soluble in nature.

Another non-ionic emulsifier, sorbitan ester, sorbitan mono-9-octadecenoate (Figure 2.2.b) with a
commercial name of Span® 80 (Merck, 429 g/mol) and HLB value of 4.3 was used to prepare w/o

emulsions.
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Figure 2.2. Schematic representation of a) Pluronic® F-127 and b) Span® 80.

2.1.4 Rifampicin

A few selective materials that were used in this research can be listed starting with rifampicin (TClI,

Figure 2.3), a hydrophobic antibiotic.

Figure 2.3. Schematic representation of rifampicin.

The high frequency of pulmonary tuberculosis (TB) diseases demands the development of novel drug
delivery approaches that can enhance the bioavailability of drugs in the lungs [1]. Following this, we
used Rifampicin as a model drug to apply in our drug encapsulation and release studies. Rifampicin
was received in an analytical grade and stored at 4°C temperature before being employed to
fabricate drug-loaded PNPs. Rifampicin, a member of the ansamycin antibiotic family, was discovered
in 1965, and accepted by FDA in 1971 [2]. This drug has then been widely used in bacterial infection
treatments like Legionnaires’ disease, Mycobacterium avium [1], or TB [2]. Rifampicin is hydrophobic
in nature (Log P = 3.179) with low solubility, and it is a member of a class Il drug in the
Biopharmaceutical Classification System (BCS) [3]. Besides its hydrophobic nature, one of the main

challenges of using this drug is its high rate of degradation, and instability (Table 2.4) [5].
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Table 2.4. Percentage recoveries of rifampicin at 25°C and 37°C during 72 hours [3]

Rifampicin recovery (%)

25°C 37°C
Time (hours)

1 mg/ml 0.01 mg/ml 1 mg/ml 0.01 mg/ml
0 99.9 +0.95 96.9+2.4 101.9+4.4 97.3+1.8
6 96.7 £+ 1.05 93.5+0.1 99.6 +4.6 92.6+1.8
24 94.3+1.42 86.5+1.9 96.7+4.2 68.7+1.2
48 91.6+1.92 72.5%+0.5 929+4.4 59.1+45
72 88.3+2.14 66.0+2.1 89.7+4.6 54.6 £8.0

This data was used to estimate Rifampicin loss during the drug release studies.

2.1.5 Other materials

Citric acid monohydrate (Merck), and anhydrous sodium carbonate (Merck) were used to maintain a
buffer solution. Silicon wafers with 200 mm diameter were purchased from WaferNet Inc. (San José,
CA, USA) for substrate preparation through cutting at the desired size and form. Spectrum™
Spectra/Por™ 4 RC (Fisher Scientific, USA) dialysis bag tubing with molecular weight cut-off between

12,000 and 14,000 g/mol were used for the drug in vitro release studies.

2.2 METHODS OF PREPARATION

2.2.1 Emulsion methods

In this research, PNPs were produced by methods that do not involve post polymerization for being a
versatile approach due to their purity and biocompatibility. In emulsion methods, firstly, a preformed
polymer was dissolved in the dispersed phase. Then samples at various continuous/dispersed phases
(C/D) volume ratios were emulsified at room temperature with homogenizers. Two types, o/w, and
w/o emulsions were used to fabricate PNPs. In all processes, except in the non-emulsion method, a
significant amount of energy was given to the system to produce miniemulsions. Then, following the
solvent removal, and PNP formation via polymer self-assembly, the PNPs were further purified

(Figure 2.4).
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Figure 2.4. Overview of the emulsification of two immiscible phases to fabricate PNPs.

The surfactant was solubilized in either deionized water or in an oil phase of w/o emulsions following
the addition of 1-3% w/v emulsifier in the continuous phase before emulsification. Simultaneously,
the dispersed phase contained 1% w/v of polymer (and rifampicin 1-10% w/w of polymer, when

required) solubilized in an oil phase followed by emulsification.

2.2.1.1 Elongational-flow reactor and mixer

One of the most advanced devices used in microfluidic emulsification is the elongational-flow reactor
and micromixer (LRMX). For the production of nanoemulsions, this device was equipped with two
mid-pressure (2.5 bar) syringe pumps (neMESYS® Mid Pressure Module, Cetoni), two 25 mL stainless
steel syringes (Cetoni), and one polyetheretherketone tee (Valco Vici). The syringe pumps were
connected with an interface cable to be operated by the supplier’s software. As such, it is possible to
set the flow rate for both pumps at the same value and to run them under reciprocating cycles. The
supplier’s software also allows monitoring of the pressure inside the tubes (see below). Different
elongational-flow micromixers differing from their microchannel diameter (0.15, 0.25, 0.50 and 0.75
mm) were used in this study to proceed the emulsification. These micromixers had four ports, while
two were linked to the stainless-steel syringes by two poly(tetrafluoroethylene) PTFE tubing (1.06
mm ID, 1.68 mm OD). While two PTFE tubings were connected in opposite port directions (180°) of
the micromixer, the other two ports of the micromixer were isolated. Two additional ports of the
pistons were closed during the experiment by using two 3-way on/off valves, which were controlled

by the computer software (Figure 2.5).
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Figure 2.5. Overview of the elongational-flow reactor and micromixer with its control unit (a) and the mixing

unit (b) connected.

Since the whole system including the microchannel is exposed to different solvents and surfactants,
polymers, and monomers, PTFE, PEEK, and stainless-steel parts are used for their resistance to the
most aggressive compounds and can be used for the reaction and the elongation of the droplets in
the presence of different materials. The elongational-flow reactor and micromixer is a microfluidic
device providing a precise mixing rate of materials inside the microchannel.

The mechanism of droplet deformation was studied since the 1934 year when Taylor reported two
possible deformations of the fluid. These were simple deformation induced by the rotational shear,
and two-dimensional extensional deformation, which was observed with irrotational shear [4].
Theoretically, to deform the droplet, it must be first distorted from its spherical shape. Following the
distortion at a given stress, now two deformation types can be considered to break the droplet. In
the first scenario, this deformation depends upon the instantaneous conditions, and due to a round
motion in rotational stress, the droplet deforms at a 45° angle, where the increasing viscous drag
limits the droplet rupture. This kind of limited deformation was quite different from the horizontal
elongation observed in the two-dimensional extension. Here, the shape of the slightly elongated
droplet continued elongating in the same direction, and the breaking point was no longer dependent
on instantaneous conditions. This was since the viscous drag on the droplet surface didn’t limit the
horizontal elongation according to the theory of Geoffrey I. Taylor [4]. Then, in the 1980 P. Taylor
and H. Grace experimentally proved that in the simple deformation, after a viscosity ratio of 4 the
emulsion droplets were not able to rupture at constant stress. However, in the two-dimensional

extension, there was no limit for the droplet deformation.
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To understand the droplet break-up mechanism, which is opposed by the viscous drag forces, the

capillary number (Ca) can be expressed as the ratio of the viscous forces to the interfacial forces.

_ neDy

C
a 2y

Equation 2.1

With the viscosity of emulsion 1, the elongational strain rate &, the droplet diameter Dy and the
interfacial tension between the two phases y can be calculated.

According to the Taylor theory, the droplet will rupture when the critical capillary number Ca. is
reached. The newly formed droplets have a diameter that differs from the previous droplet, meaning
the Ca now is equal or higher to the Ca.. The droplet rupture in this condition will continue until the

Ca. value cannot be reached, this is when the droplet size doesn’t change anymore [5].
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Figure 2.6. Droplet deformation at two different conditions; simple shear (rotational shear) and two-

dimensional extension (irrotational shear) according to the Taylor theory.

Simple shear devices (Figure 2.6) require a tremendously high energy density due to the high critical
Capillary number Ca. required above the viscosity ratios of 4, however, two-dimensional systems
allow droplet deformation at high viscosity ratios without demanding increased energy inputs. Thus,
following this theory, the droplet deformation became more efficient at high viscosity ratios and high
flow rates via a selective emulsification design.

In general, droplets are passing through the microchannel several times, in some cases up to 500
times (2 passes/cycle) (Figure 2.7). Considering the droplet size changing at each cycle, the newly
formed droplets will have a different Ca than before. Thus, when Ca. is reached again, the already
ruptured droplets (in the previous cycle) will break up. This will continue the same until the moment
when Ca stands below Ca.. As such, droplet rupture is no longer possible and the size of droplets is

no further changing.
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Figure 2.7. lllustration of the droplet break-up, and formation of the smaller droplets at elongational-flow

strain inside the micromixer, the two-dimensional deformation according to the Taylor theory. The fluid

passing through the restriction area loses its pressure and gains higher velocity, leading to droplet elongation.

As shown in Figure 2.7, in an elongational-flow based device the restriction plays an important role
since the diameter is much smaller than the inlet and outlet channels. Thus, when the liquid passes
from the tight channel its velocity increases leading to a strong local elongational strain rate of the
droplets. The droplets also undergo a simple shear due to a restricted flow, however, this form of
shear force is very negligible compared to the elongational force. The sum of these forces yields
smaller droplets through the deformation and break-up of the larger droplets. The elongational
strain rate can be calculated according to the Cogswell analysis for the Newtonian systems [6] by

Equation 2.2.

 _ 2Ty Yy
34P,

Equation 2.2

where tw is the shear at the restriction wall, AP. the pressure drop at the restriction entrance, and
yw the shear at the restriction wall.
In the present case, yw can be calculated as indicated in Equations 2.3, and 2.4, i.e. for cylindrical

shape restrictions.

TW
Yw = T Equation 2.3
D, APy,
= Equation 2.4
Tw 4L, q
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Here, Dn and Ly are the diameter and the length of the restriction, respectively, and APy, the pressure
drop across the restriction. Given the laminar flow in the microchannel (typically Re = 1650), and
assuming that the fluid is Newtonian, the pressure drop across the microchannel length (AP}) is

given by the Hagen-Poiseuille law (Equation 2.5).

128 u L
APy, = # Equation 2.5
32 f Lypq?
Py =————— Equation 2.6

Where g and Dy, are the flow rate of emulsion and the restriction diameter respectively. The Fanning
friction factor is a function of the Reynolds number (Re) and the relative roughness e of the
restriction wall.

The pressure drop at the restriction entrance can be expressed considering the loss coefficient K¢ of

the restriction and the mean velocity (u) = % trough the restriction:
h

u)? Dp\?] p(u)?
AP, = K p<2) = 0.45 [1 - (D—’:) ]p<2> Equation 2.7

where Dy is the inner diameter of the cylindrical restriction, this is connected to the restriction.

Considering all these equations it can be concluded that there are multiple factors including the
geometries that affect droplet deformation and rupture. For example, a higher flow rate, and
reduced microchannel size improves the elongational stress leading to smaller droplet size. Also, the
shear rate at the restriction wall or the lower value of the interfacial tension can help in reaching the
Ca. required to rupture the droplet. In this context, microfluidic devices are highly efficient
considering the precise parameters and highly controlled reaction conditions that are reproducible

[7].
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2.2.1.2 Shear-mixing
In this study, a rotor—stator mixer (Ultra-Turrax® T 25 basic, 800 W, IKA®) having a 13 mm diameter
arm, shown in Figure 2.8, was employed for high-energy homogenization. Six different rotational

speeds, from 9 to 24 krpm, of the shear-mixing device, were available for the process.
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Figure 2.8. Overall view of the Ultra-Turrax® T 25 basic showing its main parts.

While the rotor moves at a high rotation speed, the liquid which is going to be homogenized is
automatically moving towards the dispersion head by axial force, then radially forced to penetrate
through the slots of the rotor/stator parts. In general, the higher the acceleration stronger the shear
and thrust forces applied to the material to rupture the droplet. The continuous and the dispersed
phases were homogenized at different speeds for a given emulsification time at 20°C, to then
produce polymeric nanoparticles (PNPs). The given device has dimensions of 87 x 106 x 271 mm on
the disperser part, and 13 x 160 mm on the rotor-stator part with 2.5 kg weight, which operates at
220 V design voltage, 50/60 Hz frequency with 800 W of power consumption. The given geometries
and power consumption yield the rotor speed range of 3000 — 25000 rpm, and noise level of 75 dbA.

in shear-mixing, the droplets generation takes place due to the kinetic energy given to the fluid. This
energy is generated by the high-speed rotation of an internal part inside a stationary part which
creates high turbulences between the two parts. Due to the small sample volume, the system is

induced to a quite high energy dissipation, which deforms and ruptures the droplet. According to the
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Kolmogorov-Hinze theory, the shear-mixing is directly dependent on a rotor speed (N), and rotor

diameter (d), and can be expressed by the global Weber (We) number (Equation 2.8) [8].

_ pNZd?
Y

We Equation 2.8

with the fluid density (p), rotor speed (N), rotor diameter (d), the interfacial tension (y). Following
the Weber number, the droplet diameter is found in the Ohnesorge (Oh) number, which is the ratio
of viscous forces to interfacial and inertia forces [9]. Oh number is expressed with the Weber number

and the Reynolds number (Equation 2.9).

Oh=—— = Equation 2.9

With the fluid viscosity (i), fluid density (p), the interfacial tension (y), and the droplet diameter (D).
The droplet breakup mechanism with Ultra-Turrax® T 25 basic can be illustrated as shown in the

following Figure 2.9.

Figure 2.9. lllustration of the droplet rupture mechanism between the rotor (red) and stator (gray) at a high

rotation speed of the Ultra-Turrax® T 25 basic.

It should be noted that parallelly with the given high shear, the effectiveness of the homogenization
is also highly dependent on the time that the particles are exposed to deformation in the shear zone.
The Ultra-Turrax® T 25 basic can operate between the range of approximately 2-17 m/s rotation

velocity (at d=13 mm), At the optimum rotation a few minutes of processing time is usually sufficient
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to reach the desired particle size, however, long processing times can act oppositely by decreasing

the efficiency yielding to an insignificant particle size improvement but an increased temperature [8].

2.2.1.3 Sonication

Emulsification of two immiscible phases was conducted by using an ultrasonic homogenizer
(Bandelin Sonopuls HD2200) having a 3 mm diameter tip during a given time at different amplitudes
(ton/ttotal) to produce stable emulsions. A cooling water bath was applied to maintain the temperature
at 20°C. The illustration of the Sonopuls HD2200 sonicator with its generator & control unit for high-

frequency (HF) and the resonator with its insulation box is displayed in Figure 2.10.
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Figure 2.10. Standard Bandelin Sonopuls HD2200 for lab routine with HF generator & control unit (a) and the

resonator unit (b).

HF generator & control unit aims at transforming electrical energy into HF signal in a controlled way
and transmitting it to the resonator unit. This unit has dimensions of length, width, and height 257 x
180 x 115 mm respectively, with a maximum HF output of 200 kHz (We). And it’s capable of
controlling the given transducer but also transducers with other dimensions. Transducer, also called
converter or oscillator, dimensions of 70 x 150 mm titanium probe of 3 mm tip end-point radius.
Considering tip diameter, operation volume is between 2 mL to 50 mL at a processing frequency of
20 kHz #500 Hz, main connection of 230 V~ (10 %). Under the given power density, the unstable

waves generated in the interface induced by the acoustic field deform the droplets. These waves also
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generate cavitation bubbles induced by the interior or exterior pressure fluctuations, and the
cavitation bubbles implode leading to extreme localized turbulence, which creates additional
pressure to deform the droplets. However, the surface energy of the droplet is one of the factors
keeping the droplet with its minimum surface area and minimizing the droplet breakup. Also, the
recoalescence of the droplets is one of the factors which is considered while ultrasonic
emulsification. Thus, considering all these factors, the critical stable droplet diameter (d.i) for a low

dispersed phase viscosity (ns < 10 mPa.s) can be expressed (Equation 2.10).

derit = C g X5y 35pc 35 Equation 2.10

With C a constant value, £ the power density (W.kg 1), y the interfacial tension and pc the continuous
phase density. The power density is the average power dissipated per mass unit of emulsion.
When the residence time (t), and the processing volume (V) of the emulsion exposed to the given

power (P) are considered, the energy density is calculated (Equation 2.11).

Ev=Pt/V Equation 2.11

The energy density is the energy given (J) per unit volume (J/m3). Here, the energy density must be
higher than the minimum required energy to rupture the droplets. It’s also referred to as the low-
energy threshold when E, is not sufficient enough to break the droplets, and it can yield also a very
high PDI at non-uniform E,, [10], [11]. According to E,, at a lower volume, it’s possible to reach a

minimum droplet size with Sonicator, described in the 3rd Chapter.

The exterior pressure (pg) to a given cavitation bubble with a radius R is correlated to the interior
pressure (p;), and the particle geometries change depending on the pg and p;. By considering the
v interfacial tension, this can be expressed (Equation 2.12).

2y AT

Pr—Pr = R Equation 2.12

where R is the cavitation bubble radius, and AT the temperature difference.

The size starts growing when the exterior pressure is less than the interior pressure. Following the
size growth, the bubble implodes when the outer pressure becomes higher than the internal
pressure due to the resonance in amplitude (Figure 2.11). This implosion is followed by massive
pressure fluctuations and heat, that rupture the emulsion droplets. In practice, a higher interfacial

tension value requires a higher pressure difference to achieve the implosion, this also requires higher
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resonance in amplitude. The general mechanism of the droplet breakup at different given factors is

illustrated in the following figure (Figure 2.11).
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Figure 2.11. Droplet breakup mechanism during ultrasonic waves.

There is a heat emission in the process that is determined by measuring the temperature variations

of the fluid and referred to as the calorimetric power (Equation 2.13).

cmAT

calo = t

Equation 2.13

In the given equation, P (W) is dependent on the heat capacity c (J/K), mass of the liquid m, and
the temperature difference AT (K), generate during the process [11]. Higher temperature, and liquid

mass increase Pcaio, and thus increases the power converted to heat energy.

2.2.2 Solvent removal

In this research, four different solvent removal approaches were employed; evaporation, diffusion,

forced convection, and lyophilization.

Evaporation

In this approach, ambient temperature of 20°C, an atmospheric pressure, and surface area of a

sample induced to evaporation were maintained constant within 24 hours of slow solvent separation

to yield PNPs of various polymers.
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Figure 2.12. Formation of spherical PNP by solvent evaporation from a miniemulsion droplet.

The formation mechanism of a PNP through solvent evaporation from a miniemulsion droplet is
shown in Figure 2.12. This takes place following the migration of a solvent out of the droplet, which
leads the polymer molecules to reach a supersaturation point to self-assemble. This approach

doesn’t require specific equipment and device.

Diffusion

In diffusion-type separation, evaporation doesn’t play a major role. Here, the main principle is to add
a solvent (ethanol) into the continuous oil phase in order to facilitate the water extraction from the
dispersed polymer phase. Here, the dispersed phase solvent diffuses into the 3™ solvent (ethanol),
leaving polymer molecules precipitated inside the droplet. This method is considered to consume
large volumes of water or other solvents, however, doesn’t require specific equipment and can be
applicable in some specific scenarios like rapid solvent removal. In this study, some polyelectrolyte

NPs are produced via the emulsification and solvent diffusion method.

Forced convection

The third approach, forced convection requires a specific device called rotary evaporator (Rotavapor

R-210) illustrated in (Figure 2.13).

Following the w/o emulsification process, 10 mL of miniemulsion sample was added to a 50 mL
boiling flask connected to the flask adapter and the rotavapor unit. The temperature set point at the
heating unit’s controller was given at range of 25-50°C to evaporate water whilst the electrical
vacuum pump maintained the vacuum pressure range of 70-350 mbar controlled by the rotavapor
unit. The chiller unit was used to maintain condensation of an evaporated water and collection in the

receiving flask while the process time ranged from 2-6 hours at 10 rpm (Figure 2.13.c).
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Figure 2.13. Rotary evaporation system used in PNP fabrication; a) electric vacuum pump, b) chiller, c)

rotavapor, d) heating unit

Sample weights (with flask) were measured before, during, and after the evaporation to initially
optimize the evaporation time. This time was set since the sample started weighting constant for the

last three measurements at constant operating parameters.

Lyophilization

During PNPs’ separation from water, one of the limits is nanoparticle agglomeration due to hydrogen
bonds of water molecules. To minimize or limit this physicochemical challenge, lyophilization (freeze-
drying) with a (Lebconco, FreeZone 2.5) was used to separate water from PNPs by avoiding particle
agglomeration. Nanosuspension was frozen in liquid nitrogen before connecting to the lyophilization
system, then water was gradually eliminated by sublimation process for 24-72 hours to avoid

hydrogen bond driven agglomeration.

To remove the water, an electric vacuum pump (Edwards) was used to maintain a stable vacuum
inside the drying chamber (Figure 2.14.a). The refrigeration unit contains a compressor inside the

metallic box which operates to reduce the temperature of the drying chamber (Figure 2.14.b).
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Figure 2.14. Overview of the lyophilization system used in PNP purification; a) electric vacuum pumping unit, b)

refrigeration unit

Following the dispersed phase solvent evaporation and purification, PNPs were inserted into liquid
nitrogen for 15 minutes to freeze the sample. Then, samples were connected to the drying chamber
by maintaining the vacuum pressure range of 200-500 mbar, and -50°C during the process. Samples

were collected in powder form for the next characterization.

2.2.3 Non-emulsion method

Non-emulsion-based methods differ from the emulsion-methods in their design, as described in the
1%t Chapter. In non-emulsion methods, there are no specific solvent immiscibility requirements and
emulsification processes. Thus, in this method, the surface-active ingredients are not used. The
principle of the process is the diffusion of polymer solvent (water) into a miscible polymer non-
solvent (e.g. ethanol), differently from the previously discussed emulsion method, where two
immiscible or partially miscible (ethyl acetate and water) phases were used. This non-emulsion-based
method will turn out to be more time efficient the than previous (emulsion) method.

This method relies on the capillary co-flow of two streams of oppositely charged polymers dissolved
in a common solvent (water) and surrounded by the flow of a polymer non-miscible fluid (propanol)
in which water is miscible. Upon the in-flow diffusion of water in propanol, two physical phenomena
may arise, as discussed in chapter 5, namely precipitation and electrostatic aggregation of the two

polymers leading to the production of polyelectrolyte complex (PEC) nanoparticles.
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The setup to implement this non-emulsion-based method is composed of three syringe pumps
(PHD2000, Harvard Apparatus) connected to a microfluidic setup comprising two side-by-side glass
capillaries and a PTFE tubing of 30 cm length and inner diameter equals to 0.5, 1 or 1.6 mm (Figure

2.15).

HARVARD Control panel Continuous Phase -
L . Third Polymer
Pump A
7
Sleeve % : Nanoparticles
/ Jetting stream
Second polymer (2 zz
Pump B First polymer / 2
¥ N PTFE Tubing
Capillaries

HARVARD
s
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Figure 2.15. Overview of the one-step non-emulsion-based PEC NPs fabrication device.

Here, Pump A injects the continuous alcohol phase. Pump B and C inject the two different aqueous
polymer solutions at a concentration of 0,1 — 20 % w/v through two capillaries of same but variable
inner and outer diameters (ID: 40 and 75 um; OD: 100 and 350 um). Both polymeric fluids are
injected at the same flow rate ranging from 100 — 10,000 nL/min. All the samples are collected at the
exit of PTFE tubing at ambient temperature and characterized without further purification.

Upon, diffusion of water in propanol, it is expected that PNPs are formed by precipitation and or

electrostatic interactions.

2.2.4  Polymeric nanoparticle purification

To study the drug release at 37°C from previously produced DNPs, they were isolated from the
solution by centrifugation (9500 rpm, 30 min) and filtration (filter diameter = 0.2 um) before being
introduced into a dialysis tube containing a 7.4 pH-controlled buffer solution. To separate the DNPs
from the water phase, to calculate the encapsulation efficiency and to study the cumulative drug

release from the DNPs under sink condition, nanosuspensions were first centrifuged at 9500 rpm for
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30 min at 20°C (Rotina 420R Hettich Zentrafugen) to eliminate surfactant and then lyophilized
(Labconco Freezone freeze dryer) at 0.4 mbar during 24 h at -50°C.
Here, it’s necessary to consider the process yield, especially during the purification steps due to the
material loss. Both production and purification processes are followed by the process vyield
estimations (Equation 2.14).

particles weight

Process yield (%) = Equation 2.14
Y (%) weight of total components a

To calculate the drug load, the final PNP weight was estimated following the 30 minutes of

centrifugation and lyophilization.

2.3 METHODS OF CHARACTERIZATION

Due to their critically small geometries, PNP characterization required specific techniques such as
Dynamic light scattering (DLS), Transmission electron microscopy (TEM) [7], Ultraviolet Spectroscopy
(UV), Surface tension tracking (Tracker) for pre-fabrication. For verification, additional techniques
such as atomic force microscopy (AFM), Scanning Electron Microscopy (SEM) and, Infrared
Spectroscopy (FTIR) were used. The morphology characterization of PNPs was demonstrated by
mainly DLS and TEM techniques in triplicates to confirm the particle’s size, size distribution and

shape.

2.3.1 Analyses by spectroscopic methods

Since Isaac Newton was able to split light with a prism, spectroscopy has become the field of
interrelations between electromagnetic radiation and matter, which provided an opportunity to
study material properties. In this part of the chapter, we explain the spectroscopic methods that

were used to characterize the produced materials.

2.3.1.1 Dynamic Light Scattering & Zeta Potential

Following the previously explained processes of fabrication, the average size and size distribution of
the PNPs were characterized by using the dynamic light scattering (DLS) a non-invasive technique
(Malvern Nano ZetaSizer) applied for measuring particles in suspension and macromolecules in
solution. For this purpose, the helium-neon laser at 4 mW emitted at 633 nm with a scattering angle

of 173° at a constant temperature of 25°C was maintained to characterize diluted samples of the
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nanosuspension. This measurement is giving two different, however correlated results of particle size
and the polydispersity index (PDI), a measure of the modality of the size distribution. In general, PDI
values are required to be always below 0.2, which corresponds to a monomodal distribution of
particles [15]. To perform the analyses 0.02 mL of the nanosuspensions are poured dropwise into 1
mL of deionized water located inside a 3.5 mL 10 x 10 x 45 mm plastic cuvette, and further inserted
into the sample holder of the spectrometer before starting the measurement. An average of 30
values were calculated by the device at each run.

To characterize a sample, the ZetaSizer technique can be interpreted by understanding its working
principle. In general, this technique treats the scattered light intensity signals sourced from the time-
dependent fluctuations that occur inside the sample. These fluctuations are based on the Brownian
motion that particles are undergoing due to the bombardment by the solvent molecules. More
clearly, particles are randomly (uncontrolled) moving to reach their thermodynamically stable state,
and disturbing the passing light intensity which is converted into a value of the particle diameter.
Since Robert Brown observed grains moving in water in 1827 [12], it was possible to calculate the
velocity of moving objects driven by mainly entropic forces and referred to as the translational
diffusion coefficient D. It was explained that when the particles are large, they move slower, thus, a
slower Brownian motion they have. However, smaller particles move faster due to being "kicked"
further away by solvent molecules, thus, a higher Brownian motion they experience [12].
Approximately a century later, following the Stokes-Einstein equation (Equation 2.15), it was possible

to convert the translational diffusion coefficient D into a hydrodynamic diameter Dy.

D, — kT
H_37ruD

Equation 2.15

With p the viscosity, T the absolute temperature of the system, D translational diffusion coefficient
of the particle, and the Boltzmann's constant.

Since these measurements are well established for the systems ranging in size for having a better
Brownian motion visualization, for highly monodisperse particles, the exponential decaying function

of the correlator time delay T was used:

G(t)=A[1 + B exp(-2IT)] Equation 2.16

This calculation was processed automatically depending on the light scattering reports by considering
A the correlation function baseline, B intercept of the correlation function, and ' a number
representing Dg? where q = (4 1t n / Ao) sin (6/2), and D is the translational diffusion coefficient

derived from the Brownian motion. Here, q is found from n the refractive index of dispersant, Ao the
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wavelength of the laser, and 8 its scattering angle. The given calculations are found in the format of
volume, number, and intensity values of the particles at the end of multiple measurements. In this
study, only the number average of the particles will be discussed, which provides precise information
on different particle diameter populations.

The same device (Malvern Zeta Potential) was also employed for the measurement of the zeta
potential. This was performed by first measuring a quantity known as electrophoretic mobility, which
is the particle velocity in a unit electrical field. By using a specific design (cathode, anode), the given
electrical field is directly passing through the sample, which is later correlated to the electrophoretic
mobility. In practice, when the given electric field is high, the accuracy of the analysis increases, as
the electrophoretic mobility is derived from the relationship of the Mobility = Velocity/Electric field
[12]. Here, either positive or negative signs of the mobility can be found depending on the travel
direction under the given electric field. Velocity is obtained from the light scattered by the particles,
which is known as the 'Doppler Effect'. The frequency comparison of the scattered signal with a
reference signal, which allows also very small frequency shifts to be measured, was processed to
obtain the velocity results. The frequency was maintained between 250 and 320 Hertz to detect
signals above and below the given numbers, then the electric field was applied leading to higher
frequencies corresponding to the positively charged particles and lower frequencies to correspond to
negatively charged particles. The given electrical field was reversed periodically (every 26 to 45

milliseconds), and the changes were reported as a function of time.

2.3.1.2 UV-visible Spectroscopy

Ultraviolet-visible spectroscopy (Perkin Elmer — Lambda 25) with a wavelength ranging from 2500 nm
to 190 nm was used to quantify the drug concentration that was encapsulated inside the
nanoparticles and released from the drug-loaded nanoparticles. A 3.5 mL standard quartz cuvette
with a 10 mm light path was used for all characterizations. First, the calibration curve was established
by dissolving the drug crystals into deionized water up to 1-20ug/mL at 1 hour cold (4°C) stirring at
300 rpm. Following the calibration curve, encapsulated and released drug quantities were calculated

according to the ultraviolet light absorbance (A) with Beer Lambert law (Equation 2.17).

A =¢ebC Equation 2.17

With € the molar absorptivity, b the light path length, C the molar concentration.
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2.3.1.3 Fourier Transform Infrared

Materials were characterized by the Fourier transform infrared spectroscopy (FTIR, Bruker) to
understand if the polymer molecules remained stable or if degradation took place during and after
the process. By using this technique, the infrared region of the electromagnetic radiation spectrum
was obtained. Compared to visible light, the infrared region shows a longer wavelength with a lower
frequency. Followed by the given infrared radiation (IR) in a sample, the absorbed light spectrum at
different frequencies that occur in the bonds between existing elements of PNPs was measured. In
other words, the material’s molecular composition was determined thanks to the sample’s ability to
absorb infrared light.

In this context, Vertex 70 from Bruker Optics was used to record FTIR spectra equipped with MCT
(mercury cadmium telluride) detector and a black-body source. The spectra of the solids were
measured on the diamond through ATR (attenuated total reflectance). Following an intensive
purification and lyophilization, prepared PNP powder was brought to contact with the diamond

surface of the FTIR spectroscopy and the measurements were recorded.

2.3.1.4 Nuclear Magnetic Resonance

Obtained PNPs were analyzed for their quality by using the Nuclear magnetic resonance (*H NMR)
spectra recorded on a Bruker Advance DPX400 | 400 MHz spectrometer equipped with UltraShieldTM
magnets. This technique was used to observe local magnetic fields around atomic nuclei. The signals
providing access to details of the molecular structure of the sample were detected with sensitive
radio receivers located inside the device. The main purpose of this analysis was to detect any
alternations in the molecular structure of biodegradable polymer during the PNP fabrication. To
prepare samples for the liquid-state NMR analysis, following the emulsification-evaporation step,
Poly (lactic-co-glycolic acid) PLGA, Poly (methyl methacrylate) PMMA, and PLGA-PMMA NPs were
rigorously purified in 5 steps of centrifugation in water to eliminate the surfactant and the solvent
molecules. After the purification steps, the samples were freeze-dried (Figure 2.14) with a Freeze
dryer (Lebconco, FreeZone 2.5) at 200 mbar and -50°C for the sublimation of the water for 48 hours.
15 mg of powder PNP was dissolved in 0.6 mL of deuterated chloroform (CDCI3) and added to an
NMR thin-walled glass tube before inserting to the device, then, the received signals were analyzed
using MestReNova software. NMR chemical shifts were reported as the d scale in ppm relative to the
solvent peak (d =7.26) in CDCI3. The terms m, s, d, t, q, and dd represent multiplet, singlet, doublet,
triplet, quadruplet, and doublet of doublet respectively. Coupling constants (J) are given in Hertz

(Hz).
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2.3.2 Methods of microscopic characterization

Because all the fabricated products in this research were 1000 times narrower than the average
human hair, we tried to measure these nanomaterials by using all the available high-resolution
microscopic techniques. These include transmission electron microscopy (TEM), scanning electron

microscopy (SEM), and atomic force microscopy (AFM).

2.3.2.1 Transmission Electron Microscopy

To analyze the morphology and shape of the nanoparticles, transmission electron microscopy (TEM)
experiments were performed. 5 pL of the nanosuspensions were deposited onto a freshly glow-
discharged carbon-covered grid (400 mesh). The suspension was left for 2 minutes and then the grid
was negatively stained with 5 pL of uranyl acetate (2v% in water) for another minute before being
dried using filter paper. The grids were observed at 200 kV with a Tecnai G2 (FEI) microscope. Images

were acquired with an Eagle 2k (FEI) ssCCD camera.

2.3.2.2 Scanning Electron & Keyence Microscopies

Scanning Electron Microscope (SEM) SU8010 (Hitachi, Japan) has been used with a detector at an
accelerating voltage of 1.0 kV for collecting the secondary electrons (SE). In this technique, electrons
are first generated at the top of the column (electron gun), followed by the acceleration and passage
through diverse lenses to produce a focused electron beam. When the given beam interacts with the
sample surface, a range of electrons are backscattered (BSE) to provide information about the
sample. Films of self-assembled PNPs were prepared by casting the water/particles suspension (1
mg/mL) on silicon wafer substrates (1 cm x 1 cm) dried at 25 °C, and glued with conductive carbon

adhesive tape (Agar Scientific, UK), followed by the sample imaging of the top surface.

2.3.2.3 Atomic Force Microscopy

To verify the previously analyzed samples, AFM (Bruker, USA) was used to characterize the
morphology of PNPs in size and shape. The study was realized at a free amplitude of 500 mV, a free
vibration frequency of 179 kHz by tapping mode at room temperature. Silicon cantilevers with a
spring constant of 13-77 N.m™ and a silicon tip ACT-50 were used for the measurements. Before
starting the morphological characterization, the silicon wafer was purified through 15 minutes of

washing in KOH solution, 15 minutes in an ethanol solution, and 3 minutes in a Plasma Cleaner PDC-
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002 (Harrick Plasma, USA) at high RF power (~30 W). Following the substrate purification, 1% w/v PEI
solution was added dropwise (10 drops) to the substrate surface by spin coating technique at 5000
rom before washing it with the deionized water. In the last step, purified and diluted 0.1 mL
nanosuspension was added dropwise by spin coating at 7000 rpm and was then fixed on metallic

support using super glue (Loctite Super Glue-3) before starting AFM imaging.

2.3.3 Interfacial Tension Measurements

For producing miniemulsions with controlled parameters, the interfacial tension of the immiscible
phases was studied to improve the droplet generation based on the capillary number. The interfacial
tensions (mN/m) between oil and water phases were measured by employing a Teclis Scientific
Tracker technique. This technique operates with the help of a control unit, an A25 Refrigerated
Circulation (Thermo Scientific, USA) unit to maintain requested temperature conditions, and an
operations unit connected to the “Wdropdata” software (Figure 2.16). According to the rising bubble
method, first, the water phase (deionized water and surfactant) in a 25 mL glass cuvette was placed
inside the temperature-controlled chamber at 20°C. The oil phase was then continuously injected

from a 500 uL glass syringe directly to the center of the water solution to create and maintain a 3 pL

droplet.
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Figure 2.16. Overview of the Teclis tracking system used to characterize the interfacial tension of two phases

with the rising-bubble method.

The glass cuvette and syringe were used as a carrier of the given samples, and due to micro-volumes

used during measurements, these two parts were purified step-by-step in acid-base solutions,
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acetone, and alcohol solution for 30 minutes for each step inside the ultrasonication bath. The
needle of the syringe was heated above 250°C temperature following the ultrasound purification
steps before starting the measurements to avoid impurities which can later limit the angle tracking.
The droplet tracking with the rising bubble method was video recorded during the 500 minutes for

each sample in triplicates with a total number of 30 successful measurements.

2.3.4 Other characterization methods

Other characterization devices like weighting balance (Thermo Fisher, USA) to precisely balance and
estimate the materials, digital microscopic imaging technique (Keyence, France) to observe
evaporation phenomenon in large emulsion droplets, temperature detector (RS-232 Data Logger
thermometer) to follow the heat effects in processes. Also, a density meter (Mettler Toledo) to
determine solution densities, and a kinematic viscosity measurement device (Ubbelohde viscometer)
to viscosities of the samples at room temperature were used to understand the pre-process
parameters. Also, visual emulsion stability in time tests were performed by storing prepared
emulsions and observing their phase separation phenomenon at normal conditions. All the

characterization methods were realized at Institute Charles Sadron (ICS).

2.4  METHODS OF APPLICATION

2.4.1 Drug delivery studies

To start encapsulation, a given amount of drug (rifampicin) was first mixed with 10 pL of Miglyol®
812 and then added to 1w% PLGA in ethyl acetate, the resulting solution composing the oil dispersed
phase. The continuous phase was composed of water saturated with 8.7% ethyl acetate to prevent
drug diffusion from oil to the aqueous phase [13]. After the successful production of nanoemulsions,
all samples were left overnight in a fume hood to let the solvent evaporate and a nanosuspension of
drug-loaded PLGA NPs in water was recovered.

To separate the drug-loaded nanoparticles (DNPs) from the water phase, to calculate the
encapsulation efficiency and to study the cumulative drug release from the DNPs under sink
condition, nanosuspensions were first centrifuged at 9500 rpm for 30 min at 20°C (Rotina 420R
Hettich Zentrafugen) to eliminate surfactant and then lyophilized (Labconco Freezone freeze dryer)

at 0.4 mbar during 24 h at -50°C.
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Then, the drug load (DL) and the encapsulation efficiency (EE) were calculated (Equation 2.18, 2.19)
[14]. DL corresponds to the drug weight percentage in the final product, EE is the weight ratio of

encapsulated drug to the total weight of the drug introduced in the feed.

weight of encapsulated drug )
L= - Equation 2.18
weight of DNPs

weight of encapsulated drug

= Equation 2.19
weight of drug introduced in the device a

Following the drug encapsulation, cumulative release studies were carried out to understand the
relationship between process, pre-process parameters, and drug release kinetics.

DNPs were first loaded into a dialysis bag tubing. then the bag was immersed in 60 mL of pH-
controlled phosphate buffer solution (pH = 7.4). Then, rifampicin release from polymeric DNPs was
carried out in an incubator (PolyMax 1040, 330 W, Heidolph) equipped with a temperature control
system (37°C), a sample collection platform, and a rotational speed controller (50 rpm).

The amount of drug (ug) released from DNPs was determined by UV-visible spectroscopy at 332 nm
by taking into account the rifampicin possible degradation (Equation 2.20) considering the rifampicin
degradation kinetics (Table 2.4). Cumulative drug release was calculated by the ratio of the released

drug (ug) to the initially loaded drug (ug) (Equation 2.21).
Ty = (An332 / A3zz) Co+ L Equation 2.20

with T the total released drug (ug) at time n, An3z; the absorbance at time n, A3z absorbance at
certain drug quantity (ug/mL) Co obtained from the calibration curve, and L, total loss of drug at
phosphate buffer solution replacement (ug).

T

D l = Equation 2.21
rugretease Weight of drug loaded quation

2.4.2 Stability

Two types of physicochemical stabilities were discussed in this research; miniemulsion stability

against phase separation, and nanosuspension stability against agglomeration. The miniemulsion

stability against phase separation was observed depending on the time required for the solvent
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removal, explained in the solvent removal section. The second instability, the agglomeration in
nanosuspensions is an inevitable auto-process, and driven by weak adhesive forces, especially during
the intensive purification steps, however, it can be minimized thanks to the Brownian motion that is
continuously active above the zero Kelvin. Some physicochemical parameters such as drug content,
and residence time were the control strategies of nanosuspension stability. These factors can
become more crucial in the industrial application of PNPs, in prolonged storage periods.

PNPs were washed via centrifugation to remove surfactant and other impurities followed by the
dilution in water. As previously explained, a size of below 200 nm is a guarantee of stability by
avoiding immune system attacks in physiological media, thus, PNPs were maintained at this size
range during the purification.

Because materials like the surfactant and other molecules like hydrophobic agents directly control
the osmotic pressure, the miniemulsion instability was avoided by keeping the osmotic pressure
equal to or above the droplet’s Laplace pressure. Here, the emulsion stability was maintained during
the process, and also during the post-homogenization solvent-removal period through these
concentrations.

In medical applications, for long-term safety goals, the drug carriers are designed to be temporarily
eliminated or reduced after the drug is completely released. For this reason, initially, biodegradable
materials were chosen to be expected to degrade in time and not accumulate in the body to

potentially evolve long-term side effects.
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Chapter 3

One-step Production of highly monodisperse size-controlled
poly(lactic-co-glycolic acid) nanoparticles for the release of a
hydrophobic model drug

Adapted from JDDST.2022.103358
3.1 INTRODUCTION

The need for a new drug delivery system is requested by the pharmaceutical industry [1], [2]. Indeed,
the number new drugs having a continuous dose requirement for treatment, without harming
organs, have triggered the need for alternative drug delivery strategies [3], [4]. Some diseases
request to maintain an effective therapeutic drug concentration over time and thus to develop
formulations that allow the prolonged delivery of an active pharmaceutical ingredient [5], [6].
Previous studies suggest that drugs having delivery issues could be encapsulated in biodegradable
polymeric nanoparticles (PNPs) of diameters as low as 200 nm to improve stability of drugs and to
tune their release profiles [7]-[9]. Moreover, based on the control over their morphology, size,
bioavailability and high biostability, PNPs are promising candidates as drug carriers [10]—[12].
Indeed, biodegradable polymers have the capacity of being cleaved into biocompatible byproducts
through enzymatic degradation and enzyme-catalyzed hydrolysis process, thus delivering drugs in a
controlled release manner [5], [13], [14]. Poly(lactic-co-glycolic acid) block copolymer (PLGA) is one
of the carrier candidates for drug delivery systems since European Medicine Agency and Food and
Drug Administration approved it for its bioavailability [13]-[15]. This biocompatible polymer can
protect drugs from degradation until their release starts [3], [10], [16]. In this context, drug-loaded
PLGA microspheres (57 um of diameter) can easily be fabricated by the emulsification-evaporation
method and encapsulation efficiency of 92% (1.5% w/w drug load) can be reached at optimum
conditions [6], [10]. Also, the presence of glycerides, such as Miglyol, can reduce diffusion of drug out
of the polymer molecules [17] because of its adhesive property to act as a diffusion barrier
throughout the PNP matrix. While various methods such as emulsification-evaporation, salting-out or
nanoprecipitation have been studied to produce PNPs [18]-[20], microfluidic-assisted processes
appear to be an asset for the production of PNPs with biological-related applications [11], [21].

Indeed, size-controlled droplets can be generated even with highly viscous solutions (e.g. polymers)
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with viscosity ratios higher than 4, which is the limiting value according to Taylor’s theory for shear
devices [22]-[24]. Using these methods, the required drug carrier mass can be reduced to decrease
production costs [7], [9]. For instance, some of these systems have been developed by a two-step
process to produce ketoprofen-loaded PNPs (45% of encapsulation efficiency) with controlled size
(100 to 200 nm). Selecting an appropriate encapsulation technique is an important stage while
working with biodegradable polymers. However, the techniques presented in the literature for
emulsification are still usually multistep, multiplying risks of contaminations and drug alteration [9],
[11], [18].

Moreover, compared to previous works done with PNPs [11], [20], [25], in this work the continuous
phase pre-saturation is applied for the first time to the microfluidic-assisted emulsification and
solvent-evaporation method to i) increase the amount of encapsulated hydrophobic model drug

(rifampicin) and ii) improve the control over PNPs’ diameter and size distribution.

3.2 PROCESS ELABORATION RESULTS

3.2.1 Influence of the operating parameters on the PLGA nanoparticles

Desired poly(lactic-co-glycolic acid) (PLGA) NPs properties, i.e. the average PNP size below 200 nm,
and the size distribution of below 0.2 value, were achieved following the process elaboration
according to the drug delivery application. In this first part, the production of biodegradable PNPs
with PLGA was conducted with three different devices described in Chapter 2 (rotor-stator mixer,
sonicator and elongational-flow micromixer-uRMX) at given operating parameters (Table 3.1). The
goal here was thus to assess the effect of operating processing parameters (emulsification time and
mixing parameter) and chemical parameters (continuous to disperse phase C/D volume ratio) on the
PNPs’ size and size dispersity. Emulsification time was ranging from 5 to 40 minutes and mixing
parameters (MP) of rotation speed, power amplitude, flow rates according to the provided energy

density of each device to break up the emulsion droplets into smaller droplets.

Table 3.1. Parameters used to produce PLGA NPs with three different emulsification devices.

Device Emulsification times (min)  Mixing parameter (MP) C/D volume ratio
Rotor-stator mixer 5to 25 6,500 to 24,000 rpm 60/40 and 85/15
Sonicator 1to 12 10% to 90% of amplitude 60/40 and 85/15
URMX 20 to 100" 10 to 40 mL/min 60/40 and 85/15

60 min corresponds to 150 cycles
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Following the emulsification of 1,5 w/v Pluronic® F127 in water as the continuous phase, and 1% w/v

PLGA solution in ethyl acetate as the dispersed phase, the dispersed solvent was evaporated at room

temperature and atmospheric pressure, and at a constant surface area of 78,5 x 10°® m? within 24

hours of slow separation to yield PLGA NPs ((Figure 3.1).
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Figure 3.1. Ethyl acetate evaporation and formation of spherical PLGA nanoparticles from the miniemulsion

droplets dispersed in water.
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Figure 3.2. Evolution of PLGA nanoparticles’ size at 85/15 and 60/40 volume ratios. The PLGA NPs were

produced by a) rotor-stator mixing, b) sonication or c) elongational-flow micromixer.
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After emulsification and solvent evaporation, the size and monomodality of these PNPs depending
on operating parameters were analyzed by dynamic light scattering (DLS) and discussed (Figure 3.2,
Figure 3.3). As observed in Figure 3.2, after a short emulsification time (less than 5 min), there were
huge size differences between the three devices. With C/D = 60/40 for example, highly polydisperse
particles of 430 nm, 300 nm and 400 nm were produced by the rotor-stator mixer, the sonicator and
the elongational-flow reactor and micromixer (ULRMX) respectively. These results, due to the
different mechanisms of particle formation, were coherent with previous studies carried out by our
team [9], [21], [22]. Indeed, rotor-stator produced particles by shear effect applied by external
rotational force, sonication process produced particles by water gas bubble implosion (known to lead
to smaller particles) and pRMX mainly used a flow focusing mechanism in order to produce

nanodroplets.
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Figure 3.3. Evolution of PLGA nanoparticle size at 85/15 and 60/40 volume ratios. The PLGA NPs were

produced by a) rotor-stator mixing, b) sonication or c) elongational-flow micromixing
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After a longer emulsification time, a plateau value was obtained at lower sizes: 150 nm (shear mixer)
and 100 nm (sonicator and elongational-flow reactor and micromixer). The operating parameters of
shear mixer (rotational speed), sonicator (power amplitude) and elongational-flow reactor and
micromixer (flow rate) also allowed optimizing NPs’ size (Figure 3.3), and PDI value (Figure 3.4). As
expected, increasing these parameters lead to a decrease of the PNPs’ size. The minimum size was
136 nm with the rotor-stator mixer (25 min, 17500 rpm), 57 nm with sonicator (5 min, 70%
amplitude) and 80 nm with the elongational-flow reactor and micromixer (60 min, 40 mL/min).
Noteworthy, the emulsification with sonicator at 5 minutes, 70% amplitude conditions reached 70°C

temperature without an external cooling condition, which will be discussed in the next part.

Moreover, with a higher C/D volume ratio (85/15), the average particle size decreased more than
20% in size, as reported in Figure 3.2. and in Figure 3.3. This was coherent with previous studies
demonstrating that decreasing the polymer concentration, i.e. increasing the C/D volume ratio,
decreased the system’s viscosity which lead to the production of smaller particles [22], [26].
Following the elaboration, it was possible to achieve PNP size of below 150 nm, and it was described.
In the next part, the size distribution of the produced PNPs can be found in details.

3.2.2 Polydispersity index of the produced PNPs

As shown in Figure 3.4, all devices allowed the production of monomodal nanoemulsions that can
mainly be controlled by operating parameters allowing to yield monomodal (PDI below 0.2 [27])

PLGA NPs with a size below 150 nm.
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Figure 3.4. Polydispersity index results of PLGA nanoparticles produced by three emulsification devices:
sonicator, rotor-stator mixer (UT), elongational-flow micromixer (LRMX) at a) 85/15, and b) 60/40 C/D volume

ratios. Process parameter are 50% amplitude, 17.500 rpm, and 150 cycles for the given devices respectively.
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In Figure 3.4, PDI values of PLGA NPs were in the range of 0,05 and 0,2 (Figure 3.4) following an
increasing emulsification time. For a very short emulsification time as 1 minute, similarly to the
average size results (Figure 3.2, Figure 3.3), the size distribution of PLGA NPs was broad and at given
production conditions. This can be explained by the insufficient residence time of the emulsion
droplets induced to the shear and elongational-flow forces.

In conclusion, after few minutes, all the devices allowed the production of monomodal PNPs.
However, we need to keep in mind that shear mixing lead to bigger size. Thus, in order to choose
between sonication and elongational flow for drug encapsulation experiments, the heat released

during emulsification needed to be investigated.

3.2.3 Heat emission during the process of emulsification

As previously discussed in the “Materials and Methods” chapter, the high-energy methods, i.e.
sonication and shear mixing, can increase the systems temperature by emitting heat (Figure 3.5).

During the sonication process, ultrasound effects like cavitation occurs. Cavitation leads to high
temperatures (T 260 °C) that can later affect the drug stability and accelerate the polymer

degradation by reaching their glass transition temperatures.
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Figure 3.5. Evolution of the PLGA emulsions’ (C/D ratios of 60/40 and 85/15) temperatures with and without

temperature control (TC); (a) within 5 minutes of sonication, (b) at 50% power input.

In Figure 3.5, it was demonstrated that, at starting from a very low power amplitude and the
emulsification time (20% and 1 minute respectively) the systems temperature already reached above
the ambient temperature. This was coherent with the previous report that explained an extremely
high heat emission (5,000 K) during the sonication process [28]. Two additional parameters were
studied in this part: emulsions continuous and dispersed phase ratio, and presence of the

temperature control (TC). First, at C/D volume ratio equal to 85/15, the temperature was
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approximately 10% lower than with the 60/40 volume ratio emulsification at same conditions.
Considering the lower viscosity value of the oil phase, at C/D ratio of 85/15 the total average viscosity
was higher than the 60/40 emulsion viscosity. Indeed, considering the same given energy densities in
both emulsions, the temperature increase can be explained by the amount of energy transformed
into a mechanical energy which raptured the emulsion droplet, where higher viscosity systems
require higher critical capillary number, thus, higher energy according to the Taylor Grace theory.
The second factor while changing C/D volume ratio is the number of surfactant molecules in the
process: the number of molecules in a unit emulsion volume was maximum at C/D volume ratio
equal to 85/15. Thus, the transfer of surfactant molecules onto the droplet surface (Marangoni
effect) was maximum, leading an accelerated droplet break-up and thus, decreasing the system’s
temperature at the beginning of the emulsification.

It should also be noted that, temperature increase lowers the viscosities, which indirectly decreases
the critical capillary number, eventually reducing the time required for the emulsification. However,
this was not required in the drug encapsulation that was studied later. It was possible to control
temperature for the shear mixing with an external cold water, however, in sonication TC reduced the
process temperature maximum of a 50%, leaving the emulsion temperature above 30°C.

On the opposite, the uRMX did not induce any temperature increase and thus was the only device

chosen to further study the one-step encapsulation of rifampicin.

3.2.4 Process volume influence on PNP fabrication

Another interesting point to investigate, before focusing on drug encapsulation, was the impact of
the total emulsion’s volume, at constant process operating parameters, on the PNPs’ size. In the
previous chapter, it was indeed discussed that the power density E, is the average power dissipated
per unit of mass of the emulsion (W kg ). When the residence time (t) and the power (P) are kept
constant, and the processing volume (V) of the emulsion increased, the energy density will decrease
according to Equation 2.11 (Chapter 2).

Following this relationship, at reduced power density E,, the emulsification process slows down,
yielding larger emulsion droplets at a given residence time. This was the case for both shear and
ultrasound processes, where the average PLGA NPs’ size increased by 128% and 250% emulsification,
respectively, when the total volume V was multiplied by 4 (Figure 3.6). Moreover, PNPs produced by

both techniques were highly polydisperse at high operational volumes.
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Figure 3.6. Evolution of the PLGA NP size produced with three different techniques; Shear-mixing at 17,500
rpm for 10minutes, sonication 50% power for 5 minutes of sonication, and uRMX 150 cycles at 30 mL/min flow

rate.

However, the elongational-flow emulsification showed the fixed size of 101 nm for all operational
volumes between 5 mL and 20 mL. Additionally, PLGA NPs at each operational volume had a similar
particle size distribution of below 0,15, which is a monomodal size distribution. This was coherent
with Grace Taylor theory, where the elongational-flow type of droplet breakup mechanism was
different from the simple shear force mechanism.

This property of elongational-flow emulsification to yield PNP sizes at constant values was another
strong reason to follow the drug encapsulation with this technique. Also, the ability of elongational-
flow emulsification to operate at higher operational volumes yielding constant material properties

can be the key parameter for shifting to the larger scale production.

3.3 PLGA NANOPARTICLES AS DRUG CARRIERS

In the previous part, three different devices have been studied to produce biodegradable NPs,
showing suitable size and dispersity features for drug delivery systems. However, by shear mixing
and by sonication unnecessarily high particle size changes and heat effects occurred. Since phRMX
performed no excess heat release and produced monomodal PNPs, this device has been chosen (150

cycles, 30 mL/min) for the following investigation concerning drug encapsulation by PLGA NPs.
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elaborated emulsification-evaporation method. “DNPs” stands for drug-loaded nanoparticles.

In Figure 3.7, the drug loading was carried out when the emulsification was processed. Then,
following 24 hours of solvent evaporation at room temperature, drug-loaded PLGA nanosuspensions
were purified to eliminate the drug content that was not encapsulated to later study the

encapsulation efficiency and the drug released from drug-loaded nanoparticles (DNPs).

3.3.1 Rifampicin’s calibration curve

First of all, it was important to quantify the rifampicin content in a solution to later estimate the drug
(rifampicin) concentration while studying encapsulation and release. The drug was quantified by
solubilizing the drug in water at different concentrations before measuring it with a UV
spectrometer. However, rifampicin had two main UV absorbance regions (Figure 3.8) and could
degrade through time [29], which leads to variations in final calculations. To verify this effect, two
calibration curves were generated at A = 332 nm (Figure 3.10.b) and at A = 469 nm (Figure 3.9.a), and

all the samples were left to degrade in 72 hours.
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Figure 3.8. Evolution of the two UV absorbance regions at different rifampicin concentrations and time (from 1

hour to 168 hours) extracted from the PLGA NPs drug release studies.
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Figure 3.9. Initial UV absorbance spectra (a) from rifampicin at various concentrations in water realized in order
to obtain the (b) drug degradation at A = 332 nm, and (c) drug degradation at A = 469 nm absorbance region at
37°C during 72 hours. Blue lines represent the real values of rifampicin absorbance, and black lines represent

the correlation variables of absorbance.

When both absorbance regions were compared after 72 hours, A = 469 nm region showed a reduced
absorbance due to decreased (degradation). At lower concentrations, absorbance was found
decreasing more, compared to absorbance at higher concentrations. This was verified with R* = 0.98
(Figure 3.9.c), compared to R? = 0.999 (Figure 3.9.a). Rifampicin degradation kinetics was thus
coherent with the previous studies carried out at different (0.01-1 mg/mL) drug. concentrations [29].
Considering these results, faster and uncontrolled degradation at lower rifampicin concentrations
was verified, and was the main reason to study drug encapsulation and release later according to A =
332 nm region.

Following these results, the calibration curve for the main drug delivery studies was established at

332 nm according to Beer-Lambert law (Figure 3.10.b).
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Figure 3.10. UV absorbance spectra from rifampicin at various concentrations (a) in water realized in order to
obtain the (b) calibration curve at A = 332 nm. The equation of the fitting curve is Absorbance = 3.39 x 102 x

Drug Concentration (R? =0.999).

3.3.2 PLGA size and size distribution influenced by the drug encapsulation

In this part, the influence of drug (rifampicin) concentration on encapsulation efficiency was
investigated. For this purpose, the drug was introduced into the disperse phase (1w/v% of PLGA in
ethyl acetate) at different weight contents with respect to PLGA, ranging from 1%/PLGA w/w to
10%/PLGA w/w (the samples were called R1 to R10 respectively). Drug load (DL), encapsulation
efficiency (EE), amount of encapsulated drug and the average size of a drug carrier are reported in
Table 3.2 while drug-loaded nanoparticles’ (DNPs’) size and PDI variations with respect to the initial

drug weight content are presented in Figure 3.11.

Table 3.2 Drug loading (DL) and encapsulation efficiency (EE) for different initial drug weight contents.

Sample Initial drug weight content with Encapsulated Average Size
DL (%) EE (%)
name respect to PLGA (w/w) Drug (ug) of DNP
R1 1% 22401 95+3 1915 76 £5
R2 2% 3.6+0.2 805 319+19 664
R5 5% 4.5%0.5 40+3 395 +27 69 +2
R10 10% 7.2+04 32+2 634 +33 65+ 2

143



According to the drug encapsulation results, it was possible to encapsulate bigger ratio of the drug
inside PLGA NPs when the initial drug weight content was low. However, by increasing the initial drug
weight it was inevitable to miss a bigger portion migrating to the continuous phase, thus, decreasing
EE. This can be explained by osmotic gradient, where the drug starts migrating from highly
concentrated solution to low concentrations to reach its equilibrium. In our system, this mainly took
place during the emulsification, especially during the solvent migration from the droplet to the
continuous phase, which eventually fastened the migration of drug molecules.

Moreover, the DL increased from 2.2% to 7.2% while increasing the initial drug concentration from
1% w/w to 10% w/w. EE reached its highest value at the lowest drug load, however the mass
quantity of encapsulated drug (191 pg at 1%/PLGA w/w) was the lowest value (319 pg at 2%/PLGA
w/w, 395 pg at 5%/PLGA w/w and 634 pg at 10%/PLGA w/w) among all experiments. The minimum
load could be applied to minimize the loss of (non-encapsulated) drug, however the highest quantity
of encapsulated drug, considering the drug/polymer ratio, can be reached only at higher initial drug
loads (Table 3.2). So, it appeared that, considering the size and PDI values, 5% w/w initial drug
concentration regarding to polymer weight content, led to the production of the most monomodal
DNPs having a diameter below 70 nm.

Additionally, migration of materials, especially the polymer solution through diffusion can result in a
disproportionately fast droplet surface hardening that occurs during emulsification, limiting the
polymer shrinkage. This hardening was delayed by applying the pre-saturation method, i.e. by
saturating the continuous phase with the disperse phase’s solvent, in order to control a diffusion of
the organic solvent during the emulsification and solvent evaporation. Interestingly, from the
unloaded PLGA NPs to 2% w/w initial drug concentration, the particle size was still reduced by more

than 25% (Figure 3.11), and similar monomodality at all drug concentrations were recorded.
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Figure 3.11. Evolution of the PLGA drug-loaded nanoparticles’ diameter size and polydispersity index for

different drug weight contents with respect to PLGA.
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Increasing rifampicin initial weight content unexpectedly decreased the NPs’ size from 94 + 4 nm
down to 69 nm + 2 nm (Figure 3.11). This result was explained by a decrease in the interfacial tension
between the continuous and disperse phases without (oo%= 3.2 mN/m) and with drug (o10%= 2.8
mN/m), due to the intermolecular interactions that occur between PLGA and rifampicin and due to

the presence of rifampicin at the surface of the droplets.
3.3.3 Understanding the size reduction at different material concentrations

Considering a large size reduction while adding rifampicin to PLGA solution, it was to study this
difference in size by using the droplet tracking technique. Interfacial tension of two immiscible

phases changed depending on the materials present in solution (Figure 3.12).
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Figure 3.12. Interfacial tension measurements between ethyl acetate phase and water phase compositions
with Teclis Tracker technique (see 2.3.3). The given droplets contained from different compositions of ethyl
acetate (oil phase); only Rifampicin, only PLGA, and both PLGA-Rifampicin. The surrounding fluid contained
from only water or Pluronic F127 surfactant in water. Two dark droplets represent oil phases containing
polymer, and the bright droplet represent free oil/water or oil/Pluronic in water. Increase in the interfacial

tension values represent the surface hardening of the droplet (layer).

Generally, 6 samples were measured, and when no surfactant was introduced to the surrounding

phases, in the all measurements, the interfacial tension value was above 8 mN/m. In the presence of

145



Pluronic F127 surfactant, the interfacial tension value directly started from approximately 3.2 mN/m,
and continued shifting down by reaching 2.5 mN/m within 2 hours. This means the surfactant
molecules come to the interface, and slowly deposit onto the droplet surface due to the Marangoni
convection. Thus, eventually the droplet and the surrounding fluid reach the minimum value of
interfacial tension. This was coherent with previous study [30], verifying the measurements were
comparable to nanoemulsions from previous parts.

In the oil phase (droplet), where PLGA and rifampicin can be found, the interfacial tension reduced
from 8.5 mN/m to 7mN/m within less than 1 hour, then sharply decreased down to 4.3 mN/m
(Figure 3.12, cyan triangles). When both surfactant and rifampicin presented in the oil phase (orange
circles), interfacial tension was 0.4 mN/m lower than the oil phase without rifampicin (green
triangles). This result explains why PNP size decreases when rifampicin present in the oil phase
(Figure 3.11).

When all the components presented in both phases a continuous deposition of both surfactant and
PLGA molecules created a thin layer on the droplet surface, leading to the dark color of the droplet,
and sharp increase in interfacial tension values. This tendency was generally observed after
approximately 100 minutes of measurement. These sharply increasing values (Figure 3.12) are an
indication of a skin formation on the surface of the droplet. PLGA-Rifampicin composition (cyan
triangles) led to the highest skin forming, however Rifampicin alone (purple squares) didn’t form a
fixed layer on droplet surface, it decreased interfacial tension between water and oil phases after
900 minutes in non-dynamic condition.

The formation of a thin layer on surface of the droplets, mainly during the formation of PNPs, was

then confirmed with a morphological analysis of the droplet surfaces (Figure 3.13).
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Figure 1.13. Evolution of the droplets’ shape with time for a) PLGA-Rifampicin in ethyl acetate + water, b) PLGA

in ethyl acetate + surfactant in water and c) PLGA-Rifampicin in ethyl acetate + surfactant in water.

It’s believed that this change took place due to Rifampicin’s limited solubility in water after certain

time period, which in turn acts as a surfactant between water and oil phases. Moreover, any type of
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Frequency (a.u.)

reduction in an interfacial tension leads to smaller particle formation later in during the
emulsification process.

In this part, the reduced interfacial tension was demonstrated as the main reason of the PNP size
reduction in the presence of rifampicin. Additionally, the polymer layer was demonstrated on the
surface of droplets, which can be interesting to understand PNP formation following self-assembly of

the polymer molecules.

3.3.4 Coherence of results from two different characterization techniques

PLGA NP size and size distribution were characterized by using two techniques in this chapter: DLS
(the number average) and TEM (statistical analysis on 500 particles). As shown in Figure 3.14, both
characterization methods were coherent when compared. For instance, size reduction (91 nm for
unloaded PLGA NPs, 64 nm at 5% rifampicin concentration) and narrower size distribution while

adding rifampicin to the polymer solution were confirmed with both characterization techniques.

a)
25 18 b)
/ | 1
20 -
( 314 ra
E12 [0\
15 . 2 \
£ 10
@
10 \ g \
£ \
5 I /
0 —] - : : : : : : | 1 I
(= R o § o o o R e R e E . . . . . g . . TTT
M - = ) o e E R ] 31t SERERE SRRl ey LR R R RETY, cuh PR SRR [EREEEE Pevaeaes cog22328288828228
\—piameter (nm) | : : : J/ : ] : : M SrER2
o : ; N\ . Diameter (nm)
g 5 ./ 5 -
E 10 -
2 : o :
c) J ~
. I “ﬁ__I_.
. £ . : . ) . . . T .
0 I — I e e e B B e |
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280
./

Size (d.nm)

Figure 3.14. Statistical analysis based on TEM images for a) 5% w/w DNPs and b) unloaded PNPs, and the

average PNPs diameter from DLS.
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3.4 DRUG RELEASE FROM PLGA NANOPARTICLES

3.4.1 Influence of the initial drug weight content on the drug release

In order to study the drug release at 37°C from previously produced DNPs, they were isolated from
the solution by centrifugation (9500 rpm, 30 min) and filtration (filter diameter = 0.2 um) before
being introduced into a dialysis tube in a 7.4 pH-controlled buffer solution. The amount of drug (ug)
released from DNPs was determined by UV-visible spectroscopy at 332 nm by considering the
rifampicin possible degradation (Equation 2.20). The cumulative drug release was then calculated by
the mass ratio of the released drug to the initially loaded drug (Equation 2.21).

Drug release kinetics for different initial drug weight contents with respect to PLGA are given in ug
and percentage values (Figure 3.15). It is worthy to note that the given Rifampicin released
percentage values were calculated considering the encapsulated drug quantity. For example, a
quantity of encapsulated drug for R5 was 395 + 15 ug, and 175 + 9 ug was released after 8 days,
which makes 45% of drug released.

As previously indicated, R1, R2, R5 and R10 represent the samples studied at 1% w/w, 2% w/w, 5%

w/w and 10% w/w of initial drug introduced in the disperse phase respectively.
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Figure 3.15. In-vitro drug release profile at 1% w/w (R1), 2% w/w (R2), 5% w/w (R5), and 10% w/w (R10)

rifampicin weight content relatively to PLGA a) in micrograms and b) in percentage.

First of all, the amount of released drug increased with time, proving that the developed system
achieved a sustain drug release over time. Moreover, the drug quantity released in 8 days was 129 +
12 ug (67%), 147 + 10 ug (46%), 175 pg + 9 ug (45%) and 242 ug + 9 ug (38%) for R1, R2, R5 and R10

respectively. So, different drug release kinetics occurred for a maximum amount of Rifampicin
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released in 8 days equal to 242 ug. This drug delivery system can thus be adapted to various released
doses. Observing the error bars, DNPs formed with the lowest initial drug concentration (R1) may be

considered as a non-stable system, contrary to DNPs produced with higher drug concentrations.
More interestingly, in Figure 3.15.b, four substages were identified for drug release process:

(i) Burst release effect was noticed within first 3 hours;

(ii) From 6 to 72 hours, a cumulative drug release due to constant diffusion from DNPs to
water was observed;

(iii) A partial resilience occurred between 3 and 5 days, which can be explained by the drug
entrapment near inner surface of DNPs;

(iv) On last stage, the drug encapsulated in center of DNPs started to diffuse into water after

reaching DNPs’ surface.

These four substages were likely correlated either to the polymer degradation or to diffusion of drug
across PLGA chains. In order to investigate this point, transmission electron microscopy images were
carried out the first, third and eighth days of release study (Figure 3.16). DNPs investigated by TEM
were at 5% w/w initial drug weight content due to high accuracy in diameter and size distribution

(Figure 3.11).
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Figure 3.16. TEM images (A-F) of unloaded PLGA NPs (A, C, E) and 5% w/w drug-loaded DNPs (B, D, F) after 1st
(A, B), 3rd (C, D) and 8th day (E, F) at 37°C and pH = 7.4.
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Figure 3.17. The statistical analysis of unloaded PLGA NPs (a, b) and 5% w/w drug-loaded DNPs (c, d) after 1st
(a), and 8th day (b) at 37°C and pH = 7.4.

In Figure 3.16, TEM images showed spherical NPs for unloaded PLGA NPs and through all in vitro
release period. From the initial stage, NPs (A) and DNPs (B) produced with the same operating
parameters had a size difference of more than 30 nm. Thus, diameter size difference between
unloaded NPs (Figure 3.17.a, 98 nm) and DNPs (Figure 3.17.c, 64 nm) at the first day confirmed the
previously discussed DLS size results (Figure 3.11). The broader Gaussian curve obtained for the PLGA
NPs (Figure 3.17) also proved the higher PDI compared to DNPs. The blank NPs at 3rd day (C), and at
8th days (E) showed, by TEM, a high morphological stability property similar to DNPs at 3rd day (D),
and at 8th day (F), and the statistical analysis (Figure 3.17) confirmed these results.

As previously discussed in the literature, PLGA 50:50 degradation can start after more than 2 weeks
[14] and here, PLGA-based NPs were still spherical and without physical damages after 8 days. This
phenomenon made a clear understanding of the mechanism of drug release that occurred:
rifampicin was released from the DNPs by diffusion between PLGA chains.

Overall, no PLGA degradation was observed within 8 days, which makes a diffusive drug release

understandable. For further studies the drug release can be improved through polymer degradation.
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3.5 CONCLUSION

This work proposes to implement the emulsification-evaporation method for the one-step
production of PLGA drug-loaded NPs. Influence of three different emulsification devices operating
parameters (emulsification time, temperature and mixing parameters) as well as chemical
parameters (drug concentration) on the nanoparticles’ mean diameter and drug release profiles
was thoroughly studied. Emulsification-evaporation method was a reliable way to produce
biodegradable, biocompatible poly(lactic-co-glycolic acid) nanoparticles (PLGA NPs). First, processes
as sonication, shear-mixing and elongational flow micromixing were operated and allowed the
production of smaller NPs (diameter below 150 nm). Indeed, by changing emulsification time and
mixing parameters, minimum values of diameter size and size distribution (PDI below 0.2) have
been obtained. The minimum size was 136 nm with the rotor-stator mixer (25 min, 17500 rpm), 57
nm with sonicator (5 min, 70% amplitude) and 80 nm with the elongational-flow reactor and
micromixer (60 min, 40 mL/min). It was thus stated that elongational-flow micromixing was the
most reliable way to produce biocompatible, monomodal NPs adapted for drug encapsulation with
fine size control.

Rifampicin was then encapsulated into PLGA NPs at different drug loads ranging from 1% w/w to
10% w/w regarding of polymer weight content. Interestingly, the unloaded PLGA NPs and drug-
loaded NPs had different diameter size values, respectively 94 nm and 63 nm. Considering DNPs
diameter and size dispersity, the optimum EE of 40% at 5% w/w initial drug concentration was
achieved. Additionally, the continuous phase pre-saturation method was applied to 60/40
continuous/disperse phases before elongational-flow emulsification which decreased the size of
NPs from 126 nm to 94 nm without drug encapsulation. TEM images showed the difference
between size, monomodality of unloaded and drug loaded NPs and a non-degradable characteristic
of the PLGA matrix within 8 days.

In vitro drug release study from spherical polymeric DNPs under sink conditions showed that the
drug quantity can be controlled by varying the initial drug weight content but simultaneously
affects DNPs’ average size. Moreover, the cumulative release reached higher values with an
increasing amount of initial drug weight content. Encapsulated Rifampicin quantities inside PLGA
DNPs were between 191 pg to 634 pg and the released drug quantities were equal to 129 ug (67%)
and to 242 g (38%) respectively.

This work thus opens innovative perspectives for the design of controlled drug release systems.
Indeed, the influence of the polymer structure and the interrelation between the different polymer

properties and the diffusion rate of a produced nanomaterial can be investigated in order to obtain
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an improved drug delivery. Thus, in the next chapter we study polymer blends, and anisotropic

PNPs to encapsulate rifampicin, and compare with the PLGA NPs presented in this chapter.
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Chapter 4

One-step elongational-flow synthesis of anisotropic polymeric

nanoparticles used as drug carriers

4.1 INTRODUCTION

Triggered by a continuous dose requirement [1], [2], the pharmaceutical industry requests new drug
delivery systems with controlled drug carrier profiles. More recently, assembling different materials
having various properties, such as hydrophilicity or a surface charge, raised a lot of interest [3], [4].
Indeed, generating anisotropic (objects having different properties in their composing parts [5]), or
Janus-like (two different compositions, shape or morphology) particles give rise to unique properties
for applications such as drug co-delivery [6], colloidal surfactants [7], biological sensors [8], and
potential Janus PNPs that will be studied [3], [4].

In the literature, several methods were reported for the production of anisotropic polymeric
nanoparticles (aPNPs) such as double-emulsion method [9], microfluidic approach [5], [10], masking
method [7], self-assembly method [6], and others [11], [12]. However, most of them presented in the
literature are multistep (particles’ formation followed by surface modification), multiplying risks of
contaminations and drug alteration [12]-[14]. For instance, PNPs of below 100 nm consisting of two
halves of different polymer compositions made of acrylic acid and styrene monomers are produced
via emulsion RAFT polymerization [7]. It is first possible to produce aPNPs without using emulsions as
Amreen et al. demonstrated in 2021 by producing PNPs smaller than 150 nm from poly(lactic-co-
glycolic-acid) poly(ethylene glycol) PLGA-b-PEG diblock copolymer [15]. Here, a three-dimensional
microfluidic system is employed. A “T” junction is used to nanoprecipitate two different polymers
solubilized in a common solvent (acetonitrile) with water. In 2021, Vauthier et al. demonstrated the
possible way to fabricate Janus PNPs having a chemical anisotropy in a single-step by emulsification-
evaporation method [4]. Here, microfluidic-based device was used to produce biodegradable Janus
PNPs, of a maximum of 250 nm, with a negative charge on one side poly(styrene sulfonate) and a
neutral charge poly(lactic-co-glycolic acid) in another side. [4]. Another team used co-jetting with
Taylor cone to produce aPNPs of poly(ethylene oxide) poly(acrylic acid) with Janus structure with a
size range of 500-2000 nm [16].

To efficiently produce aPNPs with the previously described elongational-flow reactor and mixer

(LRMX), it was chosen to use polymers with different hydrophobicity (lately allowing the
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encapsulation of two drugs in one particle). Moreover, it is demonstrated that poly (styrene
sulfonate)-poly (methyl methacrylate) (PSS/PMMA) polymer blends had a highly immiscible
character because the chains of different polymers repel each other, while the same polymer chains
join together, forming two distinct phases [17]. Thus, these polymers will be used in this work, in
addition to the previously used PLGA, to design new aPNPs with specific properties. In a first part, the
elaboration of single, blend and Janus PNPs made of PMMA, PLGA and PSS, and their mixtures are
developed via the microfluidic-assisted emulsification and solvent-evaporation method. Compared to
previous works done with polymeric NPs [14], [18], [19], here the continuous phase pre-saturation
method is applied to fabricate blend and Janus PNPs. This improves the control over PNPs’ diameter
and size distribution and reduces drug diffusion before the drug release starts, which is also
mentioned in the previous chapter. The fabricated PNPs/aPNPs are compared by encapsulating a

model drug (rifampicin) in a one-step process to later study their drug release profile.

4.2 ELABORATION OF ANISOTROPIC POLYMERIC NANOPARTICLES

Following the previously produced PLGA NPs by using the solvent pre-saturation approach, here,
both single PNPs and aPNPs were fabricated with the elongational-flow reactor and mixer to achieve
different PNPs’ compositions and morphologies.

The continuous phase was composed of 1.5 w/v Pluronic® F127 in water and the dispersed phase
was composed of 1% w/v polymer solution in ethyl acetate. Then, the dispersed solvent was
evaporated at 20°C within 24 hours to yield PNPs. This procedure, illustrated in Figure 4.1, was
maintained for the elaboration of all the PNPs in this part.

The effect of process parameters (emulsification time and mixing parameter) and material
parameters (continuous to disperse phase C/D volume ratio, polymers ratio) on the PNPs’ diameter

and size distribution were assessed. The varied parameters of the uRMX are given in Table 4.1.

Table 4.1. Parameters used to produce PNPs.

Emulsification Flow rate C/D volume Ratios between Microchannel
times (min) (mL/min) ratios polymers (w/w) size (um)
20 to 100" 10to 50 60/40 and 85/15 to 15/85 150to 750

85/15

160 min corresponds to 150 cycles
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Figure 4.1. Schematic representation of PMMA-PLGA (polymer blend) and PMMA-PSS (Janus) NP formation

through the one-step elongational-flow emulsification-evaporation method.

421 Influence of the process parameters

In this part, the results of the influence of the above process parameters (Table 4.1) were described.
In the elaboration, PMMA-PLGA blend was used to produce PNPs. The size and monomodality of
PMMA-PLGA NPs depending on operating parameters were reported in Figure 4.2 and 4.3.

PMMA-PLGA NPs’ size and size distribution were directly controlled with the process parameters of
the uRMX. After a longer emulsification time (after 150 cycles) at 30 mL/min, a near plateau value
was obtained at 110 nm, PDI = 0.13 (Figure 4.2.a). The flow rate itself also affected the PNP size, thus
at above 20 mL/min, the final PNPs started showing the size below 200 nm, PDI £ 0.2, and a plateau
value was reached above 30 mL/min (Figure 4.2.b). Additionally, the microchannel’s diameter
allowed to achieve monomodal PNPs (0.2 > PDI) with a highly controlled particle size (Figure 4.2.c)
ranging from 110 nm (150 um) to 207 nm (750 um). Here, 150 cycles, 30 mL/min, and 150 um were
optimum operating parameters to achieve the minimum PNP size (110 nm) and size distribution (PDI
= 0.13) with the elongational-flow reactor and micromixer. The given trends of PMMA-PLGA NPs
were following the results from the previously studied single PLGA NPs (See Figure 3.2.a-c), at higher

elongational strain the smaller PNPs were achieved, and then the plateau value was reached.

161



500 500 :
| (b) e
400 400 '
% = b4
[ E 7]
br—d ©
€ 300 £ £ 300 2
= = 2 Z
K] w E G
g 200 g & 200 g
8 20 2
a = >
100 £ 100 S
0 T T T T T 0 0 0
5 50 100 150 200 250 5 10 20 30 40 50
Number of Cycles Flow rate (ml/min)

300
(c)
T 0,2
= b
€ 200 o
£ £
g Z
] v
Q
g 01 &
a 100 "g_
©
o
0 0

150 250 500 750

Microchannel size (um)

Figure 4.2. Evolution of PMMA-PLGA (50:50) nanoparticles’ size and size distribution at different (a) number
of cycles (30 mL/min, microchannel of 150 um), (b) flow rates (150 cycles, microchannel of 150 um) and (c)

microchannel’s diameter (30 mL/min, 150 cycles) produced with elongational-flow micromixer at 60/40 volume

ratios.

Finally, the process parameters of the elongational-flow reactor and micromixer allowed the
optimization PMMA-PLGA NPs’ size and PDI value. The optimal process parameters used in the

following parts are given in Table 4.2.

Table 4.2. Optimal process parameters used to produce aPNPs with the uRMX.

Emulsification time (min) Flow rate (mL/min) Microchannel size (um)

60 30 250

In this part, the continuous to dispersed C/D volume ratio was kept constant and equal to 60/40, and

the polymer’s weight ratio was kept equal to 50/50 w/w to achieve the pPRMX optimum process
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parameters. In the next part, C/D ratios, and polymer weight ratios were elaborated to later study

PNPs’ cargo properties.

4.2.2 Influence of the C/D volume ratio and the phase pre-saturation conditions

In this part, it was possible to further reduce PNPs’ size by varying the C/D volume ratio, and using a
pre-saturated continuous phase (See chapter 2.4.1), where 8.7% ethyl-acetate was dissolved into the
water before the emulsification. Since the trendline (lower size at higher elongational strain) is the
same for single PNPs, PMMA-PLGA, PMMA-PSS, and PLGA-PSS NPs, only the graphs obtained for
PMMA-PLGA, and single PNPs were given in Figure 4.3.
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Figure 4.3. DLS average size results of (a) single PLGA, (b) PMMA and (c) blend PMMA-PLGA NPs produced at
various C/D volume ratios with the elongational-flow micromixer (30 mL/min, 150 cycles, microchannel of 150
pum). Different pre-process conditions were used to compare size differences i) traditional, ii) pre-saturated
solvent condition, and iii) drug-loaded and pre-saturated condition. The third condition was added since the

addition of the drug (rifampicin) also reduced the size in previous parts (see 3.3.3).

All three PLGA, PMMA, and PMMA-PLGA NPs showed a similar trend of size decrease when the C/D

ratio increased from 60/40 to 85/15. All results were coherent with previous studies (see chapter
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3.2) demonstrating that decreasing the polymer concentration, i.e. increasing the C/D volume ratio,
decreased the system’s viscosity, leading to the production of smaller particles. Additionally,
changing the pre-process condition also reduced the PNP size. The minimum PMMA-PLGA NPs’ size
achieved was 110 nm (PDI = 0.13) with phase pre-saturation conditions, which reduced the PNPs’ size
by more than 10%, compared to the first, traditional condition (Figure 4.3). Another important
novelty was that at phase pre-saturation conditions C/D volume ratio was less effective as size
reduction decreased from more than 15% (from 129 nm to 105 nm) to 6% (from 104 nm to 98 nm).
This was induced by the reduced ethyl-acetate diffusion into the water at pre-saturation condition.
When water phase was pre-saturated, no ethyl-acetate diffusion took place, however, in traditional
condition, during the emulsification a self-saturation took place, which eventually altered the original
C/D ratio. For example, at the C/D ratio of 85/15 in traditional condition, reaching 8.7% v/v
saturation point for water, increasing the original C/D ratio resulted in lower dispersed phase volume
left, which reduced the PNP size in the end. However, at a 60/40 ratio water phase self-saturated by
using less amount of ethyl-acetate, that altered the C/D ratio too, but comparatively less than in

85/15 emulsions.

The third condition was studied on the basis of results reported in chapter 3.3.3, where a drug
(rifampicin) addition reduced the PNP size by reducing the interfacial tension. It was interesting since
here the same trend was also observed with PMMA and PMMA-PLGA NPs. The third, drug-loaded
and pre-saturated condition (Figure 4.3) reduced the PNP size by around 20%. PNPs’ size reached
values below 85 nm for both 85/15 and 60/40 C/D volume ratios. PDI values of PNPs remained
similar and below 0.2 in all three compositions and three conditions. This was due to the
intermolecular interactions and rifampicin acting as a surfactant according to the interfacial tension
results of ethyl acetate and water phases (Chapter 3, Figure 3.11). Rifampicin reduced the interfacial

tension up to 10% after a certain period.

Overall, following the C/D volume ratio optimization, the ratio of 60/40 allowed for achieving an
optimum PNPs’ size when the pre-saturation condition was maintained. Thus, it allowed producing
twice more (mg) PNPs in a 60/40 ratio than in an 85/15 ratio, due to the higher volume of polymer

solution in the emulsion, which was important to consider in the next studies.

4.2.3 Influence on the polymers’ ratio
In the previous sections, we optimized the process parameters like the number of cycles, and flow
rates (Table 4.2) as well as the pre-process conditions like phase pre-saturation, and C/D volume

ratio (Figure 4.3). Now, we investigate the effect, on PNPs’ size and size distribution, of the two
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polymer weight ratio for PMMA-PSS (Figure 4.4), and PLGA-PSS (Figure 4.5) systems while keeping

the overall polymer concentration constant at 1% w/v in ethyl acetate.
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Figure 4.4. Evolution of the PMMA-PSS NPs’ size and size distribution at various polymer (PMMA or PSS) mass
relative percentages. PMMA-PSS NPs were produced at C/D volume ratios of 60/40, (150 cycles, 30 mL/min,

microchannel size 150 pm).

In Figure 4.4, the PMMA-PSS size ranged from 80 nm to 150 nm, and the PDI value was obtained
between 0.1 and 0.3, depending on PMMA mass relative percentage (0 to 100%) PSS and PMMA
were showing different solubilities in ethyl acetate. Considering the poorly soluble nature of PSS in
ethyl acetate, when PMMA volume was reduced, insufficient polymer molecules where maybe
present to maintain polymers’ self-assembly. This may explain why PNPs’ size decreased as a
function of PMMA weight content in ethyl acetate, this incomplete polymer self-assembly maybe led
to wider size distribution and size fluctuations (Figure 4.4). After reaching a minimum PMMA
concentration the PMMA-PSS NPs became larger and non-controlled in size.

This phenomenon was observed similarly in PLGA-PSS NPs: lower PLGA/PSS mass ratio decreased the

overall concentration, thus reduced aPNPs’ size (Figure 4.5).
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Figure 4.5. Evolution of the PLGA-PSS NPs’ size and size distribution at various (PLGA or PSS) mass relative

percentages. PLGA-PSS NPs were produced at C/D volume ratios of 60/40, (150 cycles, 30 mL/min).

After reaching 50% w/w PSS mass ratio, PLGA-PSS aPNPs’ size sharply decreased from 110 nm to 85
nm, however, PDI value increased (Figure 4.5). The aPNP’s size and monomodality at 50/50 PLGA-PSS

ratio were coherent with the values reported in a recent study of our group [10].

It's worth mentioning that, in this part PMMA-PLGA blend NPs were not presented, since PMMA-
PLGA blend NPs showed a similar PNP’s size at (100 +5 nm) at all polymer ratios. This plateau value
was due to the highly soluble nature of both PLGA and PMMA polymers in ethyl-acetate. However,
PSS was poorly soluble in the same solvent, leading to overall polymer concentration change.

The optimal parameters for process and pre-process are thus summarized in Table 4.3.

Table 4.3. Optimal parameters are used to produce further PNPs, with the pre-saturation method.

Emulsification Flow rate C/D volume Ratios between Microchannel
time (min) (mL/min) ratio polymers (w/w) size (um)
60 30 60/40 65:35 250
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4.3 SINGLE, BLEND AND JANUS STRUCTURES

4.3.1 Morphology analysis

Following the process and pre-process optimization, the morphology of the produced aPNPs were
analyzed with various microscopy techniques: TEM, SEM, and AFM. Following the emulsification with
the WRMX (conditions in Table 4.3), PNPs were centrifuged at 9500 rpm for 20 minutes to reduce the
surfactant concentration to limit the observation of surfactant micelles (< 15 nm) disturbing the
observations in TEM characterization. Then, all the PNPs were first morphologically characterized

with TEM (Figure 4.6)

PMMA-PSS

Figure 4.6. TEM images showing the evolution of the surface morphology of PNPs made of different polymeric
nanoparticles produced with the uRMX (150 cycles, 30 mL/min flow rate, 250 um micromixer size). The scale

bars represent 200 nm.

In Figure 4.6, the single PMMA and PLGA NPs were found in 110 and 97 nm respectively with similar
spherical shapes. Comparing all the PNPs, at operating parameters given in Table 4.3, the smallest

size was observed in PLGA NPs among all the images, which was coherent with DLS results, and
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previous results (see 3.2.1). Since PLGA and PMMA were both neutral polymers with approximately
the same hydrophobicity, it was not surprising to not see any anisotropy with the PLGA-PMMA
particles: both polymers were mixed in the particles without clear phase separation. Then, PLGA-PSS
aPNPs were studied and appeared in the Janus form: two polymers with different natures appeared,
where the PSS part was much smaller compared to the PLGA one, demonstrated in a previous study
[10].

Finally, PMMA-PSS aPNPs appeared in the form of Janus with two different polymers co-existing in a
single body. This anisotropy was due to the immiscible nature of PSS and PMMA, which induced the
polymer separation inside the emulsion droplet during the organic solvent evaporation.

It becomes thus interesting to understand the properties of the Janus PMMA-PSS aPNPs’ surface and
to determine what the polymer composing the brighter part (Figure 4.6. PMMA-PSS). To do so,
several rinsing steps with water were carried out on the aforementioned Janus PNPs to reduce the
number of surfactant molecules surrounding the particles.

TEM images showed the reduction on the brighter side of the Janus PMMA-PSS aPNPs (Figure 4.7),

proving the importance of surfactant and that the brighter side is composed of PSS.

(b)

Figure 4.7. Evolution of the surface morphology of PMMA-PSS aPNPs after (a) a single wash, (b) three washing

steps and (c) five washes in raw.
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In the first image, a single “wash” limited the surfactant molecules to form large micelles, and
allowed us to view Janus PNPs (Figure 4.7.a). For the second image, the similarly produced Janus
PNPs were centrifuged and washed trice to reduce the surfactant concentration, however, it was
believed that this washing did not fully eliminate the surfactant from the system. Here, Janus PNPs
can be found less covered with PSS (Figure 4.7.b), due to its migration to the water phase, and
leaving larger PNP surface uncovered. In the last stage, the produced Janus PNPs were washed five
times to fully eliminate the surfactant molecules, where PSS fully migrated to the water phase taking
away the anisotropy properties of the initial material, and leaving a single PMMA NPs (Figure 4.7.c).
The average surface area of the produced PNPs was measured considering 100 PMMA-PSS aPNPs,
and found to be approximately 0.1 um?. Approximately 0.015 um? of each aPNPs’ surface was found
covered with PSS molecules at initial state (Figure 4.7.a), i.e 15% of the average surface area of single
aPNP. Following the rinsing process, the covered surface area was reduced to less than 10% (Figure
4.7.b), which was more than 5% “washed” surface. In the last state, all the surfaces can be found
uncovered (Figure 4.7.c).

Overall, this experimental part allowed us to distinguish the two polymers, and to verify the
anisotropy property of the neutral/charged particles. It was also possible to verify that the bright side
of polymer was PSS, due to its hydrophilic nature. In the next part FTIR technique was used to verify

the chemical composition of all the produced PNPs and aPNPs.

4.3.2 Solid FTIR characterization of the produced particles

To understand the chemical composition of each product, a solid powder forms of the pure polymers
PNPs/aPNPs were achieved with two-step centrifugation and freeze-drying. Then, these PNP
powders were characterized with the FTIR spectroscopy, and the results were described in the next
figure (Figure 4.8). Here, all the PNPs showed high absorbance in the G-I (1000-1200 cm-!) region
representing C-O stretching. PSS showed another high absorbance in J (600-800 cm-!) region, which
was not the case in other PNPs, and this can be found in binary-blends containing PSS.

The region E-F (1300-1500 cm-!) was observed in all the samples, slightly more intense absorbance
can be found in PMMA NPs, and a wide region can be observed in PLGA NPs representing C-H
bending. This was the least absorbance region for PSS sample.

The second highly intense absorbance was observed in C-D (1700-1750 cm-!) region representing
C=0 stretching, especially D (1722 cm-!) for PMMA, and C (1752 cm-!) for PLGA NPs. This region was
wider representing both absorbance points when a blend PMMA-PLGA NPs were measured. In this

region PSS did not absorb the IR light, which explains absence of C=0 functional groups in PSS
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molecule, however, it absorbed A (3300-3500 cm-!) region representing O-H groups. This region was

observed in all other PNPs containing PSS.
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Figure 4.8. FTIR spectra of the different produced polymeric nanoparticles.

Moreover, in all samples a weak (2900-3000 cm-?, B) absorbance can be observed representing -CH
stretching. This analysis was helpful to understand the presence of polymers in PNP blends according
to the representing functional groups of each polymer. This analysis also verifies no significant
chemical shifts took place while mixing two or more different polymers. It should also be noted that

the solid FTIR analysis method that was used in this study to measure IR absorbance at the surface of
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a given matrix. In this case, the anisotropic PNPs could absorb two different IR regions at once.

However, this would not be the case for isotropic PNPs or DNPs.

4.3.3 Comparison of the PNP’s capacity to encapsulate a model drug

Produced PNPs were studied according to their capacity to encapsulate a model drug (rifampicin). As
it was previously demonstrated that 5% w/w initial drug load was the optimal concentration to work
with, this amount was kept constant here. For the same reason, the pre-saturation method was
applied. To study encapsulation efficiency (EE) of the PNPs, the calibration curve established in
chapter 3 (Figure 3.8) was used.

In the following study, the drug-loaded samples of PMMA, PLGA, PMMA-PLGA, and PMMA-PSS

particles are referred as P1, P2, P3 and P4 (Table 4.4) respectively.

Table 4.4 Drug loading (DL), encapsulation efficiency (EE) and the average size for different drug-loaded

particles.
Initial drug weight
Sample Chemical Encapsulated  Average Size
content with respect DL (%) EE (%)
name composition Drug (ug) of DNPs
to polymer (w/w)
P1 PMMA 5% 43+0.3 364 364 + 25 104 £ 8
P2 PLGA 5% 45+0.5 40+3 395+19 69+ 2
P3 PMMA-PLGA 5% 45+0.6 37+5 367 +22 91+4
P4 PMMA-PSS 5% 42+0.5 33+4 333+33 110 £ 15

Similar to the previous chapter, with the single PLGA DNPs, here all the drug-loaded PNPs showed a
considerable decrease of the average size, from 125 nm to 110 nm for PMMA-PSS for instance.

At 5% initial drug load of rifampicin, the highest drug load (DL), and the highest EE was achieved with
P2. It was possible to reach the highest encapsulated rifampicin quantity of 0.39 mg inside 69 nm
PLGA DNPs at 4.5% w/w DL. This value was 30 pg lower with the sample P1, where 0.36 mg
rifampicin out of 1 mg initial drug load was left inside 104 nm polymer matrix. The P3 DNPs showed a
similar DL and EE with 0.37 mg, and the average size was smaller than the size of P1. The minimum
DL, and EE was achieved with P4, where 333 pg drug was encapsulated inside the polymer matrix.
This difference under the same process parameters, pre-process conditions, and same initial drug

load was due to the nature of polymers used. It’s believed that, higher EE achieved with P2 was due
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to the polymer MW (64,000 g/mol) that was lower than the other polymers (PMMA Mw = 120,000
g/mol, PSS Mw = 70,000 g/mol), and smaller molecules were more probable to entrap the drug
molecules while polymer self-assembly.

The length of the polymer molecules affects the number of molecules build per PNP, thus, at higher
Mw, 1% w/v polymer solution contained a smaller number of polymer molecules. This can be
imagined as constructing a house with the largest building materials which are limited in numbers
(due to limited total mass). Thus, the house becomes larger and large gaps can be found similar to
PNPs self-assembled with large polymer molecules, where bigger pores can be expected. These pores
act as a channel for drug molecules to pass through to leave the PNP matrix, however, when polymer
Mw is lower, these channels become narrower, and a higher number of polymer molecules isolate
this drug molecules until the solvent fully evaporated. There are also intermolecular interactions
which are dependent on other polymer physico-chemical parameters like hydrophobicity, chemical
affinity, dipole moment, etc.

Considering theoretically large pores of PMMA DNPs, it was interesting to understand the DNPs’
purity after encapsulation, and before the release studies, since there could be possibility that drug
molecules escape the DNP matrix. In order to verify, the DNPs were isolated from the impurities like
surfactant, non-encapsulated drug molecules, and the solvent, FTIR analysis were carried out (Figure

4.9).
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Figure 4.9. FTIR spectra of PMMA, PMMA NPs and rifampicin-loaded PMMA PNPs.
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In Figure 4.9, the three FTIR spectra were similar, which means the impurities were successfully
eliminated from all the samples following the drug encapsulation. Following the encapsulation and

the sample purification, all the samples were ready to be studied for their drug release profiles.

4.3.4 Drug release from single and anisotropic PNPs

Following the drug encapsulation, and isolation of the impurities from P1 to P4, their drug release
profile was studied in a 7.4 pH-controlled buffer solution at 37°C. The cumulative amount of drug
(ug) released from P1-P4 under sink conditions was determined by UV-visible spectroscopy at 332
nm by considering the rifampicin possible degradation (Equation 2.20). Drug release kinetics for P1,
P2, P3, P4 samples are given in both quantitative (ug) (Figure 4.10) and percentage values (Figure
4.11).
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Figure 4.10. In-vitro drug release profiles (ug) from PNPs of (P1) PMMA, (P2) PLGA, (P3) PMMA-PLGA, and (P4)

PMMA-PSS at 5% w/w rifampicin/polymer weight content.

In general, all the four samples demonstrated similar final released drug quantities of around 170
+10 pg (47 % of 365 pg encapsulated rifampicin) within 8 days, proving the cumulative drug release
over time. It can be observed that, at the first 3 hours, the burst releases of P1, P2, and P3 (57 +2 ug)
were more than 50% higher than the drug release of P4 (34 ug). This was described in the following
part (Figure 4.11).

Moreover, the drug quantity released in 8 days was 167 + 12 ug (46%), 175 + 11 pg (45%), 175 ug+9
pg (48%) and 171 pg + 19 pg (51%) for P1, P2, P3 and P4 respectively.
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Figure 4.11. In-vitro drug release profiles (%) from PNPs of PMMA (P1), PLGA (P2), PMMA-PLGA (P3), and

PMMA-PSS (P4) at 5% w/w rifampicin/polymer weight content.

In general, it can be mentioned that, all the samples experienced their major release within the first
48 hours period. At 48 hours, rifampicin release was 39%, 36%, 29%, and 24% for P1, P2, P3, and P4
respectively. Then, the release kinetics deaccelerated till the 6™ day, and another active 48 hours of
release plateau can be observed on the last day. This phenomenon was explained in our previous
study (see chapter 3.4), where the drug encapsulated near DNPs center started to diffuse into water
after reaching DNPs’ surface. Here, comparatively low Mw (64,000 g/mol) PLGA (P2) didn’t allow
rifampicin to completely freely diffuse through the closely packed molecules, and the percentage
value of drug release was low. However, P1 DNPs released faster due to its larger Mw (110,000
g/mol). This indicates that the polymer type and their Mw are affecting the drug release kinetics.
Released rifampicin from P3, 174 pg (48%) can be considered more controlled, this can be related to
its property based on two different polymer properties. Theoretically, fast diffusion was eliminated
by smaller PLGA molecules filling the large channels formed between PMMA molecules. This was one
example of how blend DNPs can improve drug release. The fourth and the main sample P4, Janus
PMMA-PSS DNPs released the maximum percentage amount of drug 171 pg (51%) compared to
other DNPs. This could be explained by first, large channels allowing faster diffusion through PMMA
molecules, that was observed in single PMMA DNPs, and the second, PSS on DNP surface isolating
these channels limiting their direct diffusion. The given image (Figure 4.11) of PMMA-PSS Janus NPs
show how PSS covers the particles’ surface. In short, rifampicin molecules accumulated between PSS

layer and PMMA channels. It was described that, PSS gradually dissolves into water (Figure 4.7), by
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leaving more PMMA surface, thus more drug molecules to diffuse. Overall, PNPs’ nature, and
structure can be considered to reach an improved release control, thus to adapt drug delivery

systems to various release doses.

4.4  ADDITIONNAL CHARACTERIZATIONS AND CONSIDERATIONS

4,41 Observations on size and size distribution

PNP size and size distribution were additionally characterized by using several techniques to confirm
some results of DLS (Figure 4.2), TEM (Figure 4.6) in this chapter. These were AFM (Figure 4.12), TEM
(4.11), and SEM (Figure 4.14) techniques to observe some of fabricated PNPs. Both results were

coherent when compared. AFM images were captured as was explained in the chapter 2.3.2.3.

126.3 nm

b) Height 4.0 ym

Figure 4.12. AFM images of a) PLGA-PSS (average of below 200 nm), and b) PMMA-PSS NPs (150 nm).
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It can be observed that, both a) PLGA-PSS and b) PMMA-PSS aPNPs were below 200 nm. This was
coherent with DLS result of aPNPs produced at similar process conditions. However, it should be
noted that, preparation of sample for AFM characterization was different, and more complex than
the sample for DLS characterization, since for AFM imaging, aPNPs had to be first deposited on
surface modified silicon wafer by using spin coating technique to achieve a sufficient distribution of
aPNPs. This could lead to loss of some aPNPs. Additionally, AFM technique revealed only aPNP size
and size distribution, but not the particles’ anisotropic property, considering the spherical shape of
the produced PMMA-PSS aPNPs.

Then, to confirm again the size and size distribution of PNPs, TEM (Figure 4.12), and SEM (Figure
4.13) images were analyzed on the basis of measuring 500 PNP diameters. This once more confirmed

all the produced PNPs being monomodal with average size below 200 nm.
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Figure 4.13. TEM image of PMMA-PLGA blend PNPs produced at 150 cycles, 30 mL/min having 100 nm

diameter size and narrow size distribution (PDI = 0,1).
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Figure 4.14. SEM image of drug loaded PMMA-PLGA blend PNPs produced at 150 cycles, 30 mL/min having 80

nm average size and narrow size distribution (PDI = 0,15).

The given images of PMMA-PLGA NPs (Figure 4.10) and DNPs (Figure 4.11) were captured by using
TEM and SEM techniques respectively. When compared, it can be observed that the produced PNPs
were challenging to identify in SEM image, however, the resolution was much higher with TEM, and
PNPs were clearly visible. In general, the only technique that allowed to observe Janus PNPs’
morphology was TEM, considering the difference in the polymer densities. AFM images allowed to
verify the PNPs’ size and their height, which also corresponded to a diameter of a spherical object.
The PNPs’ agglomeration while deposition on a substrate to receive micrographs was inevitable,
especially in AFM imaging. It can be concluded that, in this study the highest resolution was achieved
with TEM technique, which also allowed to observe the Janus PNPs, however, other techniques were

useful to verify the size and size distribution.

44,2 Some notes to be considered for the next studies

In this study, we used three different polymers with different material properties to prepare single
and blend PNPs. It was observed that the difference in material properties can turn to be a key factor
for formulation of an anisotropic PNPs. Here, the hydrophobic nature of PMMA, and hydrophilic
nature of PSS was one of the driving forces to achieve Janus structure. To our knowledge, in the
literature this was the first reported anisotropic aPNPs with a hydrophilic polymer layer covering
some parts of the hydrophobic polymeric sphere surface. This anisotropy was applied in PNPs

washing, where PSS part left the PNPs’ surface open after multi-step interventions. As a result of this
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“cleaning”, the PNP became totally hydrophobic without relying on chemical synthesis methods. This
property can be later used in surface modification, selective absorption and release, or a

hydrophobic agent that can shift from amphoteric to hydrophobic in time.

To better control the anisotropy, and achieve desired properties, it's necessary to consider the
physicochemical properties of the polymers, such as for PLGA, the effect of molecular weight and the
molar ratio of lactic and glycolic acid, which controls the drug carrier properties of PNPs. As
previously discussed, the hydrolysis is one of the major properties that PLGA molecule experiences,
also, a drug load may lead to PLGA degradation in acidic medium, which is not the case for PMMA,
PSS [21], [22]. In the present study, it was at a negligible scale due to a slow degradation of PLGA
molecules [23], reported in the previous chapter. However, changing the polymer properties, can be
a way for controlling the release kinetics. Similarly, PMMA can be reduced in MW to achieve a slower
release, and can be increased in molar concentration to achieve higher EE. All these parameters can
be tailored according to the demand, and more interestingly, in a single-step elongational-flow
emulsification and evaporation.

Overall, it was possible to fabricate anisotropic PNPs in a single-step process, and this opened many
other opportunities to achieve advanced polymeric nanomaterials in one step production, and

without hiring multi-step chemical synthesis methods.

4.5 CONCLUSION

This work proposes to implement the emulsification-evaporation method for the one-step
production of PNPs. Emulsification-evaporation method was a reliable way to achieve both single,
binary-blend, and Janus PNPs. In this context, PMMA-PLGA NPs were first produced by changing
emulsification time, mixing parameters to optimize the system to achieve minimum values of
diameter size and size distribution for PNPs (PDI below 0.2). Then, three i) traditional, ii) pre-
saturated solvent, and iii) pre-saturated & drug-loaded conditions allowed to further reduce PNPs’
size and compare PMMA-PLGA NPs with single PLGA and PMMA NPs. The results showed that
PNP’s sizes varied dramatically, with more than 40% of size difference between the first and the
third conditions. Thus, PNPs’ diameters of 64 nm, 76 nm, and 78 nm were achieved for single PLGA,
PMMA, and binary-blend PMMA-PLGA NPs respectively. However, the size distribution (<0.2) was
similar at each condition. This was explained by the solvent diffusion, and the interfacial tension,
that was also studied in chapter 3. In the end of this studies, the optimum operating parameters
with the elongational-flow reactor and micromixer were found (60 min, 30 mL/min flow rate, and

250 um microchannel size) to achieve desired PNPs’ size and size distribution.
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In the second part, binary-blend PMMA-PSS and PLGA-PSS NPs were investigated to optimize their
concentration ratio to reach desired PNPs’ properties. DLS results of the produced binary-blend
PNPs showed that, above the 50% w/w PSS/PMMA ratio, binary-blend PNPs of both PMMA-PSS and
PLGA-PSS became less likely to be monomodal in size. Following the polymer ratio study, in the
next part, five different PNPs were morphologically characterized and compared. It was revealed
that, PMMA-PSS and PLGA-PSS NPs formed a Janus structure with two distinct polymer populations
forming a single spherical matrix, however, PMMA-PLGA NPs were mixed to form single body PNP
matrix. This was correlated with both polymers’ hydrophobic nature. Then, PMMA-PSS Janus PNPs
were further studied to verify one side to be PSS, and another side to be PMMA. In this context,
these PNPs were centrifuged to separate two polymers according to their difference in
hydrophobicity. Due to its hydrophilic nature, PSS gradually disappeared by leaving a hydrophobic
PMMA surface. This revealed that, the brighter aPNPs side was PSS, and a larger side was PMMA.

In the next part, two single, and two binary-blend PNPs were used to encapsulate a model drug,
rifampicin to study and compare their cargo capacities. At 5% w/w rifampicin initial load with
respect to the polymer weight content, maximum EE was achieved with single PLGA NPs (40%, 175
ug). This was correlated to a comparatively low MW (50,000) of PLGA, which improved entrapment
of the drug molecules inside the polymer matrix, however, the drug release was less in percentage
compared to other PNPs. In vitro drug release study of DNPs under sink conditions showed that the
polymer type was affecting the drug release kinetics. Released rifampicin quantities from single
PMMA, PLGA, binary-blend PMMA-PLGA, and Janus PMMA-PSS DNPs were 166 pug (46%), 175 pg
(44%), 174 pg (48%) and 171 pg (51%) respectively. The highest release percentage value was
achieved with the Janus PNPs, which was explained by a gradual dissolution of the PSS matrix out of
the Janus structure leading to more drug molecules to escape the DNP.

Overall, this work allowed to fabricate Janus structures showing anisotropy in one-step production.
This thus opened an innovative perspective for the design of new anisotropic PNPs. By changing
polymer type, and properties, that can improve and control the drug release, can be a promising
strategy to later develop new structures, and study more polymers for different applications.
Indeed, the interrelation between the material affinity, and the diffusion out of droplet while

emulsification can be also investigated in order to ameliorate the produced material performance.
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Chapter 5

Process design and optimization of polyelectrolyte complex

nanoparticles’ production

5.1 INTRODUCTION

Nanoparticles (NPs) compose the most important part of the sparkling field of nanotechnology, with
a wide range of applications from medical [1], food [2], cosmetics [3], drug delivery with controlled
active pharmaceutical ingredient (API) release profiles [4], [5], agriculture [6] to car manufacturing
[7]. Especially, NPs made from polymers are found to be attractive due to their wide range of
advantages [8]—[10]. Polymeric nanoparticles (PNPs) are refashioning the polymer’s physicochemical
characteristics, eventually highlighting the advantages of nanotechnology [11]. In the nanoscale, bulk
counterparts of these polymeric nanomaterials can appear with improved physicochemical, optical,
mechanical, and electrical properties [12]—-[14], attributing to their nano geometries and a large
surface area per unit of volume. Based on the control over their morphology, size, bioavailability, and
high biostability, PNPs of diameters as low as 200 nm can be found as promising candidates in
different applications, especially in drug delivery [9], [15], [16]. Also, PNPS containing two different
polymers can present new physicochemical properties or shapes. Those are driven by the individual
polymers properties and production process [17], [18].

In previous studies, several methods to produce PNPs are described [19]—[22], including synthetic
approaches [23]. Especially, the emulsification techniques presented in the literature are still usually
multistep multiplying risks of contaminations [16], [20], [24]. Additionally, some challenges like a
slow translation from research to real applications of PNPs, evolve from several factors. These are
poor mixing conditions, high energy consumptions, and insufficient product vyields of the
conventional batch methods [25], and their associated high batch-to-batch variations [14], [26]. It is
still prudent to find methods that can significantly improve PNPs’ fabrication and avoid the inherent
limitations of conventional methods [27]. In this context, microfluidics can be found as a potential
tool for the fabrication of PNPs with highly controlled mixing parameters both on small and larger
scales. It allows the production of nanomaterials with geometries as low as a few tens of
nanometers. To this extent PNPs’ microfluidic fabrication benefits from rapid and tunable mixing
[26], [28], [29]. For example, the 2D hydrodynamic flow-focusing approach allows producing
poly(lactide-co-glycolic acid) (PLGA) and a bloc copolymer composed of PLGA and poly(ethylene

185



glycol) (PLGA-b-PEG) nanoparticles. However, it appeared that the polymer concentration induced
aggregation near the channel walls [26]. In the flow focusing systems, the central stream is getting
squeezed, yielding a narrow stream allowing rapid mixing [30], [31]. The microfluidic method also
allows the PNPs’ surface modification by introducing polyelectrolytes (PE) in a controlled manner
[17]. Moreover, co-jetting can achieve the production of PNPs with Janus structure: for instance by
applying an electrical field, allowing the fabrication of poly(ethylene oxide) — poly(acrylic acid) PEO-
PAA biphasic carriers with a size range of 500-2000 nm [32] or without electrical field, producing
monomodal PLGA-PEG NPs of 271 nm via emulsification-evaporation method [33]. However, all the
aforementioned examples are costly due to expensive device parts and fabrication methods. Also,
other limits like fouling, clogging, poor chemical compatibility, need for a cleanroom facility for the
manufacture of lab-on-a-chip devices were recently reported [34], [35]. In this context, capillary-
based microfluidic systems, for which the fluid(s) of interest is(are) flowing in the centerline line of
the system are compatible with all aggressive solvents and can be fabricated from cheap,
commercially available glass capillary tubes. These systems can have as much potential as lab-on-chip
devices regarding highly controlled flow parameters [27]. Additionally, capillary-based devices allow
operation by avoiding the contact of dispersed phase fluid with the collecting tubing walls, limiting
the fouling, clogging, and dissolution of device components. Considering all these advantages, a side-
by-side capillary device is very promising, however, this device has never been described to produce
NPs (only to produce microparticles).

In this work, poly(acrylic acid)/poly(diallyldimethylammonium chloride) PAA/PDADMAC NPs have
been firstly developed via ultrasound (see 2.2.1.3), elongational-flow emulsification (see 2.2.1.1) and
solvent evaporation methods (see 2.2.2). Following the results achieved from these studies, a new
non-emulsion-based polyelectrolyte complexes (PEC) method for the fabrication of NPs was
developed with the side-by-side capillary device (see 2.2.3). Then, some parameters like flow rates,
and device geometries were optimized to achieve different PEC NPs, of PAA/PDADMAC,
Dextran/PDADMAC, PAA/Chitosan with controlled size below 100 nm and size distribution allowing
future biomedical applications (PDI < 0.2).

Overall, considering the previously reported PNP fabrication methods, in this chapter we introduce a
novel method of PEC NP synthesis via the side-by-side capillary device, that is known for achieving

microdroplets.
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5.2 POLYELECTROLYTES FORMED VIA EMULSIONS

5.2.1 Characterization of pre-formed polyelectrolytes and their complexes

Before diving into main experiments to achieve PNPs, 5% w/v poly(acrylic acid) (PAA) and 5% w/v
poly(diallyl dimethylammonium chloride) (PDADMAC) solutions were mixed to form a PEC. This was
done to demonstrate an electrostatic interaction between the two oppositely charged

polyelectrolytes, leading to the formation of large sediments (Figure 5.1).

Figure 5.1. Microscopic image of PAA-PDADMAC polymer complex prepared through the dropwise addition of
5% w/v PAA solution into 5% w/v PDADMALC solution.

Figure 5.1 shows a large PEC formed following a mixing process of two polymer solutions by
dropwise addition of 5% w/v PAA anionic solution to 5% w/v PDADMAC cationic solution under a pH
7 medium. However, by decreasing the pH of the solutions the PEC formation slowed down, and
finally, no PEC was observed in an acidic medium. This was related to the electrochemical properties
of the polymers, that was investigated by measuring the zeta potential (see 2.3.1.1), following the
preparation of the polymer solutions at three different polymer concentrations and three pH
conditions (Table 5.1). Thus, at pH 7, both polymers had ionic properties, and the latter changed
according to their concentration and pH value. Increasing PDADMAC concentration from 1% w/v to
10% w/v increased the conductivity from 4 mS/cm to 32 mS/cm, however, electrophoretic mobility
and charge (i.e. zeta potential) didn’t change significantly. This was similar while changing pH,
PDADMAC showed a positive value of charge in the range of 21 mV to 27 mV, and conductivity

increased from positive 17 mS/cm to 26 mS/cm in an acidic medium. The second polymer, anionic
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PAA solution, showed a strong negative value from -51 mV to -76 mV with near-zero conductivity and
-5 +1 umcm/vs electrophoretic mobility at a neutral medium (pH 7). This polymer demonstrated
similar electrochemical properties at pH 10, however, in an acidic medium, no anionic property was

detected, except highly enhanced conductivity (14 mS/cm). as was described in Table 5.1.

Table 5.1. Electrochemical properties of PAA and PDADMAC.

Zeta Electrophoretic
Concentration Standard Deviation Conductivity
Medium Polymer potential mobility
(% w/v) (mV) (mS/cm)
(mV) (kmem/vs)
1 27 15 2 4
PDADMAC 5 27 +1 2 17
10 22 13 2 32
pH7
1 -51 4 -4 0
PAA 5 -76 16 -6 1
10 -63 15 -5 1
PDADMAC 5 21 14 2 14
pH 10
PAA 5 -62 15 -5 2
PDADMAC 5 24 14 2 26
pH 2
PAA 5 0 0 0 14

These measurements allowed us to understand the PEC formation under certain material parameters
like polymer concentration, and solvent medium. This property of the two polymers was later
applied to produce PEC NPs in both emulsion and non-emulsion-based PNP fabrication methods.

Contrary to PDADMAC, PAA’s charge was affected by the pH value.
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5.2.2 Characterization of polyelectrolyte nanoparticles and their complexes

In this part, PE NPs made of individual PAA or PDADMAC, and their complexes were produced by
preparing w/o hexadecane emulsions with Sonicator and uRMX (see 2.2.1). Then, by using rotary
evaporator (see 2.2.2) the polymer solvent (water) was eliminated to yield PE NPs. Following the
water elimination at each experiment, nanosuspensions in hexadecane shifted from white color to

near transparent, which indicated the completion of the solvent removal process (Figure 5.2).

Figure 5.2. Image of 5/5 w/w PAA-PDADMAC polymer complex in miniemulsion (left) and nanosuspension

(right) prepared via two-step emulsification and evaporation method reported in Table 5.2 (sample 11).

Water removal was verified by measuring the vial weight every 30 minutes until no weight loss was
detected anymore, and when the nanosuspension was nearly transparent (Figure 5.2). Following this,
the nanosuspension was diluted with ethanol and centrifuged to eliminate the surfactant molecules
from the system (see 2.2.4). Several PNPs were produced in one-step homogenization with sonicator
(see 2.2.1.3) or uRMX (2.2.1.1), and two step homogenization and mixing by using both devices. Both
PE and PEC NPs were produced and characterized for their size, monomodality, and surface charge.

The list of produced NPs and their complexes can be found in Table 5.2.

In Table 5.2, it was possible to fabricate PAA, PDADMAC NPs, and PAA/PDADMAC PEC NPs, however,
in most cases, the size appeared widely distributed: the PDI value was in the range of 0.2 to 0.7. Only
PDADMAC NPs produced at 3% SPAN8O concentration with sonicator appeared monomodal with 53
nm size. In general, higher surfactant concentration allowed producing smaller and monomodal
PNPs. Moreover, at 10% w/v polymer concentrations, the produced PNPs were multimodal. This was

related to the polymer solutions’ viscosity, as previously described in the Taylor Grace theory (2.2.1).
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Table 5.2. Size, size distribution (PDI), and surface charge properties of PE NPs and their complexes produced
under different emulsification conditions (all with a continuous to dispersed phase volume ratio equal to

85/15).

Mixi Second Polymer Surf
Device .|X|ng mixing concen- SPANS8O Diameter urtace
Sample time Polymer . . PDI Charge
name . para- tration (% w/v) size (nm)
(min) (mV)
meter (% w/v)
1 70% PAA 1 42 0.2 -35
2 70% PDADMAC 1 51 0.3 +29
1.5
3 70% PAA 10 34 0.3 -23
4 70% PDADMAC 10 70 0.4 +27
5 30% PAA 5 61 0.2 -28
Sonica 5
tor
6 30% PDADMAC 5 53 0.1 +33
3
7 50% PAA 5 60 0.2 -26
8 50% PDADMAC 5 51 0.15 +34
PDADMAC/
0, -
9 30% PAA 5-5 250 0.3 +14
PDADMAC/
0, -
10 30% PAA 1-1 151 0.3 +12
60 30
11 (=150 . PAA 5 52 0.5 -29
mL/min
cycles)
HRMX
30
12 60 . PDADMAC 5 72 0,3 +35
mL/min
Sonica 50%
tor power PDADMAC/
13 and 5+60 and 30 PAA 5-5 3 48 0.2 +14
HRMX mL/min
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While comparing the PEC NPs produced in two-step emulsification, it was observed that the particle
size and size dispersity decreases at higher concentrations of the surfactant (Figure 5.3), however,

interestingly, the total surface charge increased (Table 5.3).

Table 5.3. Influence of the surfactant’s concentration on the PDADMAC/PAA NPs’ size, size distribution, and
surface charge. Process: 5 min sonication of 5% w/v PAA (Table 5.2 sample 7) and 5% w/v PDADMAC (Table 5.2

sample 8) in hexadecane at 50% followed by 60 min uRMX at 30 mL/min.

SPAN 80

. Diameter size Surface Charge
concentration PDI
(% w/v) (nm) (mV)
1 91 0.4 +5
2 67 0.3 +6
3 48 0.2 +14

Size reduction from widely multimodal 91 nm NPS to near monomodal 48 nm at higher surfactant
concentration could be explained by the reduced interfacial tension between hexadecane and water
phases. This eventually decreased the critical capillary number to rupture the emulsion droplets, this
phenomenon was coherent with our previous studies where lower interfacial tension resulted in
smaller PNPs (see 3.3). Concerning the surface charge, and espevialy the value of +14 mV reported in
Table 5.3, two hypothseses can be proposed: i) the charge density of PDADMAC just take the lead
somehow or ii) PDADMAC nandroplets surounds PAA nanodroplets. This will be later discussed with

the help of TEM images (Figure 5.4).

5.2.3 Sign of improving electrostatic attraction

In the previous part, two w/o emulsions were produced by ultrasound emulsification at three
different surfactant concentrations. Then, these two emulsions were mixed and introduced into
MRMX. Here, it was explained what happened when two emulsions mixed inside uPRMX. Initially, it
was expected to form a complex structure with the elongational-flow micromixing mechanism (see
2.2.1.1). In this context, 5 mL emulsion of 5 % w/v PAA in hexadecane, and 5 mL emulsion of 5 % w/v
PDADMAC in hexadecane were introduced in pPRMX, then operated at 150 cycles, 30 mL/min flow
rate. Then, the collected sample was evaporated by using a rotary evaporator (see 2.2.2) to achieve

the solid NPs in hexadecane (Figure 5.3).
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Figure 5.3. DLS average size results of PAA/PDADMAC PNPs at three different SPAN80 concentrations. PAA and
PDADMAC emulsions are produced separately with ultrasound emulsification (5 minutes, 50%) at 85/15 C/D

volume ratio, then both emulsions together are processed with the uRMX (150 cycles, 30 mL/min, 75 pm ).

It can be observed that the higher the surfactant concentration, the smaller the PNPs’ size (Figure
5.3), however, PEC NPs were not observed, and a layered structure was found to be formed out of

individual PE NPs (Figure 5.4).

1 500 NnmM = 500 nm

Figure 5.4. TEM images of PAA/PDADMAC NPs at SPAN8O concentrations of a) 3 % w/v, b) 2 % w/v, ¢) 1 % w/v.
PNPs were produced with ultrasound emulsification (5 minutes, 50%) at 85/15 C/D volume ratio, then

processed with uPRMX (150 cycles, 30 mL/min, microchannel of 750 um ).
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At higher (3% w/v) surfactant concentration, PE NPs were more isolated (Figure 5.4.a) compared to
the systems with less surfactant concentration (Figure 5.4.b and Figure 5.4.c). Also, it was observed
that at lower concentrations, the PE NP size was widely distributed, where small particles such as 30
nm can be found agglomerated to larger 170 nm PE NPs. Considering the final positive surface charge
between +6 mV and +14 mV (Table 5.2, sample 13), and narrowly distributed PDADMAC NPs at 51
nm size (Table 5.2, sample 8) the outer layer in the given TEM images (brighter and smaller PE NPs)
were representing PDADMAC NPs. Moreover, the surface charge of PDADMAC (Table 5.2, sample 8)
decreased from + 34 mV to +14 mV (Table 5.2, sample 13), which might be an indication of the weak
electrostatic interactions between two oppositely charged polymers, leading to reduced active

charged groups.

5.2.4 Side-by-side capillary device to improve electrostatic interactions

To promote the electrostatic interactions between two oppositely charged polymer emulsion
droplets, it was interesting to further reduce the surfactant concentration while mixing two pre-
formed emulsions. This can be achieved with the side-by-side capillary device (see 2.2.3), in which
two previously obtained emulsions were mixed in the presence of a continuous phase composed of
pure alcohol surrounding the flow of the two emulsions and injected into the collecting tube. This
additional phase also acted as a polymer anti-solvent (Propan-2-ol). This solvent was chosen i) to
allow the dissolution of surfactant, for its miscibility with ii) hexadecane and iii) water. It also allowed
leaving freely the polymer molecules to electrostatically interact. This goal was achieved, as the two
pre-formed emulsions were mixed after leaving the side-by-side capillaries, forming the PEC NPs in
the range of 80 nm to 140 nm depending on the surfactant concentration (Figure 5.5).

Interestingly, when the results obtained at the same polymer concentration (5% w/v) but different
emulsification devices (URMX Figure 5.3 and side-by-side capillary device Figure 5.5.b) were
compared, it was observed that the PNPs size increased while increasing the surfactant
concentration (Figure 5.3), conversely to the uRMX. This can be explained by the difference in mixing
mechanisms. Increasing the surfactant concentration resulted in the decrease of the surface tension,
which in turn, accordingly to the Taylor theory (chap 2.2.1.1) increased the capillary number allowing
the easier breaking of the droplets into smaller ones. In a side-by-side capillary device, this was
different, since the mixing didn’t imply shear or elongational forces but relied on the diffusion of the
polymer solvent into the continuous phase, and polymer aggregation. It could be assumed that
during this diffusion, surfactant molecules were dragged into the continuous phase, allowing the

polymer molecules of opposite charges to merge, resulting in bigger NPs. It should be also mentioned
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that, at the mixing point of two oppositely charged polymers, the newly formed PE complex became
also water-insoluble (Figure 5.1). However, water diffusion here can be considered to later control
the final material properties as it drove the emulsion droplet to precipitate before the electrostatic

interaction was complete.
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Figure 5.5. DLS average size results of PAA/PDADMAC PNPs produced from emulsion method at three different
SPAN8O concentrations (1, 2 and 3 %w/w) and for different PAA/PDADMAC NPs individual polymer
concentrations of a) 1 % w/v, b) 5 % w/v, and c) 10 % w/v. PAA and PDADMAC emulsions were produced with
sonicator (5 minutes, 50%) at 85/15 C/D volume ratio, then processed with the side-by-side capillary device at
Q = 6/200 pL/min dispersed phases/continuous phase flow rates (75 um capillary ID, 1.6 mm collecting tubing
D).

Following the specific mixing conditions maintained by the side-by-side capillary device, it was
interesting to follow the PEC formation by directly relying on polymer solutions, as the NP formation
was dependent on the electrostatic interactions. This would also appear as a nhew non-emulsion-
based PNP production method, as fabrication of NPs by using the side-by-side capillary device has

never been reported before.
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5.3 NON-EMULSION DESIGN WITH SIDE-BY-SIDE CAPILLARY DEVICE

5.3.1 Process optimization

In the previous part, the emulsion-based design to achieve the PE and their NP complexes was
described, which eventually brought us to a novel surfactant-free non-emulsion-based method
capable to fabricate PNPs. In this context, the polymer solutions were directly used and introduced in
the side-by-side capillary device to form PEC NPs. It was possible to observe the jetting stream inside
the side-by-side capillary device. This stream was formed during the mixing of two dispersed
(polymer) phases at controlled flow rates, and adding color to the dispersed (PAA) phase made the

jetting stream visible (Figure 5.6).

b)

Figure 5.6. View of the mixing by using the side-by-side capillary device at a) constant disperse dispersed phases
flow rates of 6 uL/min and variable continuous phase flow rate (100, 200, 350,500, 650 uL/min) and b) constant
continuous phase flow rate of 200 uL/min, where dispersed phase flow rates changed (1, 3, 5, 6, 8, 10 puL/min).

All the given images represent less than 13 mm in length.

It can be observed that increasing the continuous phase flow rate at a constant dispersed phase flow
rate lead to an elongated jetting from 1 mm to 4 mm, which was then described to affect the NP size
(Figure 5.7). Initially, the continuous phase flow rate was optimized by changing the flow rates at a
constant 6 puL/min dispersed phases flow rate (Figure 5.6.a). Then, the dispersed phase flow rate was
optimized at a constant 200 pL/min continuous phase flow rate to achieve the required material

properties (Figure 5.6.b). In these experiments, the two dispersed phases that were injected through
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the 40 pum capillary tubes consisted of 1% w/v PAA aqueous solution, and 1 % w/v PDADMAC
aqueous solution respectively. The produced PNPs at different flow rates were characterized with

DLS (Figure 5.7).
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Figure 5.7. DLS average size and size distribution results of PAA/PDADMAC NPs produced with a side-by-side
capillary device for non-emulsion method as a function of continuous or dispersed phase flow rates. Capillaries
of 40 um ID, collecting tubing of 1,6 mm diameter at a) 6 puL/min dispersed phase flow rates, and b) 200 puL/min

continuous phase flow rate.

It was observed that the continuous phase flow rate not only reduces the PEC NP size but also the
PDI when the flow rate was increased up to 200 pL/min. Increasing the flow rate further induced the
production of less monomodal PEC nanoparticles with erratic higher sizes. This could be ascribed to a
higher polymer solvent diffusion into the continuous phase, leading to faster electrostatic interaction
and random precipitation given the reduction in the jet thickness obersed in Figure 5.6 It should be
noted that at a higher continuous flow rate the jetting stream was also longer (5 mm) and faster
(Figure 5.6), which verified the highly intensified diffusion due to the higher interfacial area between
two solvents and reduced residence time for PEC NPs’ formation. In the next part, the formation

mechanism of PEC NPs was experimentally tested and described.

5.3.2 PEC NPS formation mechanism

It was suggested that the PEC NPs in this study were formed upon the following two mechanisms: i)
electrostatic interactions between two oppositely charged polymer molecules, and ii)
nanoprecipitation of the polymer molecules after diffusion of the polymer solvent into the
continuous phase. To better understand the formation mechanism, one of the mechanisms can be
eliminated by injecting only one polyelectrolyte solution within the side-by-side capillary device as

illustrated in Figure 5.8.
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Figure 5.8. Schematic representation of the mechanism of a) PEC NP formation with two oppositely charged

polymers via electrostatic attraction and nanoprecipitation, and b) PE NPs formation with single polymer only
via nanoprecipitation. The illustration shows two side-by-side capillary tubes injecting polymer solutions into
the collecting tubing. Polymer solutions mix with the continuous phase flow, and polymers start to self-

assemble.

When both formation mechanisms appeared, PEC NPs formed uniformly, and the final PNP size
became very narrowly distributed (Figure 5.7). This was due to two different mechanisms acting
together to form monomodal PNPs (Figure 5.8.a). However, when a single polymer was injected, the
electrostatic attraction could not take place, and the PNPs were formed due to the nanoprecipitation
(Figure 5.8.b). Only nanoprecipitation was also able to force the polymer molecules to self-assemble

(Figure 5.9).
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Figure 5.9. DLS average size and size distribution results of a) PAA and b) PDADMAC NPs produced with the

side-by-side capillary device at 6/200 uL/min dispersed/continuous flow rates (40 um capillary ID, and 1.6 mm

collecting tubing diameter).
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Figure 5.9 shows the average size became larger, thus randomly distributed in size. In this context,
the electrostatic interaction was avoided by injecting only one polymer solution, and the formed
PNPs were characterized with DLS. By eliminating the electrostatic interaction, the size and size
distribution of PNPs increased up to 150 nm for PAA NPs (Figure 5.9.a), and 200 nm for PDADMAC
NPs (Figure 5.9.b). The PNPs were widely distributed, however, at a higher dispersed phase flow rate
of 7 uL/min, it was possible to reach below 100 nm PAA NP size (PDI = 0.25). These results verified
that, with the side-by-side capillary device, it was possible to form PE NPs also with a single
mechanism (nanoprecipitation). Comparing the NPs’ size obtained with one single polymer (Figure
5.8) and two oppositely charges polymer solutions (Figure 5.7), it can be concluded that electrostatic
attraction not only induced a significant reduction in NPS size (70 nm vs 180 nm) but also allowed the

production of more monomodal particles.

Smaller chains can be found to be less probable to self-assemble inside the large collecting tubing
volume, whereas, larger molecules and their complex structures were more probable to form bigger
statistical coils and in consequence bigger PNPs. In the following part, other PEC NPs were produced

to demonstrate this mechanism was not limited to only PAA and PDADMAC PEs.

5.3.3 Other polyelectrolytes capable of forming PEC NPs

In this part, other polymers, namely dextran (negatively charged) and chitosan (positively charged),
were studied to fabricate Dextran/PDADMAC, and PAA/Chitosan PEC NPs (Figure 5.10). In this
context, dextran, PDADMAC, PAA and chitosan solutions were prepared at 1 % w/v, then injected by

using syringe pumps to form PEC NPs.
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Figure 5.10. DLS results of PEC NPs produced with a side-by-side capillary device consisting of two capillaries of
40 um ID, collecting tubing of 1.6 mm diameter at 200 pL/min continuous phase flow rate, and made of a)

Dextran/PDADMAC, and b) PAA/Chitosan.
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The number average size of dextran/PDADMAC PEC NPs increased from 66 nm (PDI = 0.17) to 95 nm
(PDI = 0.15) when the flow rate increased from 0.5 to 5 pL/min (Figure 5.10.a). Surprisingly, the
average size of PAA/chitosan NPs followed pretty much the same trend as previously discussed but
with globally higher diameters (Figure 5.10.b). This can be explained by the effect of polymer type
and their Mw. Polymers with higher water-loving indexes could act differently from polymers with
lower values. For example, the Log P value for chitosan is 3.2, whereas, this value for dextran is — 2.9
(see 2.1.2). Similarly, the Mw of polymer could affect the polymer-polymer interactions and also the

nanoprecipitation.

Overall, all the produced PEC NPs were found below 100 nm and narrowly distributed. However,
these trends were not following what was achieved with PAA/PDADMAC NPs, where a smaller size
was recorded at 5 plL/min flow rate (Figure 5.7.b). In this case, this could be related to both
molecular weights, and charge density of the polymers employed (see 2.1.2). Indeed, the chitosan
molecule had less charge density compared to the PDADMAC molecule. This could lead to stronger
electrostatic attraction yielding smaller PEC NPs. However, the mechanism at play was still not

completely elucidated and will require further studies.

5.3.4 Side-by-side capillary collecting tubing

In this part, the collecting tubing composing the side-by-side capillary device was found to be
effective to control the average size of PEC NPs (Figure 5.11). For this purpose, two dispersed phases
at 1 % w/v concentration (PAA and PDADMAC) were injected through the capillaries at a flow rate
ranging from 1 pL/min to 10 puL/min, and at a constant continuous phase flow rate of 200 uL/min for
three different collecting tube diameters. It can be observed a non-monotonic variation of the
particles’ size concerning the dispersed flow rates; started to decrease from 83 nm to reach the
smallest value of 62 nm at 4 uL/min, and then increased again at higher dispersed phase flow rates
(Figure 5.11.a). It reached a narrowly distributed 72 nm monomodal size at 8 puL/min. Following the
reduced value of size in the range of 4 uL/min to 8 pL/min, and the larger size at 10 puL/min, it was
suggested that the size increase could be due to a larger number of molecules connecting
electrostatically. Thus, at 10 puL/min of the dispersed phase flow rate, PEC NPs started growing larger
due to a higher number of polymer molecules involved in the PEC NP synthesis. Considering this, the

collecting tubing diameter was reduced to expect the PEC NPs to further grow in size (Figure 5.11.b).
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Figure 5.11. DLS average size and size distribution results of PAA/PDADMAC NPs produced with the side-by-
side capillary device at 6/200 pL/min dispersed/continuous flow rates (40 um capillary ID) and varying the

collecting tubing diameter a) 1.6 mm, b) 1 mm, c) 0.5 mm.

It was possible to observe 10 +2 nm larger PEC NPs with smaller collecting tubing (1 mm) diameter at
the same operating parameters of 200 pL/min continuous phase flow rate, and disperse phase flow
rates between <1 to 10 pL/min (Figure 5.11.b). Here, the NP size was stable at a larger flow rate
range, and the size reached 80 nm at 8 uL/min. After further reducing the collecting tubing diameter
to 0.5 mm (Figure 5.11.c), NP size further increased at the flow rate of 8 uL/min to 87 nm, and the

size was widely distributed (PDI = 0.25).

Interestingly, with 0.5 mm collecting tubing diameter, at flow rates between 2 pL/min and 6 puL/min
the PEC NPs size were found more than 20 nm smaller compared to the previous results. Especially,
at 5 uL/min disperse phase flow rate the NP size reached the minimum value of 46 nm, which was
28% lower than the results (64 nm) achieved with a 1.6 mm collecting tubing diameter, and 36%

lower than the size of NP produced with 1 mm collecting tubing diameter.

Overall, the collecting tubing diameter was highly effective while producing PEC NPs, and this can be

an important tool while changing the dispersed phase flow rates to achieve desired PNPs properties.
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5.3.5 Polymer molecular weight effect on final product properties

In the previous parts, we fabricated PAA/PDADMAC and other PEC NPs at constant polymer
molecular weights (Mw). In this part, we compared polyelectrolyte NPs based on low (100 kg/mol)
and high (500 kg/mol) PDADMAC molecular weights. The polymer with highest Mw will be called
PDADMAC* thereafter. In order to compare the produced PEC NPs properties, two 40 um glass
capillaries and 1 mm collecting tubing were used. 1 % w/v PAA in water was injected with the first
capillary, 1 % w/v PDADMAC solution was injected with the second capillary, and propan-2-ol was
injected at 200 pL/min in the continuous phase by using 0.5 mm collecting tubing. All the produced

samples were then collected in glass vials containing propan-2-ol.
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Figure 5.12. Average size (solid lines) and size distribution (points) results of PAA/PDADMAC, and
PAA/PDADMAC* NPs produced with the side-by-side capillary device at 200 pL/min continuous flow rate (40
pum capillary ID, 0.5 mm collecting tubing ID). PDADMAC* refers to higher Mw of the polymer (see 2.1.2).

In Figure 5.12, it was observed that higher Mw (PAA/PDADMAC*) leads to an increased average size
at a dispersed phase flow rate above 2 plL/min, when compared to PAA/PDADMAC NPs This can be
explained by a longer polymer chain resulting in larger polymer complexes, which form PEC NPs
through nanoprecipitation following the electrostatic interactions. At a very low dispersed phase, the
number of polymer molecules was less in water, however, solvent diffusion was faster. This could
lead to the nanoprecipitation mechanism dominating over the electrostatic attraction leading to
larger, and less controlled PNP formation. It can be also observed that at a higher dispersed phase
flow rate (5 pL/min) the difference between the two PEC NPs’ size was more than 35% (46 nm to 63
nm). This was achieved by simply increasing the Mw (from 100,000 g/mol to 500,000 g/mol) of
PDADMAC.
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5.3.6  Morphological characterizations

In this part, following the PEC NPs production, the TEM technique (see 2.3.2.1) was used to observe
the morphology of the produced PAA/PDADMAC NPs. First, these PEC NPs were achieved by injecting
1 % w/v PAA solution through 75 um capillary glass tube, 1 % w/v PDADMAC solution through the
second 75 um capillary glass tube, and propan-2-ol alcohol phase through the collecting tubing. The
flow rates were maintained at 3 pL/min with the first capillary, 3 uL/min with the second capillary,
and 200 pL/min for the continuous phase. The produced PEC NPs were directly collected in alcohol

and analyzed with the TEM (Figure 5.13).

Figure 5.13. TEM image of PAA/PDADMAC complex NPs produced with the side-by-side capillary device.

Following the TEM imaging, it was verified that the produced PEC NPs were in the nano range, 60 nm
on average of 500 PEC NPs, and narrowly distributed (PDI = 0.15). These NPs can be found in
different shapes; however, they represent a single-density material (Figure 5.13). A single color
observed by TEM was a sign of PEC material. Two different polymers agglomerated to form a single
matrix complex NP. This was different from the previous images (Figure 5.4), where two populations
of NPs (PAA and PDADMAC NPs) co-existed. More precisely, two polymers electrostatically
interacted to form a single-body PEC matrix. Noteworthy, DLS results (Figure 5.14) were coherent

with size and size distribution observed from TEM images.
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Figure 5.14. DLS size result of 1/1 w/w PAA/PDADMAC complex NPs (PDI = 0.1).
In a second experiment, the polymer concentration was increased from 1 % w/v to 10 % w/v, and the

PEC NPs were achieved with similar properties. These NPs were characterized by the TEM technique

(Figure 5.14).

Figure 5.15. TEM image of PAA/PDADMAC NPs produced at 200 pL/min continuous, and 6 pL/min disperse

phase flow rates containing 10 % w/v of each PE.

The produced PEC NPs have an average monomodal size below 100 nm (65 nm, PDI = 0.2), however,
small populations composed of agglomerated NPs can be observed compared to the PEC NPs

produced at lower concentrations (Figure 5.15, red circles). This probably happened due to a high
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polymer concentration leading to increased nanoprecipitation, at the same time agglomeration of
individual NPs was observed with single PE NPs where electrostatic interactions were avoided. This
was expected to be further studied with additional experiments to better understand this newly

developed non-emulsion-based NP production method.

54 CONCLUSION

This chapter covered both emulsion and non-emulsion methods to fabricate PNPs made of
oppositely charged PEs. Here, the side-by-side capillary setup was introduced as a novel non-
emulsion-based PEC NP fabrication method. In this context, first, PEC formation with PAA and
PDADMALC solutions was described, then w/o emulsions were prepared with the sonicator technique
at 1-3 % w/v SPAN8O emulsifier concentration in hexadecane. Then two emulsions were processed
with the pRMX technique, and at lower surfactant concentrations an intensified electrostatic
interaction was observed between two emulsion droplets later with TEM imaging, however, PEC NPs
were not formed. This phenomenon was then applied in the side-by-side capillary device to further
in-situ reduce the surfactant concentration to intensify PEC NP formation. This was highly successful,
yielding monomodal PNPs of below 100 nm.

In the second part, it was possible to achieve PEC NPs as small as 46 nm by directly using PE
solutions. This allowed the production of NPs with a one-step surfactant-free process. Following the
process optimization to achieve PAA/PDADMAC NPs, it was demonstrated that other polymers can
also be used to produce PEC NPs by using the side-by-side capillary device. In this context,
dextran/PDADMAC, and PAA/chitosan NPs were produced, and size below 100 nm was achieved,
however, the experiments revealed that the polymer type and molecular weight can affect the final
product properties. Then, production at different collecting tubing diameters was studied and it was
demonstrated that smaller collecting tubing diameters can lead to a higher number of polymer
molecules to electrostatically interact. Reducing the tubing diameter down to 1 mm generates PEC
NPs with an increase in diameter of 10 £2 nm. The smallest collecting tubing diameter of 0.5 mm,
further increased the size at each disperse phase flow rate, however, the smallest PEC NP size (46
nm) was detected with 0.5 mm collecting tubing at 5 puL/min.

This work proposes to implement side-by-side capillary device to fabricate PEC NPs in one-step
surfactant-free continuous process. It allows to fabricate PEC NPs of different materials faster than
the conventional emulsion methods. It's also believed that the produced PNPs can encapsulate a

molecule of interest and thus could be applied in a variety of industrial fields.
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General conclusion and perspectives

Context

In this thesis, four objectives were successfully achieved:

- The fabrication of biodegradable polymeric nanoparticles, usable in drug delivery, with a controlled
diameter below 200 nm, in a biocompatible and eco-friendly approach;

- The one-step production of Janus polymeric nanoparticles in an elongational-flow emulsification
device;

- The design of (anisotropic) polyelectrolyte nanoparticles in an elongational-flow emulsification
device;

- The use of a traditional microfluidic side-by-side capillary device to develop a novel method of

nanoparticle production.

Chapter 3: One-step production of highly monodisperse size-controlled poly(lactic-co-glycolic acid)

nanoparticles for the release of a hydrophobic model drug

Emulsification-evaporation method was a reliable way to produce biodegradable, biocompatible
poly(lactic-co-glycolic acid) nanoparticles (PLGA NPs). After a successful elaboration of unloaded
NPs with the pre-saturation method, rifampicin was encapsulated into NPS at different drug loads.
Interestingly, the unloaded PLGA NPs and drug-loaded PLGA NPs had different diameters,
respectively 94 nm and 63 nm. Considering the particles’ diameter and size dispersity, the optimum
encapsulation efficiency of 40% was achieved at 5% w/w initial drug concentration. Morphology
analyses showed the difference between size, monomodality of unloaded and drug-loaded NPs and
a non-degradable characteristic of the PLGA matrix within 8 days. In vitro release from drug-loaded
PLGA NPs under sink conditions showed that the drug quantity can be controlled by varying the
initial drug weight content. Overall, this work opened innovative perspectives for the design of

controlled drug release systems.

Chapter 4: One-step elongational-flow synthesis of anisotropic polymeric nanoparticles used as

drug carriers

In this chapter, several strategies to implement the emulsification-evaporation method for the one-
step production of different PNPs’ structures were demonstrated. The results showed that the sizes
of PNPs varied dramatically, with more than 40% of size difference between the different material

conditions, such as the use of various continuous/dispersed phase volume ratio or the pre-saturation
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method. The parameter that influence the most the particles' size was pre-saturation and drug-
loaded conditions. Indeed, PNPs’ diameters of 64 nm, 76 nm, and 78 nm were achieved for single
PLGA, PMMA, and binary-blend PMMA-PLGA NPs respectively by using these conditions. Then, two
single, and two binary-blend PNPs were used to encapsulate rifampicin in order to study and
compare their cargo capacities. The highest release percentage value (xx%) was achieved with the
polymeric Janus nanoparticles (PMMA/PSS) due to the gradual dissolution of the second matrix (PSS),
leading to more drug molecules to escape the nanoparticle.

Overall, it was possible to fabricate various anisotropic polymeric nanoparticles, with a single-step

process.

Chapter 5: Process design and optimization of polyelectrolyte complex nanoparticles’ production

Both emulsion and non-emulsion methods to fabricate polymeric nanoparticles were studied and a
new strategy was developed in this chapter. Here, a side-by-side capillary setup was introduced as a
novel non-emulsion-based fabrication method. In a first part, polyelectrolyte nanoparticles of PAA
and PDADMAC were prepared with the pnRMX and the side-by-side capillary device. The latter
allowing to reduce the surfactant concentration to intensify a polyelectrolyte complex formation. As

a result, monomodal polyelectrolyte nanoparticles with a diameter below 100 nm were produced.

In a second part, with the side-by-side capillary setup, it was possible to achieve PEC NPs’ size as
small as 46 nm by directly using polyelectrolyte solutions instead of polyelectrolyte emulsions. This
allowed the production of polyelectrolyte complex (PEC) NPs with a one-step, surfactant-free
process. Following the process optimization to achieve PEC NPs with oppositely charged polymers, it
was demonstrated that other polymers can also be used to produce small (<100 nm) PEC NPs in the
side-by-side capillary device such as dextran, poly(acrylic acid or chitosan. Without any surprise, the
experiments revealed that the polymer type and molecular weight can affect the final product
properties, such as the size, size distribution, and their cargo properties. Moreover, it was observed

that reducing the collecting tubing diameter predominantly increased the PEC NPs’ diameter.

Overall, this work proposed to implement a side-by-side capillary device to fabricate PEC NPs in one-
step surfactant-free continuous process. It also allowed to fabricate PEC NPs of different polymers

faster than the conventional emulsion methods.
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Perspectives

Both elongational-flow based emulsification device and side-by-side capillary device have significant
advantages that could be used on laboratory as well as industrial scales. The improved diameter
control can be achieved at precisely controlled fluid flow, also by consuming less energy as compared
to conventional devices. The materials to be mixed can vary depending on the application, which
could be either cosmetics, drugs or food industry. After this thesis, there are many perspectives in
polymeric nanoparticles fabrication field to design and develop new strategies for wide-range of
applications and to fulfill the rapidly growing PNPs’ market. The next steps could consist of studying
the PNPs’ porosity and the influence of the process parameters on the PNPs’ permeability. This study
can open new opportunities to achieve highly controlled and sustainable drug delivery properties
since higher permeability could lead to faster drug release. It would be also interesting to investigate
the evaporation kinetics of polymer solvents in emulsion-based design, which can directly affect the
PNP self-assembly, and eventually its” permeability. It would be also attractive to study the solvent
exchange, and its effect on PNPs’ size and morphology. In side-by-side capillary device, the
production can be intensified by increasing the polymer concentration while reducing the polymer
molecular weight, controlling the solvent diffusivity, changing the capillaries’ inner diameter and/or

by multiplying the number of capillaries used.
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Development of an intensified process for the one-step production of isotropic and
anisotropic polymeric nanoparticles

Résumé

Les nanoparticules polymeres (PNPs) peuvent étre congues pour une large gamme d'applications dans des domaines
tels que la nanomédecine, les cosmétiques ou l'agriculture. Ces domaines se développent rapidement et nécessitent
de nouvelles approches telles que des procédés rapides, continus, biocompatibles et respectueux de I'environnement
pour améliorer la production de PNP. Cependant, certains processus en une étape sont entravés par le mauvais
controle des propriétés des PNPs induites par le mécanisme de formation via des dispositifs conventionnels. La
majorité de ces dispositifs utilisent des opérations par lots ou incluent des matériaux chimiquement réactifs et
agressifs, qui doivent étre fortement évités dans la plupart des applications. Au cours de ces travaux de recherche, des
PNPs ont été fabriquées selon trois méthodes différentes a base d'émulsion et une nouvelle méthode sans émulsion.
Dans toutes les méthodes, des polymeres préformés et des matériaux hautement biocompatibles ont été utilisés.
Ainsi, des nanoparticules uniques de poly(acide lactique-co-glycolique) dans une plage de diamétre allant de 60 nm a
100 nm ont été obtenues, puis des PNPs anisotropes composés de poly(méthyl-méthacrylate) et de poly(styrene-
sulfonate) ont été développés et comparés pour I'administration de médicaments. De plus, un systéme microfluidique
a capillaires cOte-a-cote a été développé en tant que nouveau dispositif a flux continu en une seule étape qui a permis
la production de différentes de nanoparticules complexées de polyélectrolytes dans une gamme de diametres allant
de 40 nm a 120 nm. Ce procédé a été optimisé pour permettre de contrdler la taille et la distribution de tailles des
PNPs.

Mots-clés : production en une étape, nanoparticule de polymere, émulsification, microfluidique, flux élongationnel,

micromélangeur, anisotropie, polyélectrolyte, complexe, capillaire cote-a-cote

Abstract

Polymeric nanoparticles (PNPs) can be designed for a wide range of applications in fields such as nanomedicine,
cosmetics, or agriculture. These fields are rapidly growing, requesting novel approaches such as rapid, continuous,
biocompatible and eco-friendly processes to improve PNPs’ production. However, some one-step processes are
impeded by the poor control on PNPs’ properties induced by the mechanism of formation via conventional devices.
Majority of these devices use batch operations, or include chemically reactive and aggressive materials, that are highly
avoided in most PNP’s applications. In this research, PNPs were fabricated in three different emulsion-based methods,
and one novel non-emulsion-based method. In all the methods, pre-formed polymers and highly biocompatible
materials were used. Firstly, single poly(lactic-co-glycolic-acid) nanoparticles which diameters ranged from 60 nm to
100 nm were achieved, then blend and anisotropic PNPs with poly(methyl-methacrylate) and poly(styrene-sulfonate)
were developed and assessed in drug delivery. Additionally, a side-by-side capillary setup was developed as a novel
one-step continuous flow device that allowed the production of different polyelectrolyte complex nanoparticles with
monomodal diameters ranging from 40 nm to 120 nm. This process was optimized to allow controlling PNP’s size and

size distribution.

Keywords: one-step production, polymeric nanoparticle, emulsification, microfluidics, elongational-flow, micromixer,

anisotropy, polyelectrolyte, complex, side-by-side capillary






