N
N

N

HAL

open science

La double émulsion - évaporation solvant a usage
thérapeutique: étude systématique et encapsulation de

biomolécules, protéines et acides nucléiques

Dimah Ibraheem

» To cite this version:

Dimah Ibraheem. La double émulsion - évaporation solvant a usage thérapeutique: étude systématique
et encapsulation de biomolécules, protéines et acides nucléiques. Génie des procédés. Université Claude

Bernard - Lyon I, 2014. Francais. NNT: 2014LYO10069 . tel-02401479

HAL Id: tel-02401479
https://theses.hal.science/tel-02401479v1
Submitted on 10 Dec 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-02401479v1
https://hal.archives-ouvertes.fr




&aercz'mentc

A T'issu de ce travail, je souhaite présenter mes remerciements et toute ma gratitude aux gens qui
m’ont soutenu et aidé pour en arriver la.

Tout d’abord, je veux remercier le Pr. Hatem FESSI, directeur du LAGEP, pour m’avoir accepté
dans son laboratoire, d’avoir été a mon écoute et m’orienter particulierement pendant les
premiers jours en France et pour votre co-encadrement actif. En effet, malgré toutes ses fonctions
et responsabilités, la porte de son bureau était toujours ouverte pour m’écouter, discuter des divers
problemes rencontrés lors de mon travail et trouver des solutions appropriées.

Mes remirciments 2 Madame le Professeur Salima SAIDI BESBES, Monsieur le Professeur Serge
STOLL, Monsieur le Professeur Pierre LANTERI et Docteur Ali LAAYOUN qui ont accepté

d’évaluer et de juger ce travail.

Je tiens a remercier profondément Dr. Abdelhamid ELAISSARI, 'encadrant de ma these. Cette
these a été réalisée grace a son suivi au quotidien. Ses consells, ses recommandations et sa
disponibilité ont grandement rendu facile 'acheévement de ce travail. 11 a su m’offrir un cadre
dynamique et plein d’enthousiasme, et me faire bénéficier de son expérience précieuse.

Monsieur ELAISSARI je vous remercie pour toutes les choses importantes que j’ai apprises de
vous.

Merci infiniment a la superbe équipe du LAGEP et particuliecrement a Nadia, Géraldine, Olivier,
Jean Pierre, et Sébastien, merci pour votre disponibilité et votre coopération. Je remercie aussi Dr.
Mohammad EISSA pour son aide et ses explications. Je remercie de tout mon coeur mes chers
colleges du LAGEP pour votre aide et votre soutien. Vous avez toujours été a mes cotés. Jai
partagé avec vous des moments moubliables et vous avez été comme une deuxieme famille pour
mol.

Un grand merci a ma merveilleuse amie Florence et a sa famille amicale pour m’avoir aidé a
apprendre la langue francaise et surtout pour les moments ioubliables qu’on a passé ensemble.

Pour finir, je tiens a remercier tous ceux qui m'ont aidé de pres ou de lom a compléter ce travail.



LAGEP@Université Claude Bernard, Lyon-1

Sommaire

K o130 4 - T1 = 2
3 10T [Tt o T == s 1= | =N 5
2. Etude bibliographiqUe ........ccceeeeiiiiiiiiiiniiiiiiiiiiiicininnereisniresssssissnssessssssssssnessssssssssseenns 10
2.1. Les ProCEAES A’ eNCAPSUIALIONS. ... ieurieuseeereesseesseeseesseesseesse s bbb bt s s sses s bbb bbb 10
2.2. La thérapie Génique et les téchniques d’encapsulations .....eeneeneeneeneseessesseseseesssseseeens 44
2.3. Protéines et peptides pour appliCations iN VIVO .....cceeneneseeissesssssssessssessssesssssssssssssssssssssssesses 59
3. Etude eXperimentale ... ..ot reeeeesssnsesrenesessenssesnennsessenssessennssnenananns 89
3.1. Etude systématique de I'émulSion dOUDIE ... sse s sssssseeens 89
3.2. Encapsulation des acides NUCIEIQUES .....o.veeiermenssmssmsssssms s ssssss s ssssssssssssssssssssssssssssssssssssssssssans 104
3.3. ENcapsulations deS PrOtIEINES ......ueimerinesissssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 112
4. CoNClUSION GENATAIE .......coiiieeeciiiiiiiicce s reene e s e s s esnsessssssesnnnssssssssssnnssssssssssnnnns 128



Résumé de la these

Des biomolécules telles que les protéines et les acides nucléiques sont d'un grand intérét dans
I'immunothérapie, la thérapie génique tels que des cancers, le traitement de SIDA, les troubles
auto-immuns liés a la déficience immunitaire sévere et combinés a autres maladies. Afin de
cibler ces objectifs, l'encapsulation et le ciblage sont incontestablement nécessaires pour protéger
les biomolécules contre la dégradation rapide et aussi pour éviter les effets secondaires.

Ainsi, dans le cadre de cette thése, I'encapsulation de protéines et de I'ADN en utilisant le
procédé basé sur la double émulsion évaporation de solvant a été¢ étudiée. Mais avant de
conduire I’étude expérimentale, I'état de 'art des procédés d'encapsulation a été effectué et une
attention particuliere a été consacrée a I’encapsulation de 'ADN et les protéines et aux procédés
d’encapsulations basés sur la formulation des polymeres biodégradables.

En ce qui concerne I’étude expérimentale, une étude systématique des paramétres pertinents sur
les propriétés physico-chimique et colloidales des particules a été examinée. Cette étude a
permet de mettre en évidence les facteurs clés capables d’affecter non seulement le procédé mais
aussi les propriétés colloidales des particules ¢élaborées (taille, distribution en taille, propriétés
électrocinétiques et stabilité colloidale...).

En second lieu, la formulation optimisée permettant 1’obtention de tailles submicroniques a été
utilisée pour I’encapsulation de ' ADN et les protéines. L'encapsulation de I'ADN a été étudiée en
fonction de la concentration de I'ADN (sperme de saumon) et une encapsulation totale d'ADN a
¢té observée sans modification ou altération des propriétés colloidales des particules finales.
L'encapsulation de protéines a été également examinée en utilisant HAS et une autre protéine
fluorescente comme modeles. L'efficacité de I'encapsulation a été déterminée et trouvée de
I’ordre de 100%. L'utilisation de la protéine fluorescente indique I'encapsulation totale avec une
bonne répartition dans les cavités de la matrice polymere. En conclusion, le procédé de la double
émulsion — évaporation de solvant est efficace pour 1’encapsulation de I'ADN et des protéines
sans modification des propriétés colloidales des particules finales qui restent bien

submicroniques.



Summary of the thesis

Biomolecules such as proteins and nucleic acids are of great interest in immunotherapy and gene
therapy such as cancers, AIDS, autoimmune disorders, X-linked severe combined immune
deficiency and many other diseases. In order to target such objectives, the encapsulation and the
targeting are incontestably necessary principally to protect biomolecules against rapid
degradation and also to avoid side effects.

Then, in this thesis, the encapsulation of proteins and DNA using double emulsion solvent
evaporation technique was performed. But before the encapsulation, the state of the art of the
encapsulation processes was performed and special attention has been dedicated to DNA and
proteins encapsulation. Firstly, systematic study of double emulsion solvent evaporation process
was investigated in order to point out the key parameters controlling the particles size and the
colloidal stability. Secondly, the optimized formulation conditions leading to submicron
colloidal was used for DNA and Proteins encapsulation. The DNA encapsulation was
investigated as a function of DNA concentration and it was found total encapsulation of DNA
without any modification of the colloidal properties. The protein encapsulation was examined
using HAS and fluorescent proteins as model. The encapsulation efficiency was found to be high
and reaches 100%. The use of fluorescent protein shows the total encapsulation and good
distribution of proteins in polymer matrix. As a general conclusion, the high encapsulation
efficiency of DNA and protein, reveled the compatibility of the used process to encapsulated

hydrophilic biomolecules even in submicron size biodegradable colloidal submicron particles.



1. Introduction générale

Les biomolécules sont des macromolécules trés importantes car elles participent a toutes les
réactions physicochimiques qui se déroulent lors d’un cycle de vie d’un étre vivant et qui
assurent son entretien. Comme exemples de ces biomolécules on peut citer : les glucides, les
lipides, les protéines et les acides nucléiques.

Apres avoir compris I'importance et le role des biomolécules dans le corps humain, elles ont été
mises a l'oeuvre pour le traitement d’un grand nombre de maladies graves et incurables telles que
le cancer, le sida, et les anomalies génétiques. Dans cette direction, le développement du génie
génétique basé sur I’utilisation de I’ADN ou d’une partie de I’ADN a largement stimulé 1’idée de
’utilisation de biomolécules comme médicament thérapeutique. Il est a noter que toutes les
biomolécules ont des caractéristiques physicochimiques qui limitent la possibilité de les utiliser
directement in vivo. Ces biomolécules sont généralement macromoléculaires, polyanioniques et
hydrophiles, ce qui limite leur pénétration cellulaire. En plus ces biomolécules sont fragiles et
sensibles a la dégradation par des enzymes. Pour ces raisons il est nécessaire de masquer la
charge négative portée par ces biomolécules et également de les protéger pour passer des
barrieres biologiques nombreuses lorsqu’elles sont utilisées ou associées a des vecteurs
thérapeutiques. Pour ces raisons également les études de recherches se sont concentrées sur
I’¢laboration de vecteurs polymériques contenant ces biomolécules assurant ainsi la protection,
le transport et également le ciblage. Les biomolécules souffrent d’un inconvénient majeur a
savoir leur production a grande échelle et pour palier a ce probléme, les chercheurs ont
développé des techniques multiples permettant ainsi leur production industrielle et leur

utilisation comme médicament thérapeutique.

Dans ce domaine, plusieurs vecteurs ont €tes utilisés. Les virus, comme les adénovirus, les virus
adenoassociés et les virus herpétiques, viennent en téte des précoces vecteurs étudiés et utilisés
pour transporter le géne jusqu'au noyau des cellules. Le virus peut accéder au noyau des cellules
d’hote et utiliser la machinerie cellulaire pour se répliquer et se disséminer dans le corps d’hote.
Profitant de sa vie dans le cycle biologique, cette approche ‘virus  est largement utilisé comme

vecteur de transport de géne sous le nom vecteur viral.



Malgré I’efficacité relativement élevée qui est atteinte par I’utilisation des vecteurs viraux, un
grand nombre de problémes demeurent tels que la difficulté de la production de ces vecteurs,
I’immunogénicité, les risques biologiques et le colt de développement. Ce qui a incité a
s’orienter vers d’autres alternatives basées sur la synthése et la formulation capables d’assurer la

méme efficacité que les virus.

Les vecteurs non viraux sont apparus sous le nom de vecteurs synthétiques dans le but de
répondre a ces demandes et a des risques biologiques liés aux vecteurs viraux. Au cours de ces
derniéres années, des vecteurs nombreux lipidiques ou polymériques cationiques ont été élaborés
et évalués in vitro et in vivo. Puisque ces vecteurs synthétiques sont positivement chargés, ils
peuvent complexer I’ADN via des interactions électrostatiques attractives, pour former des
particules appelées lipoplexes (quand la complexation a lieu avec un lipide) ou polyplexes
(quand la complexation s’effectuée avec un polymére cationique). Malheureusement, ces
systémes présentent de nombreuses limitations en termes d’efficacité, de spécificité, de
cytotoxicité, de biodisponibilité car I’ADN dans ces systémes se trouve souvent a la surface des
vecteurs particulaires et non encapsulé dans la matrice ou dans le cceur des vecteurs. Ainsi suite
a cette fixation a la surface des vecteurs cationiques, la charge nette portée par les particules est
négative.

En ce qui concerne les vecteurs de protéines, différentes méthodes ont étés explorées pour
I’encapsulation. Le procédé le plus étudié est la polymérisation interfaciale en utilisant comme
semence des émulsions directes ou inverses. Ce procédé de polymeérisation interfaciale conduit a
des particules de taille submicronique. Mais, malgré des efforts permettant de réduire les
quantités de solvants organiques et d’agents stabilisants utilisés, la présence dans le milieu
réactionnel de traces de monomeres et oligomeres potentiellement toxiques reste un inconvénient
majeur de ce procédé bas¢ sur la chimie des polymeres. D’autre part, le contréle de la
polymérisation (ou de degré de polymérisation) conduisant a la formation d’un polymeére de
masse molaire définie est parfois difficile a controler. En plus, les risques de dégradation du
principe actif (ou de biomolécules encapsulées) dans le milieu réactionnel sont des limitations a

prendre en considérations.

L’encapsulation est appliquée a grande échelle dans différents domaines, pharmaceutique,
cosmétique et alimentaire, grace aux avantages présentés par cette technique et a la diversité des
procédés. Dans le domaine pharmaceutique, I’encapsulation de principe actif dans des particules

assure sa protection contre les enzymes, le pH de milieu et I’effet mécanique et permet



¢galement d’assurer le ciblage et le contréle de la libération aprés fonctionnalisation de la
surface des particules. Ceci augmente I’efficacité de médicament et réduit les effets secondaires.
Il est a noter que dans ce domaine, différentes techniques d’encapsulations ont étés étudiées.
Malheureusement, I’encapsulation de biomolécules n’est pas tres étudiée comme pour les
molécules actives classiques. Les propriétés physico-chimiques des biomolécules telle que la
sensibilité¢ a des températures élevées, la nature des solvants, I’effet mécanique dénaturant lors
de la formulation limitent I’utilisation d’un grand nombre de techniques conventionnelles et par
conséquent, la production a grande échelle. Le polymeére utilisé pour I’encapsulation doit étre
biodégradable et biocompatible, ce qui donne aux particules préparées la possibilité d’étre
utiliser in vivo et facilement éliminables par I’organisme.

Pour I’encapsulation de biomolécules, il faut un procédé¢ utilisant des solvants non dénaturants,
permettant [’encapsulation de molécules hydrophiles, utilisable a [’échelle industrielle,
permettant également de répondre a un cahier des charges assez drastique imposé par
I’application finale. C’est pour ces raisons que notre choix est porté sur I'utilisation de la double
émulsion-évaporation de solvant comme procédé universel pour 1’encapsulation de I’ADN et
d’entités protéiques. En effet, cette technique de la double émulsion et évaporation de solvant est
une méthode largement utilisée pour I’encapsulation de molécules actives hydrophiles. Ce

procédé a été utilisé pour préparer des particules de taille largement supérieure a 5 micrometres.

Ainsi, 1’objectif ultime de notre étude est d’examiner la possibilité d’encapsuler ’ADN et les
protéines en utilisant le procédé de la double émulsion-évaporation de solvant. Pour se faire,
nous avons structuré notre étude suivant un découpage présenté ci-dessous apres une

introduction situant le sujet dans son contexte scientifique.

Dans une premicre partie, nous avons réalisé une étude bibliographique la plus large possible et
scindée en trois sous parties : (i) Une présentation des procédés d’encapsulation sans chimie et
en se basant principalement sur la formulation des polymeéres biodégradables. L’un des objectifs
de cette partie est de décrire de fagon simple et accessible les procédés généralement utilisés
pour cibler des applications in vivo. (i1) L’¢état de I’art sur 1’encapsulation de ’ADN a été
présenté et son utilisation dans la thérapie génique a €té analysée. Dans cette revue, une attention

particuliére est dédiée a une présentation générale des techniques d’encapsulation de I’ADN

uniquement. Enfin (ii1)) une analyse bibliographique de [’encapsulation des protéines et



I’immunothérapie a été¢ présentée. Dans cette partie, nous avons cherché a décrire les procédés

d’encapsulation adaptés aux protéines et les applications qui en découlent.

Une deuxieme grande partie relative a 1’étude expérimentale est scindée en trois sous parties : (1)
une premiere sous partie dédiée a une étude systématique de la double émulsion-évaporation de
solvant en utilisant le polycaprolactone comme polymeére principal et le dichlorométhane comme
solvant de ce dernier. Dans le cadre de cette ¢tude fondamentale, une attention particuliere est
centrée sur 1’étude de I’effet des parametres opératoires et physico-chimiques sur les propriétés
colloidales des dispersions. (ii) L’étude de I’encapsulation de ’ADN en se basant sur 1’étude
systématique et en examinant l’effet de la concentration en ADN sur [’efficacit¢ de
I’encapsulation d’un coté et sur les propriétés colloidales des particules finales de 1’autre. (iii)
Enfin, ’encapsulation des protéines en utilisant 1’albumine de sérum humain (HSA) comme
modele et une protéine fluorescente a été étudiée en mettant 1’accent sur I’efficacité de
I’encapsulation et sur la distribution des protéines dans la matrice polymere. L’effet de la
concentration en protéines sur le taux d’encapsulation et les propriétés colloidales des particules

finale a été examiné.

Ce manuscrit se termine par une conclusion générale récapitulant I’ensemble des résultats et en

particulier I’intérét de la double émulsion dans I’encapsulation de biomolécules.
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2. Etude bibliographique

2.1. Les procédés d’encapsulations

Différentes techniques sont utilisées pour préparer les formes particulaires (micro et nano
particules ou capsules). Ces particules permettent un meilleur transport de principe actif jusqu’a
son site d’action.

L’encapsulation offre un grand nombre d’applications dans des domaines variées et en
particulier dans le domaine pharmaceutique. Ainsi, le principe actif sensible peut étre isolé et
protégé des facteurs environnementaux nuisibles (humidité, chaleur, oxygeéne, lumicre...). En
plus, I’encapsulation assure une libération contrdlée de 1’actif encapsulé (vitesse de relargage et
site de libération). Par ailleurs, I’encapsulation permet de faciliter la manipulation et le stockage
des médicaments en modifiant leurs caractéristiques physiques (la forme, le volume, la densité).
Les procédés utilisés pour la préparation des particules (des capsules et des spheres) sont trés
nombreux. Le choix du polymere et du procédé de fabrication dépend essentiellement des
propriétés de la substance a encapsuler, de I’application ciblée et de D’effet recherché.
Généralement, les procédés utilisant les biopolymeres attire une grande d’attention, car ils sont
biocompatibles et biodégradables et par conséquence, ils sont appropriés pour des applications in
vivo.

L’encapsulation a une importance exceptionnelle quand les biomolécules (acides nucléiques,
protéine, enzymes....) sont utilisées comme principes actifs. Les biomolécules jouent un role
thérapeutique qui est de plus en plus crucial. L’utilisation de biomolécules pour le traitement des
maladies graves, a ouvret de nouveaux horizons pour traiter des maladies résistantes aux
traitements traditionnels. Malheureusement, les molécules hydrophiles et fragiles comme les
protéines et les acides nucléiques, doivent étre protégés contre ’effet des enzymes en milieu
biologique. Leur libération doit étre aussi contrdlée ce qui représente une des solutions a cette
problématique.

Dans la revue ci-dessous, nous décrivons les techniques courantes utilisées pour 1'encapsulation
de molécules thérapeutiques. Lors de cette revue une attention particulicre est dédiée aux

techniques a base de polymeres préformés:
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Nanoprécipitation : la phase organique miscible a 1I’eau (composé d’un solvant polaire, un
ou plusieurs principes actifs et un polymere) est ajoutée a une phase aqueuse (contient
I’émulsifiant), sous agitation mécanique. Ceci conduit a I’obtention de nanoparticules ou
de nanosphéres. Généralement, cette technique est utilisée pour [’encapsulation de
substances hydrophobes.

Emulsion et diffusion de solvant: pour préparer des particules en utilisant cette méthode,
on a besoin de trois phases. Une phase organique (contient le polymere et le principe actif
hydrophobe), une phase aqueuse (contient un agent stabilisant), et un diluant
(normalement une large quantité¢ de 1’eau). Apres préparation de 1’émulsion huile dans
eau, une grande qualité d’eau est ajoutée, ce qui entraine la diffusion de solvant
organique dans la phase aqueuse. Le polymeére précipite rapidement et donne lieu a la
formation des particules. Cette technique est principalement utilisée pour I’encapsulation
de substances hydrophobes.

Emulsion simple et évaporation de solvant: une émulsion simple type huile dans eau est
préparée, puis la phase organique contenant le polymeére et le principe actif est évaporée.
Cette évaporation de la phase organique induit la précipitation de polymere permettant
alors I’obtention des particules dans la phase aqueuse.

Double émulsion évaporation de solvant (émulsion multiple): L’émulsion multiple peut
étre préparée par plusieurs techniques. Cette méthode, comme son nom I’indique est
réalisée en deux étapes. Tout d’abord, la premiére émulsion est préparée en utilisant un
tensioactif approprié afin d’assurer la stabilité de cette émulsion. Celle ci jouera le role
de la phase intérieure. La deuxieme émulsion est préparée en utilisant généralement un
autre type de tensioactif. L’énergie nécessaire pour préparer les deux émulsions est
fournie soit par ultrasonication ou homogénéisation a forte énergie.

Le spray dring : C’est une technique trés simple basée sur 1’utilisation d’une solution de
médicament (contenant un polymeére) atomisée et pulvérisée dans une chambre de
séchage ou les gouttelettes sont rapidement séchées a I’air chaud pour donner naissance a

des particules.

Techniques de fluides supercritiques: Ces procédés mettent en ceuvre les fluides
supercritiques comme le CO; supercritique, état dans lequel ces composés présentent des
propriétés particulieéres en fonction de la température et/ou de la pression. Le polymeére et

la substance active sont dissous dans le CO, supercritique puis lorsque cet ensemble
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passe par une buse, une diminution importante de la pression entraine la précipitation de

polymere sous forme de particules.

- G¢lification ionique : Cette méthode est principalement utilisée avec des polymeres
hydrophiles naturels. Ces polymeres comprennent la gélatine, 1'alginate, le chitosane et
I’agarose. Cette technique est basée sur la transition du polymere de I’état liquide a 1’état
gélatineux. Les particules sont obtenues apres refroidissement des gouttelettes d'émulsion
de gélatine a température inférieure au point de gélification dans un bain de glace.

- Couche par couche: Ce procédé est basé sur 1’adsorption d’un polymére sur une semence
de particules. Cette adsorption est de type ¢€lectrostatique généralement réalisée en
contrdlant la salinité et le pH du milieu d’adsorption. Afin d’avoir une écorce d’épaisseur
importante, I’adsorption d’un deuxiéme polymeére est réalisée sur le premier. L’actif peu
se trouver dans la semence formant le cceur des particules finales. Les particules obtenues
aprés avoir ¢limination du noyau solide, sont vésiculaires et sont appelées capsules

polyélectrolytiques.

Cet article fournit aussi des informations sur les polymeres les plus utilisés et qui sont
classés en deux classes :
e Les polymeéres naturels comme le chitosane, la dextrine, la gélatine .... etc.

e Les polymeres synthétiques :

- polyesters biodegradable comme PLGA, PLA, PCL ....etc.
- polymeres acryliques comme 1’Eudragit.

-polymeres pegylés comme chitosane — PEG, MPEG-PCL, PLA-PEG, MPEG-PLA.

Dans cette revue, il est également reporté les principales applications des particules développées

au cours des dernieres années et leurs principales propriétés.
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ABSTRACT

Biodegradable and biocompatible polymers are widely used for the encapsulation of drug
molecules. Various particulate carriers with different sizes and characteristics have been pre-
pared by miscellaneous techniques. In this review, we reported the commonly used preformed
polymer based techniques for the preparation of micro and nano-structured materials intended
for drug encapsulation. A description of polymer-solvent interaction was provided. The most
widely used polymers were reported and described and their related research studies were
mentioned. Moreover, principles of each technique and its crucial operating conditions were
described and discussed. Recent applications of all the reported techniques in drug delivery

were also reviewed.

Keywords: Drug delivery, particles, polymer, encapsulation, carriers, operating conditions

INTRODUCTION

Particulate carriers have gained tremen-
dous interest during the last decades which
permitted to deliver many hydrophilic and
hydrophobic molecules. Obtained particles
present small size which facilitates their
absorption. These drug delivery systems
protect active pharmaceutical ingredients
from degradation, enhance biopharmaceuti-
cal properties and could provide passive or
active targeting or sustained delivery. Bio-
medical applications of the developed carri-
ers are continuously growing (Ahmad,
2013; Soares, 2013; Miladi et al., 2013).
Although, they present different physico-
chemical properties, the used polymers are

mainly biocompatible and biodegradable. A
multitude of techniques are used to obtain
these particles. These methods differ by
their principles and the nature of drug mol-
ecules that could be encapsulated. Some
successfully marketed products led to an
enlargement of the applications and the in-
terest given by researchers to these drug
delivery systems. Choice of the technique
and operating conditions is crucial to obtain
formulations bearing good properties for in
vitro and in vivo applications. In this re-
view, we will focus on polymeric particles
and give a scope about the most used poly-
mers. We will also describe the common
preformed polymer based techniques used

28

14



EXCLI Journal 2014;13:28-57 — ISSN 1611-2156

Received: November 05, 2013, accepted: January 25, 2014, published: February 03, 2014

for the encapsulation of drug molecules.
We will also review the major applications
of the developed particles during the last
years and their main properties.

1. POLYMER-SOLVENT INTERAC-
TIONS

Many techniques that rely on preformed
polymers have been used for the prepara-
tion of particulate carriers. Although these
methods are quite different, they generally
share a unique principle which is polymer
precipitation. Precipitation of the polymer
occurs either when a non solvent is added
or after subsequent decrease of its solubility
in a solvent. Many parameters could influ-
ence polymer solubility such as, solvent
nature, pH, salinity and temperature of the
dispersion medium. Solubility of polyelec-
trolytes in water, for example, is highly pH
and salinity dependent (Gennes, 1979),
while that of poly(alkyl acrylamide) and
poly(alkyl methacrylamide), is mainly tem-
perature dependent (Elaissari, 2002). In
fact, nanoprecipitation and emulsion based
techniques are based on the addition of a
non solvent to the polymer which causes its
precipitation. However, ionic gelation tech-
nique, for instance, in which generally a
polyelectrolyte is used as polymer, is based
on the addition of a salt or an oppositely
charged polymer. This results in a change
in the salinity of the medium and the ap-
pearance of electrostatic interactions and
thus, leads to polymer precipitation. The
thermodynamic behavior of the polymer in
a given solution is highly dependent on the
Flory y-parameter. This parameter is de-
fined as the free energy change per solvent
molecule (in kgT units) when a solvent-
solvent contact is shifted to a solvent-
polymer contact. It is expressed by the fol-
lowing mathematical equations:

AG _ AH-TAS _ 1
kgT 2

kpT

%= A(1 —%)

Equation (1)

where kB and T are Boltzmann constant
and temperature, respectively; A and 0 pa-
rameters are defined as follows:

2AS+k
A=""" Equation (2)

2kp
=2 Equation (3
T 28S+kg quaiton.(3)

It can be seen that the A parameter is di-
rectly related to entropy changes, whereas 0
temperature is a function of both entropic
and enthalpic variations. When 0 tempera-
ture = T, the corresponding Flory ¢-
parameter = 1/2, at which the second Virial
coefficient is equal zero (Elias, 2003). The
latter can be easily determined from light
scattering measurements of a diluted poly-
mer solution. At 0 temperature conditions,
the binary interactions among constituents
will be negligible and only the excluded
volume effects will be predominant. Con-
sequently, the solvent will be a good sol-
vent for the polymer when ¥ < 1/2 and a
poor one when y > 1/2 (Minost et al.,
2012).

2. COMMONLY USED POLYMERS
FOR ENCAPSULATION

Several polymers have been used for
drug encapsulation but only biodegradable
and biocompatible ones are suitable for bi-
omedical applications. The biodegradability
of a polymer is acquired by the presence of
a labile function such as ester, orthoester,
anhydride, carbonate, amide, urea or ure-
thane in their backbone. These polymers
could be of natural (polysaccharides and
protein based polymers) or synthetic (poly-
esters) nature (Pillai and Panchagnula,
2001). The most commonly used polymers
for drug encapsulation are polyesters (lac-
tide and glycolide copolymers, poly-g-
caprolactone), acrylic polymers (polymeth-
acrylates) and polyamides (gelatin and al-
bumin). The selection of the right polymer
is a crucial step to obtain particles that are
suitable for a well-defined application. In
fact, polymers’ structures are highly differ-
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ent and their surface and bulk properties are
highly relevant for the obtaining of the de-
sirable biological application. Copolymers
could be also used to monitor the hydro-
phobicity of the materials. Some polymers
are poly(ethyleneglycol) (PEG) copolymer-
ized in order to decrease nanoparticle
recognition by the reticular endothelial sys-

tem. Table 1 contains examples of the most
used biocompatible and biodegradable pol-
ymers in encapsulation. Some polymers,
especially those having mucoadhesive
properties, could also be used for coating
the nanocarriers (Mazzaferro et al., 2012;
Zandanel and Vauthier, 2012).

Table 1: Commonly used polymers

Materials
Polymers
Natural polymers
Chitosan

Dextran
Dextran derivatives

Cyclodextrins
Gelatin

Synthetic polymers

References

Elmizadeh et al., 2013; Fabregas et al., 2013; Khalil et al., 2012; Konecsni et al., 2012;
Du et al., 2009; Bernkop-Schnirch et al., 2006; Gan et al., 2005; Asada et al., 2004

Liang et al., 2013; Dai et al., 2012; Sajadi Tabassi et al., 2008; Koten et al., 2003

Kanthamneni et al., 2012; Kauffman et al., 2012; Aumelas et al., 2007; Miyazaki et al.,
2006

Cirpanli et al., 2009; Memisoglu et al., 2003; Parict et al., 2002; Lemos-Senna et al.,

Nahar et al., 2008; Balthasar et al., 2005; Vandervoort and Ludwig, 2004; Bruschi et al.,
2003

Biodegradable polyesters

PLGA

PLA

PCL

Poly(lactide-co-
glycolide-co-
caprolactone)
Acrylic polymers
Eudragit

Others
Polyvinylbenzoate
Pegylated polymers
Chitosan-PEG

Gyulai et al., 2013; Beck-Broichsitter et al., 2012; Morales-Cruz et al., 2012; Beck-
Broichsitter et al., 2011; Nehilla et al., 2008; Song et al., 2008; Budhian et al., 2007;
Bozkir and Saka, 2005; Fonseca et al., 2002;Yang et al., 1999; Govender et al., 1999
Bazylinska et al., 2013; Fredriksen and Grip 2012; Kadam et al., 2012; Kumari et al.,
2011; Ataman-Onal et al., 2006; Lamalle-Bernard et al., 2006; Hyvénen et al., 2005;
Katare et al., 2005; Chorny et al., 2002; Leo et al., 2000

Behera and Swain, 2012; Guerreiro et al., 2012; Hernan Pérez de |la Ossa et al., 2012;
Khayata et al., 2012; Arias et al., 2010; Wang et al., 2008; Limayem Blouza et al., 2006;
Tewa-Tagne et al., 2006; Yang et al., 2006; Le Ray et al., 2003; Chawla and Amiji 2002;
Raval et al., 2011; Hombreiro Pérez et al., 2000; Benoit et al., 1999; Masson et al., 1997
Zhang et al., 2006

Hao et al., 2013; Das et al., 2010; Eidi et al., 2010; Trapani et al., 2007; Galindo-
Rodriguez et al., 2005; Haznedar and Dortung 2004; Pignatello et al., 2002

Labruére et al., 2010

Seo et al., 2009

Sacchetin et al., 2013; Essa et al., 2010; Ishihara et al., 2010; Vila et al., 2005; Vila et al.,

MPEG-PCL Falamarzian and Lavasanifar, 2010; Xin et al., 2010
PCL-PEG-PCL Suksiriworapong et al., 2012; Huang et al., 2010; Gou et al., 2009
Poly(caprolactone)- Huetal, 2003
poly(ethylene ox-
ide)-polylactide
PLA-PEG
2004; Govender et al., 2000; Huang et al., 1997
PLA-PEG-PLA Chen et al., 2011; Ruan and Feng 2003
MPEG-PLA Zheng et al., 2010; Dong and Feng, 2007; Dong and Feng, 2004
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2.1 Natural polymers
2.1.1 Chitosan

Chitosan is obtained by deacetylation of
chitin, which is the structural element in the
exoskeleton of crustaceans (crabs, shrimp,
etc.) and cell walls of fungi. It is a cationic
and biodegradable polysaccharide consist-
ing of repeating D-glucosamine and N-
acetyl-D-glucosamine units, linked via (1-
4) glycosidic bonds. Chitosan is non toxic
and can be digested in the physiological
environment, either by lysozymes or by chi-
tinases, which are present in the human in-
testine and in the blood. These properties
led to increased interest for this polymer in
pharmaceutical research and industry as a
carrier for drug delivery (Mao et al., 2010).
In addition, chitosan has mucoadhesive
properties owing to its positive charge that
allows interaction with the negatively-
charged mucosal surface. Consequently, the
use of chitosan as a matrix (Patil and
Sawant, 2011) or as a coating material
(Mazzarino et al., 2012) in drug encapsula-
tion had become a promising strategy to
prolong the residence time, to increase the
absorption of active molecules through the
mucosa (Mao et al., 2010; Alpar et al.,
2005) and also for targeted delivery (Park et
al., 2010).

2.1.2 Dextran and its derivatives

Dextran polymers are produced by bac-
teria from sucrose. Chemical synthesis is
also possible. These glucose polymers con-
sist predominantly of linear «-1,6-
glucosidic linkage with some degree of
branching via 1,3-linkage. Dextran-based
microspheres have got much attention be-
cause of their low toxicity, good biocom-
patibility and biodegradability, which are of
interest for application in biomedical and
pharmaceutical fields (Mehvar, 2000).
Many detxran polymers such as Sephadex®
(cross-linked dextran microspheres) as well
as Spherex® (cross-linked starch micro-
spheres) were used as carriers for drug de-
livery. Other derivatives of dextran and

starch including diethyl aminoethyl dextran
and polyacryl starch have also been used
for mucosal drug delivery. Illum et al
(2001) proposed some mechanisms to ex-
plain absorption enhancement effects of
cross-linked starch and dextran micro-
spheres intended to nasal delivery which
are: (1) Deposition of the microspheres in
the less or non ciliated anterior part of the
nasal cavity and slower nasal clearance; (2)
Retention of the formulation in the nasal
cavity for an extended time period because
of the bioadhesive properties of the micro-
spheres and (3) The local high drug concen-
tration provided by the gelled system in
close contact with the epithelial absorptive
surface (Illum et al., 2001).

2.1.3 Cyclodextrins

Cyclodextrins (CDs) are cyclic oligo-
saccharides that contain at least six D-(+)
glucopyranose units which are attached by
a-(1,4) glucosidic bonds. They have been
widely used for the formulation of drugs
with bioavailability concerns resulting from
poor solubility, poor stability and severe
side effects. There are 3 natural CDs which
are a-, -, and y-CDs (with 6, 7, or 8 glu-
cose units respectively) (Challa et al.,
2005). In addition, amphiphilic cyclodex-
trins are synthetic derivatives of natural cy-
clodextrins. Such derivatives are able to
self-organize in water to form micelles and
nano-aggregates, which is interesting for
pharmaceutical applications, mainly, encap-
sulation (Geze et al., 2002). In fact, am-
phiphilic cyclodextrins have recently been
used to prepare nanoparticles and nanocap-
sules without surfactants and have shown
high drug-loading capacity with favorable
release properties (Lemos-Senna et al.,
1998; Cirpanli et al., 2009; Duchéne, 1999).
They have also been used for targeting and
for increasing drug loading (Duchéne et al.,
1999).
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2.1.4 Gelatin

Gelatin is a natural polymer that is de-
rived from collagen. It is commonly used
for pharmaceutical and medical applica-
tions because of its biodegradability and
biocompatibility in physiological environ-
ments. Gelatin is attractive for use in con-
trolled release due to its nontoxic, bioactive
properties and inexpensive price. It is also a
polyampholyte having both cationic and
anionic groups along with hydrophilic
groups. Mechanical properties, swelling
behavior and thermal properties of gelatin
depend significantly on its crosslinking de-
gree (Young et al., 2005).

2.2 Biodegradable polyesters

Polyester-based polymers are among of
the most widely investigated materials for
drug delivery. Poly(lactic acid) (PLA),
poly(glycolic acid) (PGA) and their copol-
ymers poly(lactic acid-co-glycolic acid)
(PLGA) along with poly-g-caprolactone are
some of the well-defined biomaterials with
regard to design and performance for drug-
delivery applications.

2.2.1 PLGA

PLGA, a copolymer of lactic acid and
glycolic acid, has generated tremendous
interest due to its excellent biocompatibil-
ity, biodegradability, and mechanical
strength. PLGA is approved by the US
FDA and European Medicine Agency
(EMA) in various drug delivery systems in
humans. In order to improve the formula-
tion of controlled drug delivery systems, an
understanding of the physical, chemical,
and biological properties of polymers is
helpful. In fact, the polymer is commercial-
ly available with different molecular
weights and copolymer compositions. The
degradation time can vary from several
months to several years, depending on the
molecular weight and copolymer ratio
(Danhier et al., 2012). For example, lactic
acid is more hydrophobic than glycolic acid
and, therefore, lactide-rich PLGA copoly-

mers are less hydrophilic, absorb less water,
and subsequently, degrade more slowly
(Dinarvand et al., 2011). PLGA particles
are widely used to encapsulate active mole-
cules with a broad spectrum of pharmaceu-
tical applications (Danhier et al., 2012;
Menei et al., 2005; Singh et al., 2004).

2.2.2 PLA

PLA is a biocompatible and biodegra-
dable synthetic polyester which undergoes
scission in the body to monomeric units of
lactic acid. The latter is a natural intermedi-
ate in carbohydrate metabolism. PLA pos-
sess good mechanical properties and it is
largely used for the preparation of particles
(Gupta and Kumar, 2007).

2.2.3 PCL

It was in 1930s that the ring-opening
polymerization of PCL was studied. The
biodegradable property of this synthetic
polymer was first identified in 1973. PCL is
suitable for controlled drug delivery due to
its high permeability to many drugs and
non-toxicity (Sinha et al., 2004). Molecular
weight dependent surface hydrophobicity
and crystallinity of PCL are the causes for
its slower biodegradation in two distinct
phases such as random non-enzymatic
cleavage and enzymatic fragmentation.
Lipophilic drugs are generally distributed
uniformly in the matrix while hydrophilic
drugs tend to move towards the interface
and remain on the surface of PCL formula-
tion in adsorbed state. Diffusion was de-
scribed as the only possible mechanism by
which the lipophilic drugs release from
PCL particles as they were shown to be in-
tact for a much longer duration in vivo.
However, two phenomena could be impli-
cated in hydrophilic drugs’ release. Highly
lipophilic drugs that resist complete diffu-
sion are released upon surface erosion by
enzymatic action while hydrophilic drugs
that accumulate at the interface during the
formulation processes are released by de-
sorption at the initial period of release study
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or dosage intake. This results in a biphasic
drug release pattern for PCL particles with
much higher burst release for hydrophilic
drugs than lipophilic ones (Dash and
Konkimalla, 2012).

2.3 Pegylated polymers

Many of the above cited polymers could
be conjugated to PEG chains, which allows
the enhancement of their hydrophilicity and
permits the obtaining of a stealth surface
that could protect the prepared carriers from
degradation by the cells belonging to the
reticuloendothelial system. Conjugation to
PEG confers also bioadhesive properties for
the carriers (Yoncheva et al. 2005).

3. Used methods for the encap-

sulation of active molecules

3.1 Nanoprecipitation

The nanoprecipitation technique was
first developed by Fessi et al. in 1986 (De-
vissaguet et al., 1991). The technique al-
lows the obtaining of either nanospheres or
nanocapsules. The organic phase could be
added to the aqueous phase under magnetic
stirring. This one-step process allows the
instantaneous and reproducible formation
of monodisperse nanoparticles. Nanopre-
cipitation is simple, is by far the fastest,
most reproducible, and industrially feasible
preparation procedure of nanospheres
(Vauthier and Bouchemal, 2009). Practical-
ly, two miscible phases are required: an or-

Organic solution:
Polymer + Drug
Polar solvent +
Surfactant™* +

Ol

ganic solvent in which the polymer is dis-
solved and an aqueous phase (non-solvent
of the polymer). The most common used
organic solvents are ethanol and acetone.
Such solvents are miscible in water and
easy to remove by evaporation. Some oils
could be added to these solvents to allow
the dissolving of the active (Rosset et al.,
2012). As Figure 1 shows, the method is
based on the addition of one phase to the
other under moderate magnetic stirring
which causes the interfacial deposition of a
polymer after displacement of the organic
solvent from the organic solution. This
leads to the formation of a suspension of
nanoparticles. The organic phase could be a
mixture of solvents such as, mixture of ace-
tone with water or ethanol etc. Similarly,
the aqueous phase could consist of a mix-
ture of non-solvents and could contain sur-
factants. Commonly used polymers are bio-
degradable polyesters, especially PCL, PLA
and PLGA (Rao and Geckeler, 2011). Par-
ticle formation process includes three basic
steps which are, particle nucleation, molec-
ular growth and aggregation. The rate of
every step has a crucial impact on the parti-
cle size distribution. Supersaturation is the
driving force that manages all of these
steps, namely, particles nucleation rate. Su-
persaturation, itself, is influenced by fluid
dynamics and mixing. In fact, low stirring
rate results in low nucleation rates while
higher mixing rates give high nucleation
rates (Lince et al., 2008).

Solvent and
residual

water
evaporation

Aqueous solution:
Stabilizer in water
(surfactant)
Figure 1: The nanoprecipitation technique (Pinto Reis et al., 2006)
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Operational parameters that should be
controlled include the organic phase to non
organic phase ratio, the concentration of the
polymer and the stabilizer and the amount
of the drug. Every one of these parameters
may exert an impact on the characteristics
of the obtained nanoparticles (size, uni-
formity and charge). In fact, an increase of
the polymer amount generally increases
particles’ size (Chorny et al., 2002; Simgek
et al., 2013; Dong and Feng, 2004; Asadi et
al., 2011). The same effect was obtained
after increasing the polymer molecular
weight (Limayem Blouza et al., 2006; Hol-
gado et al., 2012). These findings were ex-
plained by an increase of the viscosity of
the organic phase which rendered solvent
diffusion more difficult and thus, led to
larger nanoparticles’ size. The effect of in-
creasing organic phase volume seems con-
flicting: some studies showed that it causes
a decrease of the particles size (Dong and
Feng, 2004) while others showed the oppo-
site phenomenon (Asadi et al., 2011). In-
creasing the water phase amount leads to a
decrease of the particles size as a result of
the increased diffusion of the water-
miscible solvent in the aqueous phase and
thus, the more rapid precipitation of the
polymer and formation of nanoparticles
(Budhian et al., 2007). An increase of the
surfactant amount generally causes a de-
crease of the particles size and reduces size
distribution (Contado et al., 2013; Siqueira-
Moura et al., 2013). Some studies did not,
however, found significant change follo-
wing surfactant amount increase (Dong and
Feng, 2004). The nature of the surfactant
may also influence the particles’ size (Li-
mayem Blouza et al., 2006). Increasing
mixing rate decreases the particles size as it
causes faster diffusion rate (Asadi et al,
2011). Theoretical drug loading may also
influence particles size and drug loading
(Govender et al., 1999). Nanoprecipitation
is generally designed for the encapsulation
of hydrophobic drug molecules (Seju et al.,
2011; Katara and Majumdar, 2013;
Seremeta et al., 2013). Such actives may be

dissolved within the organic phase. Bilalti
et al. (2005) described a nanoprecipitation
technique intended to the encapsulation of
hydrophilic molecules but the size of the
obtained particles was not sufficiently uni-
form (Bilati et al., 2005). To further im-
prove the reproducibility of the nanoprecip-
itation technique and make it more conven-
ient for industrial applications, membrane
contactor and microfluidic technology were
successfully used (Khayata et al., 2012; Xie
and Smith, 2010). These techniques allow
better size control within different batches
of particles. Table 2 contains some exam-
ples of the applications of the nanoprecipi-
tation technique in drug delivery during the
last years. It can be concluded that polyes-
ters are among the most used polymers for
the preparation of the nanoparticles by this
technique.

3.2 Emulsion diffusion (ESD)

ESD was first developed by Quintanar-
Guerrero and Fessi (Quintanar-Guerrero et
al., 1996) to prepare PLA based nano-
spheres. Three liquid phases are needed in
this technique: an organic phase, an aque-
ous phase and a dilution phase. The organic
phase generally contains the polymer and
the hydrophobic drug. The aqueous phase is
a solution of a stabilizing agent while the
dilution phase usually consists of a large
volume of water. Mutual saturation of the
aqueous and organic phase allows further
obtaining of a thermodynamically equili-
brated emulsion upon high speed homoge-
nization. Subsequent addition of an excess
of water enables the diffusion of the organic
solvent from the dispersed phase resulting
in precipitation of the polymer and the for-
mation of the particles (Figure 2). Com-
monly used polymers in this method in-
clude PCL, PLA and Eudragit® (Mora-
Huertas et al., 2010). Table 3 shows that the
technique is mainly used for the encapsula-
tion of hydrophobic molecules. However,
hydrophilic molecules may also be encap-
sulated by a modified solvent diffusion
method using an aqueous inner phase (Ma
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et al., 2001). Operating conditions affecting
the size of the obtained particles include
external/internal phase ratio, emulsification
stirring rate, volume and temperature of wa-
ter for dilution, polymer amount and con-
centration of the stabilizer (Quintanar-
Guerrero et al., 1996; Mora-Huertas et al.,
2010). Influence of high shear homogeniza-
tion and sonication on the particles size was
assessed and it was found that sonication
was more efficient for particle size re-
duction. The nature of the surfactant influ-
enced also the particles size. In fact, when
Pluronic F68 (PF68), didodecyldime-
thylammonium bromide (DMAB) and pol-
yvinylalecohol (PVA) were compared,
DMAB gave the smallest particles but with
the lowest encapsulation efficiency (Jain et
al., 2011). Particles size was also described
to increase with an increase of initial drug
amount (Youm et al, 2012), polymer

amount (Youm et al., 2012; Esmaeili et al.,
2011) and the oil phase volume (Esmaeili et
al., 2011; Poletto et al., 2008). An increase
of the surfactant amount resulted in a de-
crease of the size but it seems that above
some level further significant size reduction
is no longer possible (Jain et al., 2011; Su-
rassmo et al., 2010). An increase of the ho-
mogenization rate led to a decrease of the
particles’ size (Jain et al., 2011; Kwon et
al., 2001; Galindo-Rodriguez et al., 2005).
Likely, the same effect was obtained fol-
lowing an increase of the temperature and
the volume of added water (Kwon et al.,
2001; Song et al., 2006). The nature of the
organic solvent also influenced particle size
(Song et al., 2006). Table 3 shows some of
the recent applications of the ESD tech-
nique.

Table 2: Applications of the nanoprecipitation technique

Encapsulated Polymer Size (nm) Zeta potential  Reference
molecule {(mV)
Doxorubicin Gelatin-co-PLA-DPPE 131.5-161.1 - Han et al., 2013
Aceclofenac Eudragit RL 100 75.5-184.4 25-326 Katara and Majumdar,
2013
Doxorubicin Dextran-b- 95-123.3 - Lietal, 2013
polycaprolactone
Chloroaluminum PLGA 220.3-326.3 -17.7-(-40.9) Siqueira-Moura et al.,
phthalocyanine 2013
Efavirenz PCL and Eudragit® RS 89.5-173.9 -17.9-53.8 Seremeta et al., 2013
100
Paclitaxel PLGA 50- 150 -15 - (-20) Wang et al., 2013
Retinoic acid PLA 153.6-229.8 -27.4-(-20.9) Almouazen et al., 2012
Brimonidine Eudragit® RL 100 123.5-140.2 13.1-20.8 Khan et al., 2012
Tartrate
Vitamin E PCL 123-320 -24.5-(-1.46) Khayata et al., 2012
Paclitaxel Hydrophobized pullulan 127.6-253 Leeetal, 2012
Curcumin PCL, chitosan 104-125 (-0.099)-79.8 Mazzarino et al., 2012
Diclofenac [Rell, 152 -50 Mora-Huertas et al., 2012
Amphotericin B PLGA 86-153 -31.4-(-9.1) Van de Ven et al.,, 2012
Epirubicin Poly(butyl cyanoacry- 217235 -4.5-(-0.1) Yordanov 2012
late)
Camptothecin Beta-cyclodextrin 281 -13 Cirpanli et al.,, 2011
PLGA 187 -0.06
PCL 274 -19
Naringenin Eudragit® E 90 - Krishnakumar et al., 2011
Olanzapine PLGA 91.2 -23.7 Seju et al., 2011
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Organic solution:

7] Polymer + Drug in
partially water soluble
| solvent

\ /
\ /
\

ot Aqueous solution:

Stabilizer in water

Solvent
Elimination

) )

Figure 2: Emulsion diffusion technique (Pinto Reis et al., 2006)

Table 3: Applications of the emulsion diffusion method

Encapsulated Polymer Size (Um) Zeta potential Reference

molecule {mV)

Articaine PCL - - Campos et al., 2013

Omeprazole Eudragit L 100-55  0.256.3- 0.337 8.92-16.53 Haoetal, 2013

Curcumin Polyurethane and 0.216- 4.901 - Souguir et al., 2013
polyurea

Matricaria recutita PEG-PBA-PEG 0.186- 0.446 - Esmaeili et al., 2011

L. extract

Bovine serum Chitosan 81-98 - Karnchanajindanun et

albumin al., 2011

Alendronate PLGA 0.145 -4.7 Cohen-Sela et al.,

2009

An oligonucleo- PLA 0.390 - Delie et al., 2001

tide

3.3  Simple Emulsion evaporation emulsion is obtained, the evaporation of the

(SEE)

The SEE technique is widely used in the
field of particulate carriers’ development.
This method was first developed by
(Vanderhoff et al., 1979). It consists on the
formation of a simple emulsion followed by
the evaporation of the organic solvent. Sub-
sequent precipitation of the polymer allows
the obtaining of the particles (Figure 3).
Practically, for oil in water emulsion meth-
od, the polymer is dissolved in a volatile
and non miscible organic solvent such as
chloroform, ethylacetate or dichloro-
methane. This organic phase, in which the
drug and the polymer are dissolved, is then
dispersed by high speed homogenization or
by sonication in an aqueous phase contain-
ing a surfactant. Once an oil-in-water (o/w)

organic solvent permits the precipitation of
the polymer and thus, the formation of the
particles. As it can be seen in Table 4, SEE
is generally used for the encapsulation of
hydrophobic drugs (O’Donnell and McGin-
ity, 1997). The evaporation of the organic
solvent is obtained by moderately stirring
the emulsion at room temperature or under
high temperature and low pressure condi-
tions. The obtained particles can be then
harvested by ultracentrifugation or filtra-
tion, then washed and lyophilized. Mem-
brane technology was also used to prepare
particles by the simple emulsion technique
(Doan et al., 2011). Another alternative of
the technique is the use of water in oil
emulsion method that is suitable for the en-
capsulation of hydrophilic active molecules.
Particulate carriers are obtained after evap-
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oration of the water phase which causes the
precipitation of the hydrophilic polymer
(Banerjee et al., 2012). Parameters that
have to be managed include organic phase
to water phase ratio, nature of the surfactant
and its concentration, stirring rate, polymer
amount and evaporation rate. Decreasing
the organic solvent volume resulted gener-
ally in a decrease of particle size (Budhian
et al., 2007). Particle size could also be de-
creased by increasing surfactant amount
(Valot et al., 2009; Manchanda et al., 2010;
Khaled et al., 2010; Su et al., 2009), increa-

Organic solution:

sing stirring rate (Su et al., 2009; Lee et al.,
2012; Avachat et al.,, 2011; Yadav and
Sawant, 2010) or increasing aqueous phase
volume (Adibkia et al., 2011). However, an
increase of polymer amount generally in-
creases particles’ size (Doan et al., 2011;
D’ Aurizio et al., 2011; Adibkia et al., 2011;
Agnihotri and Vavia, 2009). Table 4 shows
the applications of the SEE technique in
drug delivery. Polyesters were widely used
for the encapsulation of hydrophobic drugs.

Polymer + Drug in
water non-miscible
solvent

Aqueous solution:

Stabilizer in water

Step 1

Solvent

Evaporation

Figure 3: Simple emulsion solvent evaporation (Pinto Reis et al., 2006)

Table 4: Applications of simple emulsion solvent evaporation technique

Encapsulated Polymer Size (pm) Zeta potential Reference
molecule {mV)
Curcumin PLGA and PLGA- 0.161-0.152 - Khalil et al., 2013
PEG
Efavirenz PCL and Eu- 0.083-0.219 58] Seremeta et al,,
dragit® RS 100 2013
Human amylin PCL 0.202 - Guerreiro et al.,
2012
Azithromycin PLGA 14.11-15.29 - Lietal, 2012
Teniposide PLGA 0.113-0.135 -36.6-(-23.1) Mo et al., 2012
Camptothecin PCL-PEG-PCL 4.2-54 - Dai et al., 2011
Naproxen PLGA 352-824 - Javadzadeh et al,,
2010
Doxorubicin PLGA 0.137-0.164 -12.3-(-9.9) Manchanda et al.,
2010
Dexamethasone PLGA 5.18-7 - Rawat and Bur-
gess, 2010
Ibuprofen Eudragit RSPO 14-51.1 - Valot et al., 2009
3
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3.4 Double emulsion evaporation
(DEE)

Double emulsion technique is suitable
for the encapsulation of hydrophilic mole-
cules (see Table 5 and Figure 4). Generally,
the method consists on the dispersion of an
aqueous phase in a non miscible organic
solvent to form the first emulsion (W1/O).
This dispersion is performed under high
shear homogenization or low power soni-
cation for a short time. This step is followed
by the dispersion of the obtained emulsion
in a second aqueous phase containing a hy-
drophilic emulsifier. Again, homogeniza-
tion could be carried under high shear ho-
mogenization or with a sonication probe.
When sonication is used, it must be per-
formed at low power and within a short pe-
riod of time to not break the first emulsion
(Giri et al., 2013). After the formation of
the multiple emulsion, evaporation of the
volatile organic solvent under low pressure
(by a rotary evaporator) or at ambient tem-
perature allows the obtaining of the particu-
late carriers (Figure 4). There are other
types of multiple emulsions like w/o/o or
o/w/o (Giri et al., 2013). A lot of parame-
ters may influence the properties of the ob-
tained particles such as, relative phases’
ratio (Khoee et al., 2012), amount of the
polymer, its nature and molecular weight
(Zambaux et al., 1998; Péan et al., 1998;
Van de Ven et al., 2011), nature of the sur-
factants and their amounts (Zhao et al.,
2007; Khoee and Yaghoobian, 2009; Dha-
naraju et al., 2004), homogenization speed
(Eley and Mathew, 2007; Basarkar et al.,
2007), the composition of the external
phase (Péan et al., 1998; Tse et al., 2009)
and evaporation speed (Khoee et al., 2012).
Operating conditions may also influence
strongly encapsulation efficiency (Tse et
al., 2009; Billon et al., 2005; Silva et al.,
2013; Zhou et al., 2013; Karatag et al.,
2009; Hachicha et al., 2006; Al-Kassas,
2004; Cun et al., 2011; Gaignaux et al.,
2012; Cun et al., 2010). Membrane tech-
nique and microfluidic devices were also
used to prepare particulate carriers by the

DES method (Vladisavljevi¢ and Williams,
2008; van der Graaf et al., 2005).

3.5 Spray drying

Spray drying is a simple process which
gained too much interest due to its cost-
effectiveness and scalability (Sou et al.,
2011). Practically, a polymer containing
drug solution is atomized and sprayed into a
drying chamber where droplets are dried by
heated air (See Figure 5). Reduction of
droplets’ size that follows atomization al-
lows the obtaining of an enormous surface
area between droplets and the drying gas.
The subsequent precipitation of the polymer
permits the encapsulation of the drug within
the obtained particulate carriers. The evapo-
ration of the solvent occurs within a very
short period of time. Consequently, the ma-
terials never reach the inlet temperature of
drying gas. This is very attractive for en-
capsulating heat-sensitive drug molecules
like proteins (Cal and Sollohub, 2010; Sol-
lohub and Cal, 2010; Prata et al., 2013).
Many operating conditions could influence
the properties of the obtained particles. Pa-
rameters to be controlled include the drying
air temperature and humidity (Bruschi et
al., 2003), the rate and fluid dynamics of
the air flow, the atomization process (Drop-
let size, spray rate, spray mechanism) and
the composition of ingredients and excipi-
ents in the feeding solution (Rattes and
Oliveira, 2007). PLA (Baras et al., 2000,
Gander et al., 1996; Sastre et al., 2007;
Muttil et al., 2007), PLGA (Wang and
Wang, 2002; Mu and Feng, 2001; Castelli
et al., 1998; Bittner et al., 1999; Prior et al.,
2000; Conti et al., 1997), PCL, methacryla-
te polymers (Esposito et al., 2002; Afio et
al., 2011; Cruz et al., 2010; Hegazy et al.,
2002; Raffin et al., 2008) and chitosan (He
et al., 1999; Giunchedi et al., 2002; Cevher
et al., 2006) are among the most used po-
lymers in spray-drying method. As Table 6
shows, the technique allowed the obtaining
of mainly microparticles bearing better drug
solubility and sustained release.
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Table 5: Applications of the double emulsion technique

Encapsulated molecule Polymer Size (um) Zeta potential Reference
(mV)
Vancomycin PLGA 0.450-0.466 -7.2-(-3.5) Zakeri-Milani etal., 2013
Prostaglandin E1 PLGA 7-22.5 - Gupta and Ahsan, 2011
Deoxyribonuclease | PLGA 0.190-0.349 - Osman et al., 2011
S. equi antigens PCL 0.242-0.450 -53.1-38.7 Florindo et al., 2009
Hepatitis B surface antigen PLGA 1-5 0.51-14 Thomas et al., 2009
Plasmid DNA PLGA 1.9-4.6 -24.6-(-22.9) Tseetal, 2009
w1
Internal wWyo - W1/O/Ws
(;queous‘sh'ase) S @
rug + Water)
g €
Formation of the
o primery (W1/0) emulsion Formation of the
double emulsion (W1/O/W2)(
Organic phase —- W2 ¢
(Polymer + Solvent)
Exlem:l i — * * * *
(Water + Sarfactant) @ O
Microparticles ——¥@) (0]

Solvent evaporation

Figure 4: Double emulsion solvent evaporation technique (Giri et al., 2013)
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Table 6: Applications of the spray drying technique

Encapsulated Polymer Size (pm) Zeta potential Reference
molecule {mV)
Nimodipine PLGA 1.9-2.37 - Bege et al,, 2013
Theophylline Eudragit RS30D <60 - Garekani et al., 2013
Ofloxacin PLA 2.6-4.9 - Palazzo et al., 2013
Sodium diclofenac PGA-co-PDL 2.8 -32.2 Tawfeek, 2013
PEG-PGA-co-PDL 3.9 -29.9
and mPEG-co- 25 -31.2
(PGA-co-PDL)
Sodium fluoride Chitosan 3.4-53 - Keegan et al., 2012
Plasmid Chitosan 25117 - Mohaijel et al., 2012
Heparin PLGA 25-3.8 -63.5-(-28.2) Yildiz et al., 2012
Alendronate Eudragit® $100 13.8 - Cruz et al., 2010
Zolmitriptan Chitosan glutamate 2.6-9.4 - Alhalaweh et al.,
and Chitosan base 2009
Triamcinolone PLGA 0515 - da Silva et al., 2009
Acyclovir Chitosan 18.7-34.9 - Stulzer et al., 2009

3.6 Supercritical fluid technology (SFT)

In the recent years, novel particle for-
mation techniques using supercritical fluids
(SCF) have been developed in order to
overcome some of the disadvantages of
conventional techniques that are: (1) poor
control of particle size and morphology; (2)
degradation and lost of biological activity
of thermo sensitive compounds; (3) low en-
capsulation efficiency and (4) low precipi-
tation yield (Santos et al., 2013). Moreover,
SFT presents the main advantage of not re-
quiring the use of toxic solvents. In fact,
SCF based technologies have attracted
enormous interest for the production of mi-
croparticles and nanoparticles (Table 7),
since their emergence in the early 1990s
(Sanli et al., 2012).

The supercritical state is achieved when
a substance is exposed to conditions above
its critical pressure and temperature. In such
conditions, the fluid will have liquid-like
density and, thus, solvating properties that
are similar to those of liquids and, at the
same time, gas-like mass transfer proper-
ties. Carbon dioxide (CO,) is the most
commonly used critical fluid. In fact, CO,
is nontoxic, nonflammable and easy recy-
clable. Moreover, CO, has moderate critical
parameters of CO» (a critical pressure of 7.4

MPa and a critical temperature of 304.1 K)
and low price and is highly available which
makes it very attractive from an economical
point of view and also for the processing of
labile compounds (Elizondo et al., 2012).
Supercritical fluid technology methods can
be divided in four methods which are rapid
expansion of supercritical solution (RESS),
Particles from gas saturated solutions
(PGSS), gas antisolvent (GAS) and super-
critical antisolvent process (SAS). These
methods depend on whether CO; was used
as a solvent, a solute or an antisolvent. Fig-
ure 6 shows the experimental set up of the
RESS technique. In the RESS technique,
the drug and the polymer are first dissolved
in supercritical CO; in high pressure cham-
ber. The subsequent passing of the solution
through a nozzle results in a rapid decrease
of the pressure and thus, a precipitation of
the drug particles embedded in the polymer
matrix and their recovery in the extraction
unit (Byrappa et al., 2008). Many parame-
ters such as the density of the SCF (Pres-
sure and temperature of supercritical fluid)
(Kalani and Yunus, 2012), flow rate of
drug-polymer solution and/or CO; and for-
mulation variables (Martin et al., 2002)
could influence the size of the obtained par-
ticles. Table 7 shows that SFT was used for
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the processing of nanoparticles and micro-
particles mainly based on polyesters.

3.7 Ionic gelation (IG)

IG method is used mainly with natural
hydrophilic polymers to prepare particulate
carriers. These polymers include gelatin,
alginate, chitosan and agarose. IG has the
advantage of not using organic solvents.
The technique is based on the transition of
the polymer from liquid state to a gel (Fig-
ure 7). For instance, gelatin based particles
are obtained after the hardening of the drop-
lets of emulsified gelatin solution. The par-
ticles are obtained after cooling gelatin
emulsion droplets below the gelation point
in an ice bath. For alginate, however, parti-
cles are produced by drop-by-drop extru-
sion of the sodium alginate solution into the

Table 7: Applications of the SCF technology

calcium chloride solution. Sodium alginate
is, in fact, a water-soluble polymer that gels
in the presence of multivalent cations such
as calcium. Chitosan particles are prepared
by spontancous formation of complexes
between the positively charged chitosan and
polyanions (tripolyphosphate or gelatin) or
by the gelation of a chitosan solution dis-
persed in an oil emulsion (Mahapatro and
Singh, 2011). Figure 7 illustrates the gela-
tion mechanism of polysaccharides. At high
temperatures, a random coil conformation
is assumed. With decreasing temperature,
the aggregation of double helices structure
forms the physical junctions of gels (Rees
and Welsh, 1977). Table 8 displays some
recent applications of IG. This technique
has been mainly used to prepare chitosan
nanoparticles.

Encapsulated Polymer Size (um) Zeta poten- Reference
molecule tial
(mV)
Hydrocortisone acetate PLGA 1-5 - Falco et al., 2013
170-methyltestosterone  PLA 5.4-20.5 13.9-67.7 Sacchetin etal., 2013
Paracetamol PLA 0.301-1.461 - Kalani and Yunus, 2012
5-fluorouracil PLLA- 0175 - Zhang et al., 2012
PEG/PEG
Human growth PLGA 93 - Jordan et al., 2010
hormone
Azacytidine PLA 2 - Argemi et al., 2009
Bovine serum albumin PLA 25 - Kang et al., 2009
Retinyl palmitate PLA 0.040-0.110 - Sane and Limtrakul, 2009
Indomethacin PLA 2585 - Kang et al., 2008
PRECIPITATION UNIT
EXTRACTION UNIT vent
pump -

[

Expansion
vessel

|
g Figure 6: Schematic
presentation of the

experimental set up

for the RESS process

(Byrappa et al., 2008)
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Figure 7. Gelation
mechanism of poly-
saccharides in water
(Guenet, 1992)

Table 8: Some applications of the ionic gelation technique

Encapsulated Polymer Size (um) Zeta potential Reference

molecule {mV)

Articaine Alginate/chitosan 0.340-0.550 -22 - (-19) de Melo et al., 2013

hydrochloride

TNF-o. siRNA Trimethyl chitosan- 0.146 25.9 He et al., 2013
cysteine

Paclitaxel O-carboxymethyl 0.130-0.180 -30 - (-12) Maya et al., 2013
chitosan

pDNA Chitosan 0.153-0.403 46.2-56.9 Cadete et al., 2012

Gemcitabine Chitosan 0.095 - Derakhshandeh and

Fathi, 2012

Dexamthasone Chitosan 0.256-0.350 - Doustgani et al., 2012

sodium

phosphate

Itraconazole Chitosan 0.190-0.240 11.5-18.9 Jafarinejad et al., 2012

5-fluorouracil and  Chitosan 0.040-0.097 25.6-28.9 Lietal, 2011

leucovorin

Insulin Chitosan and 0.172-0.245 35.7-43.4 Avadi et al., 2010
arabic gum

CKS9 peptide Chitosan 0.226 - Yoo etal., 2010

sequence

3.8 Layer by layer saccharides and DNA (Powell et al., 2011).

Polyelectrolyte self assembly is also
called layer-by-layer (LbL) assembly pro-
cess. The earliest technology was based on
the assembly of colloidal particles on a sol-
id core (Iler, 1966). From the 1990s, appli-
cations were expanded. LbL allowed, in
fact, the assembly of polyelectrolyte films
using biopolymers, proteins, peptides, poly-

This approach was first developed by Su-
khorukov et al. (Sukhorukov et al., 1998).
Polyelectrolytes are classified according to
their origin. Standard synthetic polyelectro-
lytes include poly(styrene sulfonate) (PSS),
poly (dimethyldiallylammonium chloride)
(PDDA), poly(ethylenimine) (PEI), poly(N-
isopropyl acrylamide (PNIPAM), poly-
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(acrylic acid) (PAA), poly (methacrylic ac-
id) (PMA), poly(vinyl sulfate) (PVS) and
poly(allylamine) (PAH). Natural polyelec-
trolytes include nucleic acids, proteins and
polysaccharides such as, alginic acid, chon-
droitin sulfate, DNA, heparin, chitosan, cel-
lulose sulfate, dextran sulfate and carbox-
ymethylcellulose (de Villiers et al., 2011).
The obtained particles are vesicular and are
called polyelectrolyte capsules. Assembly
process is based on irreversible electrostatic
attraction that leads to polyelectrolyte ad-
sorption at supersaturating polyelectrolyte
concentrations. Other interactions such as,
hydrogen bonds, hydrophobic interactions
and Van der Waals forces were also de-
scribed (de Villiers et al., 2011). A colloidal
template that serves to the adsorption of the
polyelectrolyte is also needed. The com-
monly used cores for the formulated parti-
cles are derived from stabilized colloidal
dispersions of charged silica, charged
poly(styrene) spheres, metal oxides, poly-
oxometalates and conducting liquid crystal-
line polymers. Carrier systems can be func-
tionalized with stimuli-responsive compo-
nents that respond to temperature, pH and

ionic strength. The polymers/colloids used
in LbL technique can also be functionalized
to alter their properties preceding layer by
layer assembly. Experimental parameters
that have to be managed include coating
material concentration, ion concentration
and the pH of the medium (Vergaro et al.,
2011). Polymer assembly occurs after incu-
bation of the template in the polymer solu-
tion or by decreasing polymer solubility by
drop-wise addition of a miscible solvent
(Radtchenko et al., 2002). This procedure
could be repeated with a second polymer to
allow sequential deposition of multiple pol-
ymer layers (Figure 8). LbL presents ad-
vantages over several conventional coating
methods: (1) simplicity of the process and
equipment; (2) its suitability for coating
most surfaces; (3) availability and abun-
dance of natural and synthetic colloids; (4)
flexible application to objects with irregular
shapes and sizes; (5) formation of stabiliz-
ing coats and (6) control over the required
multilayer thickness (de Villiers et al.,
2011). Table 9 contains some recent appli-
cations of LbL technique.

Charge Neutralization
Charge Resaturation

m) Charge Reversal

Figure 8: The layer by layer technique based on electrostatic interaction (Ariga et al., 2011)
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Table 9: Applications of the layer-by-layer technique

Active Polyelectrolytes

Sodium
Alginate and protamine sulfate

Poly-I-glutamic acid and poly-I-

Kaempferol

Designed pep-

tide DP-2015 lysine

5-fluorouracil Poly(L-glutamic acid) and
chitosan

Plasmid DNA Plasmid DNA and reducible hy-
perbranched poly(amidoamine)
or polyethylenimine

Artemisinin Alginate, gelatin and chitosan

Insulin Glucose oxidase and catalase

Heparin Poly(styrene sulfonate) and chi-
tosan

Acyclovir Poly(vinyl galactose
ester-co-methacryloxyethyl tri-
methylammonium chloride) and
poly(sodium 4-styrenesulfonate)

Propranolol Poly(vinyl galactose ester-

hydrochloride co-methacryloxyethyl trime-
thylammonium
chloride) and Poly(sodium
4-styrenesulfonate)

CONCLUSION

Encapsulation of active molecules is a
crucial approach that has been widely used
for many biomedical applications. It per-
mits enhancement of bioavailability of mol-
ecules, sustained delivery, passive or active
targeting and decrease of toxicity and side
effects. These formulations can render
some active molecules more suitable for a
specific route such as the delivery of pro-
teins by the oral route or the delivery of
some drugs via the blood brain barrier.
Thus, they enhance efficiency, patient com-
pliance and allow successful management
of diseases. Many biodegradable and bio-
compatible polymers were investigated.
The choice of the technique and the suitable
polymer is a crucial step. It depends on the
physicochemical properties of the drug to
be encapsulated. The management of oper-
ating conditions is also a hard task to moni-
tor particles’ properties and to enhance drug
loading. Recent research works are focus-

Size (um) Zeta References
potential
(mV)
0.161 -89 Kumar et al., 2012
- - Powell et al., 2011
1 25-40  Yanetal., 2011
- - Blacklock et al., 2009
0.806 -33 Chen et al., 2009
6 - Qi et al., 2009
1 -10.4 Shao et al., 2009
- - Zhang et al., 2008a
5-15.6 - Zhang et al., 2008b

ing on active targeting by the coating the
carriers by biomolecules that specifically
recognize a well-defined cell receptor. One
can also notice a shift for more intelligent’
drug delivery systems. Responsive materi-
als, for example, react to a specific physio-
logical stimulus such as a variation of pH to
release the encapsulated drug. Other ther-
mo-sensitive materials deliver drugs at a
specific temperature. It can be noted also
that more attention is paid to safer methods
that avoid the use of organic solvents
(RESS) or to techniques that provide better
reproducibility and easy scalability (micro-
fluidics and membrane emulsification tech-
nology), which could be attractive for in-
dustrial processing.
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2.2. La thérapie Génique et les téchniques d’encapsulations

La thérapie génique est un traitement ou une tentative de traitement des maladies génétiques ou
non par réparation de gene défectueux. Elle utilise le géne comme un médicament. Depuis sa
découverte, la thérapie génique a ouvert un nouvel horizon pour traiter un grand nombre de
maladies graves et incurables par les méthodes conventionnelles. Le succes de cette approche
thérapeutique dépend des technologies avancées sur 'ADN et sur sa conservation sans
dégradation pour cibler les noyaux des cellules. Mais, comme I'"ADN est une grande molécule,
polyanionique, hydrophile et dégradable facilement, il ne peut pas franchir les barrieres
cellulaires sans 1'aide d’un vecteur qui masque sa charge et le protége de toute dégradation
possible. C'est pourquoi le développement d'une thérapie génique sure et efficace passe par la
connaissance et la mise au point de véhicules capables de protéger et de délivrer le géne

réparateur.

Les chercheurs utilisent des virus modifiés pour le transfert de geéne, en exploitant leur
circulation dans 1’organisme. Ces virus modifiés sont connus sous le nom de vecteurs viraux,
mais ils souffrent de sévéres inconvénients. En effet, l'intégration d'un exogeéne de grande taille
est difficile et engendrent généralement des réactions immunitaires et d'autres peuvent redevenir
pathogénes aprés mutagénese. Enfin, leur production et leur manipulation sont compliquées et
couteuses, ce qui a conduit les scientifiques a chercher d’autres vecteurs qui ont la méme
efficacit¢ mais sans limites. En revanche, les vecteurs synthétiques présentent de multiples
avantages en terme de colit, de faciliter la mise en ceuvre, de sécurité et d’éthique, par rapport
aux vecteurs viraux. Malheureusement, ils présentent des limitations comme la non spécificité et
I’¢limination rapide de I’organisme par les macrophages et la faible efficacité d’encapsulation.
Les vecteurs synthétiques sont nombreux : I’interaction électrostatique attractive conduit au
complexe ADN/polycations (polyplex ou lipoplex), 1’adsorption de I’ADN sur des particules
cationiques, ou I’encapsulation de ’ADN qui est de nos jours, le procédé qui retient le plus
d’attention.

Aujourd'hui, aucun de ces vecteurs ne présente I’efficacité et la sécurité requise pour une
utilisation thérapeutique chez 'homme. Dans cette optique la recherche continue a développer et
améliorer la synthése et la formulation des vecteurs, mais aussi pour €laborer des vecteurs
nouveaux plus sécurisés et efficaces, car le bon vecteur est la clé de la réussite de la thérapie

génique.
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complex operation (Tong et al., 2007), due to several obstacles that
must be overcome by the transgene to reach the targeted human
cell-nucleus, where it should be expressed correctly. Hence, for
ensuring the arrival of a transgeneintoa cell nucleus without degra-
dation, it is necessary to use gene delivery system that can protect
the transgene from degradation and pass through the plasma mem-
brane to the nucleus (Luo and Saltzman, 2000; Gao et al., 2007).
At present, a perfect delivering system (carrier) capable of ensur-
ing the success of gene therapy must satisfy the following criteria:
(i) it must not interact with vascular endothelial cells and blood
components (Schatzlein, 2001); (ii) it must be capable of avoid-
ing uptake by the reticuloendothelial system (Mohsen, 2011); (iii)
it must be small enough to pass through the cell-membrane and
reach the nucleus (Labhasetwar, 2005). In fact, viruses were the
first carriers to be used to deliver and protect the therapeutic gene,
benefiting from the virus-life cycle. This type of carrier, known as
viral vector, is one of the vectors used most in gene therapy, due
to its ability to carry the gene efficiently and ensure long-term
expression (Boulaiz et al., 2005). However, the risk of provoking
immune response by using viruses as delivering vectors (Lv et al.,
2006; El-Aneed, 2004), the high cost and difficulty relating to their
preparation (Boulaiz et al., 2005), and the limited size of the genetic
materials that can be inserted into human cells (Lv et al., 2006;
El-Aneed, 2004), have restricted the use of these vectors in gene
therapy, and led to research into safer and cheaper alternatives.
Therefore non-viral vectors have appeared. Non-viral approaches
for delivering transgenes can be divided into two groups:

1- Physical approaches: these depend on a physical force that
weakens the cell membrane to facilitate the penetration of the
gene into the nucleus. They include needle injection, electropo-
ration, gene gun, ultrasound, and hydrodynamic delivery.

2- Chemical vectors: these can be prepared by electrostatic inter-
action between poly cationic derivatives that can be lipids or
polymers and the anionic phosphate of DNA to form a particle
called polyplexe when the interaction occurs between the poly-
mer and the DNA, and lipoplexe when the DNA interacts with a
lipid, or by encapsulation of DNA within biodegradable spher-
ical structures that lead to micro and nanoparticles containing
DNA, or by adsorption of DNA.

2. Protein therapy and gene therapy

Proteins have been used for treating various kinds of diseases
for along time (Goddard, 1991; Talmadge, 1993) in what is known
as protein therapy, but using proteins for treating diseases is con-
fronted by many obstacles such as low bioavailability in the body,
short life in the blood stream due to high rates of hepatic and
renal clearance and in vivo instability as it can degrade in the bio-
logical medium. The latter two constraints make it necessary to
repeat recombinant protein;injection using high doses that can
increase its toxicity. In addition it is expensive to produce indus-
trially (Han, 2000). Therefore scientists have found that using the
gene which encodes the protein is easier and more efficient than
using the protein itself. This then is the basic of gene therapy, since
a single gene can produce many proteins when it enters into a
cell.

At present, treatment using genes is preferable to protein ther-
apy because (Ledley and Shapiro, 1998):

- Gene therapy ensures the lasting production of a stable quantity
protein,

- Gene therapy localizes transgene-expression, which leads to
avoiding the unwanted effects caused by the systematic presence
of a protein.

Naked DNA
Viral Vectors
Growth Factors

Therapeutic
Protein

Fig. 1. Principle of gene therapy (Kendirci et al., 2006).

3. The harbingers of gene therapy

Since 1944, the year in which Avery, Mcleod and Mc Carthy,
proved that DNA encodes human genetic information (Avery et al.,
1944; Dahm, 2010), much valuable genetic information was pub-
lished until, finally, Watson and Crick published their article on the
double helix structure of DNA in 1953 (Watson and Crick, 1953).
This led to a genuine genetic revolution that led to understanding
the mechanisms of many diseases, and to the development of new
treatment methods, such as gene therapy. The major problem faced
by gene therapy is that of ensuring the DNAreachesits targetinside
the cell-nucleus without degradation by DNAase (Nam et al., 2009).
At present, gene therapy can be defined as a strategy that ensures
the introduction of an intact pharmaceutical gene into a human cell
to treat diseases (Stribley et al., 2002) Fig. 1.

4. Classification of gene therapy

The main goal of gene therapy is to insert a functional gene that
plays therole of drug into the cell targeted in order to cure a disease
or to repair a dysfunction caused by a genetic defect. Gene therapy
can be classified into two major categories according to the nature
of targeted cell.

4.1, Germ line gene therapy

This depends on inserting the functional gene into the germ
cells (reproductive cells) as sperm and zygote. This gene will be
integrated into the individual genomes, causing a heritable modifi-
cation in the patient’s genetic characteristics (Stribley et al., 2002).
This type of gene therapy has not been applied on human beings
in France for ethical reasons, as the law on bioethics law of 29 July
1994 states that “any eugenic practice tending towards the organiza-
tion of the selection of human individuals is forbidden” and that the
treatment and/or prevention of genetic diseases must avoid making
heritable changes in human genetic characteristics “without prej-
udice to research tending to the prevention and treatment of genetic
diseases, no transformation can be made to genetic characteristics in
view to modifying the descendence of an individual”.

However, the Food and Drug Administration (FDA) has allowed
the use of germ line gene therapy in the United States of America.

4.2. Somatic gene therapy

When therapeutic genes are transferred into the patient’s
somatic cells (non-reproductive cells), which means that the effect
appears in only one generation and any modifications and effects
are restricted to the individual, i.e. the resulting modifications in
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Indications Addressed by Gene Therapy Clinical Trials

Cancer diseases 66.5% (n=871)
@ Cardiovascular diseases 9.1% (n=119)
) Monogenic diseases 8.3% (109}
@ Infections diseases 6.5% ( n=85)
) Neurological diseases 1.5% (n=20)
@ Ocular diseases 0.9%(n=12)
) Other diseases 1.6% (n=21)
@ Gene marking 3.8% (n=50)
@ Healthy volunteers 1.7% (n=22)

Fig. 2. Clinical targets for gene therapy (Edelstein et al., 2007).

the patient’s genetic characteristics cannot be inherited (Stribley
et al., 2002).

Actually, there are no Europe-wide regulations related to the
gene therapy. Although experts argue that somatic-cell gene-
therapy trials should be allowed for life-threatening disorders after
careful risk/benefit evaluation.

5. Clinical gene therapy trials

The expression gene therapy owesits origin to the term “genetic
engineering” which was employed for the first time at the Sixth
International Congress of Genetics held at Ithaca in 1932 (Wolff
and Lederberg, 1994). Though the idea of gene therapy existed
already, concrete development in this field began in late 1960s and
early 1970s (Friedmann, 1992) (Roemer and Friedmann, 1992) and
gene therapy in humans was practiced in the late 1980s (Anderson,
1992) as a result of developments in the field of molecular biology
of inventions and improvements in gene delivery systems (Miller,
1992).

Since the first human gene therapy trial performed in 1989 by
Rosenberg and his team, who tried to treat advanced melanoma
in five patients (Rosenberg et al., 1990), more than 1500 clini-
cal gene therapy trials were performed up to 2010 (Herzog et al.,
2010). More than 66% of them were to treat cancer while 9.1% of
them were devoted to cardiovascular diseases, and only 8.3% were
targeted at treating monogenic genetic disorders (Edelstein et al.,
2007), see Fig. 2. This presentation of the targets of clinical gene
therapy trials leads the conclusion that, potentially, gene therapy
can be used to treat a wide range of serious acquired diseases such
as cancer (Cho-Chung, 2005) and AIDS (Guo and Huang, 2012), in
addition to the heritable genetic ones like cystic fibrosis [Davies
et al., 2001), familial hypercholesteremia and muscular dystrophy
(Ropert, 1999).

6. Gene therapy: principle and vectors

Gene therapy is a technique employed recently to treat serious
diseases (acquired or inherited) by correcting their genetic causes
(Miiller-Reible, 1994), either by replacing the deformed genes by
healthy ones or by completing missing genes (Sandhu et al., 1997).
Different types of genetic material are used in gene therapy; such
as double-stranded DNA (dsDNA), single-stranded DNA (ssDNA),
plasmid DNA (Ferreira et al., 2000) and anti-sense oligonucleotides
(ASON) (Knipe et al., 2013). The success of gene therapy essentially
depends on ensuring that the therapeutic gene enters the targeted
cell without any form of biodegradation (Nam et al., 2009). How-
ever, the sensitivity of DNAto the nuclease of the biological medium
(Nam et al., 2009), the hydrophilic poly anionic nature of the DNA
macromolecule (Nam et al., 2009)(Nagasaki and Shinkai, 2007 )and
its large size prevent it from penetrating passively through the cell

membrane (Ropert, 1999). Therefore DNA must be associated with
the delivery system or vector that carries the therapeutic gene into
the targeted cell, protecting it from degradation by nucleases (Nam
etal., 2009; Gardlik et al., 2005), and making sure that it transcribes
inside the cell (Gardlik et al., 2005).

The ideal transfer system, called vector, should satisfy several
criteria (Somia and Verma, 2000):

- It must not trigger a strong immune response.

- It must be capable of transporting nucleic acids whatever their
size.

- It must lead to the sustained and regular expression of its genetic
cargo.

- The vector must deliver the gene to only certain types of cells,
especially when the target cells are scattered throughout the
body, or when it they are part of a heterogeneous population.

- It must be able to infect both dividing and non-dividing cells.

- It must be easy to prepare, be inexpensive and available at high
concentrations commercially.

- It must either remain in episomal position or integrate into a
specific region of the genome, but not integrate randomly.

Gene transfer systems (vectors) are classified into two types:
6.1. Viral vectors for transferring the gene

A virus is biological entity that can penetrate into the cell
nucleus of the host and exploit the cellular machinery to express its
own genetic material and replicate it, then spread to the other cells
(Kayet al., 2001). Researchers have used different viruses to deliver
therapeutic genes into cell nuclei and exploit the virus life cycle. To
use a virus as a vector to transfer a gene, it must be modified by
genetic engineering. The pathogenic part of its genes is removed
and replaced by the therapeutic gene (Bouard et al., 2009). At the
same time, the virus retains its non;pathogenic structures (enve-
lope proteins, fusogenic proteins, etc.) which allow it to infect the
cell (Kay et al., 2001). The resulting non-pathogenic virus carrying
the therapeutic gene is called a viral vector. To date, viral vectors
are the vectors most often used to transfer genes, due their high
transfection efficiency in vivo (Munier et al., 2005), in spite of their
drawbacks. These can be summarized by:

- The acute immune response that may be caused (stimulated) by
viral vectors which can be fatal (Templeton, 2002; Munier et al.,
2005).

- The production of viral vectors in large quantities is very diffi-
cult and too expensive (Templeton, 2002; Nagasaki and Shinkai,
2007).

The limited size of gene that can be delivered by the virus
(Nagasaki and Shinkai, 2007).

The viruses used most as carrier vectors are retroviruses, aden-
oviruses, adeno-associated viruses (AAV), and simple herpes virus
(Walther and Stein, 2000).

Table 1 presents the main viruses used as gene transfer sys-
tems with brief explanations of the advantages and disadvantages
of each virus (Ratko et al., 2003).

6.2. Non-viral carriers

The drawbacks of viral vectors, especially severe immune
response, have led scientists to find safer alternatives. Conse-
quently, non-viral vectors have been designed for transferring DNA.
Researchin this field has attracted great attention (Roy et al., 2003;
Zhang et al., 2004b) as a result of advantages that they offer in
comparison to viral vectors. Non-viral vectors are relatively safe,
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Table 1
The mainviruses used as gene delivery systems, with their advantages and disadvantages (Ratko et al., 2003).
Vector Advantages Disadvantages
Adenovirus Very high titers (102 pfu/mL) Remains episomal

High transduction efficiency ex vivo and in vivo
Transduces many cell types

Transduces proliferating and nonproliferating cells

Production easy at high titers

Adeno-associated virus
establish latent infection
Prolonged expression
Transduction does not require cell division
Small genome, no viral genes

Herpes simplex virus Large insert size: 40-50kb
Neuronal tropism

Latency expression

Efficient transduction in vivo

Replicative vectors available

Lentivirus Transduces proliferating and nonproliferating cellsTransduces
hematopoietic stem cellsProlonged expression Relatively high
titers (10°-107 pfu/mL)

Retrovirus Integration into cellular genome

Broad cell tropism

Prolonged stable expression

Requires cell division for transduction
Relatively high titers (10°-10 pfu/mL)
Larger insert size: 9-12kb

Integration on human chromosome 19 (wild-type only) to

Transient expression

Requires packaging cell line

Immune-related toxicity with repeated administration
Potential replication competence

No targeting

Limited insertsize: 4-5kb

Not well characterized No targeting

Requires packaging cell line
Potential insertional mutagenesis
High titers (10'° pfu/mL) but
production difficult

Limited insertsize: 5 kb

Cytotoxic

No targeting

Requires packaging cell line

Transient ex pression, does not integrate into genome
Moderate titers (104-10° pfu/mL)

Safety concerns: from human immunodeficiency virus origin
Difficult to manufacture and store Limited insert size: 8 kb Clinical
experience limited

Inefficient transduction

Insertional mutagenesis

Requires cell division for transfection
Requires packaging cell line

No targeting

Potential replication competence

generally rauses low immune response, they can be prepared eas-
ily, at low cost and in large quantities. In addition, they can transfer
different and large transgenes, and they can be stored for long peri-
ods due to their stability (Munier et al., 2005; Kircheis et al., 2001;
Li and Huang, 2000). However, unfortunately, their low transfec-
tion efficiency limits their use on a large scale (Bergen et al., 2008).
Non-viral DNA delivery systems are classed into two groups:

- Physical methods: DNA is delivered into its target without using
any carrier, by using physical forces to weaken the membrane cell
to make it more permeable to the transgene (Gao et al., 2007).

- Chemical methods: DNA is carried into the nucleus by a carrier
which can be prepared by several types of chemical reactions
which we will examine further on (Gao et al., 2007).

6.2.1. Physical methods

The principle of physical gene delivery systems is to use
mechanical, ultrasonic, electric, hydrodynamic or laser; based
energy in order to create temporary weak points in the membrane
of the target cell, by causing transient injuries or defects in it and
allows the DNA to inter the cell by diffusion.

6.2.1.1. Electroporation. This physical technique, which is termed
electro-permeabilization in some references (Mehierhumbert and
Guy, 2005), and electric pulse mediated gene transfer in others
(Villemejane and Mir, 2009), was used for the first time in 1982
by Neumann and his team, who use electric pulses to insert DNA
into viable mouse lyoma cells (Neumann et al., 1982). The principle
of electroporation is to induce the uptake of injected DNA into the
cell, by increasing the permeability of the cell membrane through
exposure to a controlled electric field (Niidome and Huang, 2002).
Intense electric pulses affect the cell membrane and cause tem-
porary localized destabilization, allowing DNA to pass easily into
the cell (Mehierhumbert and Guy, 2005). This technique has been

applied successfully on various tissues (Heller et al., 2005), such
as skin (Dujardin and Préat, 2004), muscle (Aihara and Miyazaki,
1998), liver (Heller et al., 1996; Suzuki et al., 1998), and tumour
(Jaroszeskiet al., 2013; Rols et al., 1998). The efficacy of gene trans-
fer with this method is affected by different factors that are both
physical (pulse duration, field intensity and electrode geometry)
and biological (cell size, shape and density) (Gehl, 2003). In spite
of the advantages presented by electroporation as a physical DNA
delivery system such as safety, efficiency and reproducibility [ Al-
Dosari and Gao, 2009), its use in vivo is still limited by the following
drawbacks (Gao et al., 2007): (i) it is difficult to employ for trans-
ferring DNA into a large area of tissue because the effective range
between the electrodes in this method is ~1cm; (ii) it requires
surgery to install the electrode in the internal organs; (iii) it can
causeincurable harm and mutilationin the tissue treated due to the
high voltage applied. However, these limitations can be overcome
by improvements such as modifying the shape of the electrode,
the field-strength applied and the duration and frequency of the
electric pulses (Gehl, 2003).

6.2.1.2. Gene gun. Gene gun (ballistic DNA transfer or DNA-coated
particle bombardment) technology was first employed in 1987 by
Sanford and his colleagues to introduce genes into plant cells (Gehl,
2003). In the early nineties further development and improvement
of this approach led to its use in mammalian cells and tissues
(Yang et al., 1990; Williams et al., 1991). In this method trans-
gene delivery into the target cell and tissue is carried out by using
accelerated particle carriers biocompatible heavy metals such as
gold, tungsten or silver. Ideally, particle carriers should be bio-
compatible, inert and have small diameters (usually 1-1.5pwm)
(Mehierhumbert and Guy, 2005). These carriers are coated with
plasmid DNA, and the required acceleration is provided either
by vaporization water under high-voltage electric spark (Yang
et al., 1990), or by using helium discharge (Wolff et al., 1991). The
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efficiency of this method is determined by many factors: the size
of the particles employed as DNA-carriers, the gas pressure used
to accelerate the particles, and the dosage of the transgene blasted
into the target (Uchida et al., 2002). This approach can be employed
effectivelyin manyfields such as genetic vaccination, immune ther-
apy, and suicide gene therapy to treat cancer (Lin et al., 2000). Gene
gun transfer method presents many advantages:

i) High level gene expression is achieved quickly (after only 3h
in cattle) (Loehr et al., 2000).

ii) Long lasting gene expression (extends more than 28-50 days
after extrusion of the DNA coated particles onto muscle tissue)
(Ajiki et al., 2003).

iii) Numerous organs can be reached by this technology without
injury to the surrounding tissues such as liver (Muangmoonchai
et al., 2002; Watkins et al., 2005; Kuriyama et al., 2000), heart
(Matsuno et al., 2003), brain (Zhang and Selzer, 2001; Sato et al.,
2000) and muscle (Lauritzen et al., 2002).

However, its efficiency is poor when used to transfer the gene
onto whole tissue due to low penetration by the metal particles
and surgery is often necessary in order to use this approach for
deep tissues.

6.2.1.3, Ultrasound. Ultrasound-mediated gene transfer or sono-
poration depends on increasing the permeability of cell membrane
by using ultrasound waves that create pores or acoustic cavitation
in the exposed cell membrane (Al-Dosari and Gao, 2009) which is
relatively recent. Ultrasound was first used to mediate the transfer
of DNAin vitro in the mid-1990s (Kim et al., 1996) (Bao et al., 1997)
and it was not used as DNA delivery system until the 2000s when it
was used to transfer DNA into muscle (Lu et al., 2003; Wang et al.,
2005), solid tumors (Miller and Song, 2003), liver (Miao et al., 2005),
kidney (Koike et al., 2005), heart (Bekeredjian et al., 2003), and
veryrecently for transdermal delivery (Smith, 2007). This approach
presents many advantages as it is safe, non-invasive and it can
reach internal organs without the need for surgery (Al-Dosari and
Gao, 2009). The efficiency of this method is subject to numerous
factors that include the intensity and frequency of ultrasound irra-
diation, the period of cell exposure to ultrasound radiation, DNA
concentration, the use of a contrast factor (Huber et al., 1999;
Al-Dosari and Gao, 2009; Mehierhumbert and Guy, 2005), which
is considered the most important factor for improving the effi-
ciency of this transfer technique. It has been demonstrated that the
gene expression level (Taniyama et al., 2002) could be increased
further by combining ultrasound irradiation with an ultrasound
contrast agent or microbubble, which consists of compressible gas-
filled microbubbles such as perfluorocarbon-filled microspheres of
heat-denatured human albumin in the case of the commonly used
Optison™,

6.2.1.4. Hydrodynamic injection. Hydrodynamic gene deliveryis an
easier approach used to insert DNA effectively into the internal
organs, especially the liver (Zhang et al.,, 1999). It was first used
in 1996 by Budker and his team who succeeded in inserting plas-
mid DNA into the skeletal muscle of rats by rapid injection into
the femoral artery (Budker et al., 1998). Its simplicity makes this
method that most commonly used to transfer genes in rodents to
study various applications (Suda and Liu, 2007). Gene transfer is
performed by this method by high-speed intravenous injection of
alarge volume of DNA solution ( 8-9% of the body weight) for only
a few seconds (3-5s) (Zhang et al., 2004a). Experiments showed
that in a mouse model, the best gene expression was achieved by
injecting 1.6-1.8 ml of saline solution of DNA for a 20 g mouse (i.e.
8-9% body weight) via the tail vein for 5-8s (Liu et al., 1999). It
is still considered to be the method employed most frequently to

transport genes inrats and mice, but it is non-applicable in humans
since, in order to achieve high efficiency, a large volume of solution,
equivalent to 8-9% body weight, must be injected at high speed.
8-9% of human body weight is equivalent to 7.5L of saline solu-
tion, which is many times more than the volume of liquid that can
be safely injected into the human body in only a few seconds. The
result could be transient heart failure and cardiac congestion (Suda
and Liu, 2007).

6.2.2. Chemical vectors

Chemical vectors are proposed as promising alternatives to
viral ones to overcome the drawbacks of the latter. These vec-
tors have three objectives that improve gene transfer into the cell
nucleus. They: (i) mask DNA-negative charges, (ii) compress the
DNA molecule to make it smaller, and [iii) protect it from degra-
dation by intracellular nuclease. These objectives can be achieved
through packing DNA either by electrostatic interaction between
anionic DNA and polycations, or encapsulating it with biodegrad-
able polymers, or by the adsorbing it.

6.2.2.1. Electrostatic interaction between DNA and polycations. This
type of gene delivery system uses the electrostatic attraction
between anionic DNA and a cationic lipid or polymer, leading to
a positive complex known as lipoplex or polyplex, respectively.
In this field, various works have been reported by Elaissari et al.
by studying the interactio olved in the adsorption process
(Elaissari et al., 1994; H—a@ et al., 1995; Ganachaud et al,
1997a,b).

Lipoplexes A cationic lipid consists of three parts: a hydropho-
bic anchor (two aliphatic chains (saturated/unsaturated), or a
cholesterol derivative), a hydrophilic positively charged head,
and a spacer (linker). The linker connects the anchor to
the head and plays an important role in determining the
lipid’s biodegradability (Gao and Hui, 2001). It condenses with
anionic DNA to form positively charged lipoplex. N[1-(2,3-
dioleyloxy)propyl]-N,N,N,trimethylammonium chloride (DOTMA),
produced by Felgner et al. (1987), was the first non-natural lipid
employed for gene transfer. Since then, many different lipids have
been developed to form self-assembling nano-sized DNA delivery
systems (lipoplexes). Fig. 3 shows the main lipids used to pre-
pare lipoplexes (Pedroso de Lima et al., 2001). The major problem
hindering the use of lipoplex in vivo, besides poor efficiency, is
cytotoxicity resulting from the lipoplex-positive charge (Lv et al.,
2006).

Polyplexes: A cationic polymer (at physiological pH) is used to
condense anionic nucleic acid into a nano-sized complex called
“polyplex” by self-assembly via electrostatic interactions. It can
compress DNA molecules to relatively small size which facilitates
cellular internalization and thus improves transfection efficacy
(Zhang et al., 2004b). Unfortunately, the use of polyplexes as gene
transfer systems in vivo must overcome many obstacles, such as
their toxicity, poor efficiency, polymer polydispersity, and the lack
of information about the gene transfer mechanism involved in
these methods (Edinger and Wagner, 2011). Recently, scientists
have found effective solutions for some of these obstacles, by
designing monodispersed biodegradable polymer structures that
reduce the toxicity of the polyplex by masking the positive charge,
and by working to understanding the mechanisms of polyplex
delivery (Schaffert and Wagner, 2008). Indeed, poly-I-lysine (PLL)is
considered as one of the first polymers to be used for gene transfer
in vivo (Wu and Wu, 1988). In the following period, many cationic
polymers were evaluated as gene carriers both in vitre and in vive,
such as Poly ethylenimine (PEI) (Boussif et al., 1995; Chemin et al.,
1998), poly amido amine (PAA) (Rudolph et al., 2000) and others,
as shown in Fig. 4 (Tong et al., 2007).
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Fig. 3. The main lipids used for preparing lipoplex (Lv et al., 2006).

6.2.2.2. DNA encapsulation. In biomedical field, the encapsulation polymer is a good alternative to condensing DNA with polycations,

of active molecules, biomolecules and inorganic nanoparticles and can overcome the obstacles and drawbacks that limit using
have argely investigated using various approaches (Rahman the condensing strategy to form DNA. protection and delivery sys-

, 2012; Delmas et al., 2012; Doustgani et al.,, 2012; tems. This strategy leads to nanometric or micrometric spherical
Roveimiab et al., 2012; Polettoet al., 2012; Khanet al., 2012; Rosset structures of hydrolytically degradable polymers containing DNA.
etal.,, 2012;Mackovdetal.,2012; Ahsanetal., 2013; Malacridaetal., DNA encapsulation presents remarkable advantages such as ease

2013; Campos et al., 2013). DNA encapsulation using biodegradable of removal from the body due to polymer biodegradability, the
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Fig. 4. The main polymers used for preparing a polyplex (Tong et al.).

possibility of controlling DNA release, and good DNA protection.
However, it suffers from some drawbacks such as severe and draco-
nian preparation conditions (organic solvents, high temperatures,
high shear forces) that may destroy the transferred gene (Ando
etal., 1999), low encapsulation efficiency, destructive environment
created during the preparation of particles subsequent of polymer
degradation, for example; acidic conditions inside the hydrolysed
polyester particles that can induces DNA degradation (Vert et al.,
1994; Mader et al., 1998), and incomplete DNA release leading to
low DNA bioavailability (Fu et al., 2000; Wang et al., 1999). Vari-
ous strategies have been implemented to encapsulate DNA for use
in vivo, including block-copolymer micelles (Kataoka et al., 2001),
inversion emulsion, liposomes (Tsumoto et al., 2001; Edwards and

Baeumner, 2007), and layer by layer (LbL) (Shchukin et al., 2004;
Zelikin et al., 2006).

Many strategies have been developed and conducted to deliver
nucleic acids for gene therapy application. Then various methods
for DNA encapsulation or various approaches for DNA adsorption
onto seed particles have been developed as reported in the liter-
ature (Panyam and Labhasetwar, 2012; Luo and Saltzman, 2000;
Cohen et al., 2000; Safinya, 2001; Ganachaud et al., 1997b). DNA
can be transported using various kinds of organic and inorganic
particles such as silica nanoparticles, carbon nanotubes (CNTs)
and functionalised superparamagnetic iron oxide nanoparticles
(FSPIONS). Silica based particles are generally homogeneous silica
nanoparticles or magnetic core and silica shell are homogeneous
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Fig. 5. forming polymeric micelles carrying system and locating the drug inside it (Lu and Park, 2013).

corefshell for DNA carrier as solid support (Tan et al., 2004;
Wang et al., 2008). Carbon nanotubes CNTs and principally ammo-
nium, functionalized CNTs (f-CNTs)) are used for DNA transfer by
condensing the negatively charged plasmid DNA onto the surface
of the carrier f-CNTs via attractive electrostatic interactions. High
gene expression levels were achieved by using f-CNTs as gene deliv-
ery compared to free DNA (Bianco et al., 2005; Pantarotto et al.,
2004).

Functionalised superparamagnetic iron oxide nanoparticles
(FSPIONs) known as manetofections were used as a carrier of
nucleic acid molecules in order to deliver nucleic acid molecules
such as (plasmids, small interfering siRNA, short hairpin shRNA,
and antisense oligonucleotides; Mykhaylyk et al., 2009; Krétz
et al., 2003). Manetofections proved efficient nonviral transfection
in vitro and in vive (Scherer et al., 2002; Prijic et al., 2012; Prijic
and Sersa, 2011). For gene delivering, the functionalized SPIONs
containing chemically grafted nucleic acids are controlled by an
external magnetic field to the targeted cells, which ensure more
rapid and controlled targeting. In this review, we are principally
focussing on biodegradable organic material for DNA encapsula-
tion, but various approaches using inorganic particles have been
also reported. The use of inorganic particles is for nucleic acids
adsorption and not for encapsulation as generally suitable for
invivo gene therapy.

Complex coacervation of gels: Gel-based nanoparticles have
been prepared via complex coacervation technique with a view
to protect and transfer the gene. Chitosan and gelatine are widely
used to prepare hydrogels for in vive applications (particularly for
gene delivery), thanks to their biocompatibility and biodegradabil-
ity (Leong et al., 1998; Mao et al., 2001; Young et al., 2005; Yuan
et al., 2009). The encapsulation of DNA (or attractive electrostatic
entrapment of nucleic acids) via such method depends on the coac-
ervation phenomenon which can be described as the separation of a
colloidal system (induced by different factors such as salt addition)
into two liquid phases: one is concentrated in colloid dispersion
known as coacervate and the second is the supernatant named
as the equilibrium phase (De Kruif et al., 2004). When the DNA
solution was added in the contact with positively charged hydro-
gel dispersion, the resulting solution leads to two separate phases
as mentioned earlier. DNA loaded nanoparticles are then obtained
and mainly governed by attractive electrostatic interactions (Leong
et al., 1998; Truong-Le et al., 1998; Mao et al., 2001). This DNA
compaction method presents advantage to be performed in aque-
ous medium at low temperature necessary for fragile biomolecules
(Leong et al., 1998) and the disadvantage related to DNA release
from generally strong attractive electrostatic interaction in physi-
ological medium.

Block copolymer micelles: In the aqueous phase, amphiphilic
block copolymers self-assemble into spherical core-shell

polymeric micelles of mesoscopic size (Moffitt et al., 1996; Munk
et al., 2013). These hydrophobic segments of block copolymers
accumulate away from the surrounding aqueous medium to form
the inner core enveloped by a palisade of hydrophilic segments,
as shown in Fig. 5. This structure is employed to entrap plasmid
DNA and oligonucleotides as non-viral vectors (Kataoka et al,
1996; Katayose and Kataoka, 1997, 1998), by coating the polyion
complex consisting of polycation and polyanion DNA with a layer
of hydrophilic polymer (Vinogradov et al., 1998). The mechanism
underlying this operation can be explained by the following: the
block copolymer consists of a cationic segment and a hydrophilic
segment; its cationic segment reacts electrostatically with anionic
DNA to form the complex block copolymer-DNA which, in an
aqueous medium, forms a core-shell structure where the complex
segment cationic-DNA makes up the core and the hydrophilic
segment makes up the shell. They are promising for targeted drug
delivery due to their small size, ranging from 10 to 100 nm with a
very narrow distribution, high drug-loading capacity, low toxicity,
they are easy to manufacture and have good structural stability
(Nishiyama and Kataoka, 2004; Yokoyama, 2011). However, the
main problem handicapping polymeric micelle drug delivery
systems is their short life in the blood circulation due to non
specific uptake by the reticuloendothelial system (RES) (Kazunori
et al., 1993). The diffusion and propagation of drug-loaded micelles
mainly depends on their size and surface properties (Kazunoriet al.,
1993). Several block copolymers are used in clinical applications
such as the block copolymer monomethoxy poly(ethylene glycol)
and poly(d,-lactide) (MPEG-b-PDLLA) (Kim et al., 2004, 2007;
Lee et al., 2008), MPEG-b-poly(aspartic acid) (PAsp) (Matsumura
et al,, 2004; Negishi et al., 2006), and PluronicR block copolymers
(Danson et al., 2004).

Inversion emulsion: In order to improve the properties of
lipoplexes with regard to increasing their in vivo stability, decreas-
ing their toxicity and improving their capacity toreach the targeted
cells. It is important to cover the lipoplex-positive charge by for-
mulating novel neutral particles. Lipid nanoparticles (LNs) are
good candidates as drug delivery systems since they satisfy the
previous requirements. They are submicronic-sized particles that
have a core-shell structure in which the core is an oily liquid
enclosed by a solid or semi-solid shell, and that can be prepared
without using organic solvents (Dulieu and Bazile, 2005). Indeed,
the structure of lipid nanoparticles is a cross between polymeric
nanocapsules and liposomes (Heurtault et al., 2002). Heurtault et al.
(2002) developed a new method for preparing lipidic nanocap-
sules (20-100nm), based on the phase inversion of an emulsion
strategy, where the inversion of an emulsion phase is elicited and
activated by temperature variations and by arapid cooling-dilution
process with deionized water, In 2009, Vonarbourg et al. reported a
method for DNA lipoplex-encapsulation that relied on Heurtault’s
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Fig. 6. Schematic illustration of the DNA encapsulation process using LBL strategy, in which DNA molecules were deposited as DNA/sperimidine complex on the surface of
template to form the core of the particle, followed by the formation of a large number of chondroitin sulfate/poly(-l-arginine) layers to form the microparticle shell (Shchukin

et al,, 2004).

techique. The resulting nanoparticles have an oily core consisting
of a mixture of triglycerides and polyglyceryl-6 dioleate (lipophilic
Labrafac/Oleic Plurol), and a shell composed of the association of
free PEG and HS-PEG (Solutol). The resulting lipid nanocapsules can
incorporate DOTAP-DOPE/DNA lipoplexes with a high level of effi-
ciency (Vonarbourg et al., 2009). The lipid nanocapsules obtained
are non-toxic due since they are prepared without using an organic
solvent (Harris, 1985). They present good stability in vitro for more
than one year (Heurtault et al., 2002 ) and they have relatively good
circulation time (Cahouet et al., 2002). LNs can be introduced into
the human body by oral, parenteral and ocular routes (Dulieu and
Bazile, 2005).

Layer by layer (LbL): Layer by layer (LbL) technique was devel-
oped and explored in order to obtain capsules since 1998 by
Sukhorukov et al. (1998). It consists in preparing hollow polyelec-
trolyte capsules that can be employed as drug delivery systems
as they can be formulated and manufactured with controlled size,
structure and functionality, in addition to the fact that they can

Oligonucleotide
adsorption

Electrostatic

Capsule

release

deconstruction

Oligonucleotide

be loaded with model therapeutic substances (proteins) and other
drugs having low molecular weight (Zelikin et al., 2006). The layer
by layer technique depends on the sequential adsorption of oppo-
sitely charged polymers layers on a sacrificial template that is
removed at the end of preparation (Geest et al., 2007). Regarding
nucleic acids, DNA can be encapsulated using LbL strategy by DNA
deposition on a substrate with spermidine, followed by the for-
mation of a large number of polyelectrolytes layers. Finally, when
the core particle dissolves the DNA is released inside the capsule
(Shchukin et al., 2004), as shown in Fig. 6. Recently, Alexander
and his team encapsulated DNA using the polycation; free method.
This method comprises four steps that are illustrated in Diagram 3
(Zelikin et al., 2007) in Fig. 7:

- Positively charged amino-functionalized silica (SiO;") is used as
atemplate (sacrificial colloidal particles) to adsorb the negatively
charged DNA.

Multilayer ,!,;j'f(
build up
Hydrogen "N
bonding, pH 4 "
1. Cross-linking
2. Core removal
3. Change pHto 7.2

Fig. 7. Schematic illustration of the main steps of DNA encapsulation using the polycation-free method (Zelikin et al., 2007).
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Fig. 8. Formation of liposome by the self-assembly of amphiphilic lipids placed in
aqueous phase (Balazs and Godbey, 2010).

- The second step is the assembly of a thin polymer film prepared by
the alternative deposition of PMAgy {thiolated poly(methacrylic
acid)}and PVPON {poly (vinylpyrrolidone)}, which interacts with
covalent or hydrogen-bonding forces on sacrificial colloidal par-
ticles.

- This step is followed by the oxidation of the PMAgy thiol group to
form disulfide bonds.

- Finally, the template is removed.

This technique presents many advantages: the capsules can be
prepared without using severe mechanical forces liable to damage
the nucleic acids, the resulting capsules can incorporate oligonu-
cleotides efficientlywhich should bereleased inside the cells during
the degradation of the polymer forming the shell of the capsules
(Zelikin et al., 2006).

Liposomes: Liposomes are structures that were described for
the first time in 1961 by Dr. Alec D Bangham (Bangham and Horne,
1964, 1962; Finean and Rumsby, 1963; Laouini et al., 2012). They
can be identified as artificial vesicles consisting of one or more
bilayers of amphipathic lipid that trap an equal number of inter-
nal aqueous compartments (Bagasra et al., 1999; Date et al., 2007;
Yang et al., 2011; Felnerova et al., 2004) Fig. 8. These structures
are formed spontaneously when certain lipids are placed in aque-
ous phase, through the self-assembly of these lipids in such a way
as to orient their hydrophobic parts away from the water, while
the hydrophilic parts are oriented towards the aqueous phase sur-
rounding the hydrophobic ones (Torchilin, 1996; Huang, 2008 ). Due
to the structure of liposome, it can encapsulate a wide range of
hydrophilic and hydrophobic drugs, in the phospholipid bilayer,
in the internal aqueous compartments or at the bilayer interface
(Sharma and Sharma, 1997) as shown in Fig. 9. Depending on the
composition and method of preparation, liposome can take various
forms (Templeton, 2002). According to the New York Academy of
Science, liposomes are classified into three types (Papahadjopoulos
and New York Academy of Sciences, 1978), small unilamellar vesi-
cles (SUV), with a diameter less than 50nm, large unilamellar
vesicles (LUV) with a diameter of 50-500nm, and multilamel-
lar liposomes (MLV) with a large diameter up to ;10,000 nm. SUV
can condense DNA on its surface (Sternberg, 1996), making it

Hydrophilic ...0

head
Water-soluble drug
Lipid-soluble drug
Hydrophobic DNA

tail

Fig. 9. Schematic illustration representing the structure of liposome and the poten-
tial position of lipophilic and hydrophilic drugs (Malam et al.,, 2009).

O —
O
MLV
+ — —
BIV
4 —

Fig. 10. Liposome formulations used as DNA delivery systems, and the position of
DNA in each DNA-liposome complex (Templeton, 2002).

vulnerable to the enzymes in the medium. This ineffective protec-
tion, in addition to the short half-life of the DNA- SUV complex
in the blood circulation, limits it use as a DNA delivery system.
The large size of multilamellar liposomes (MLV) hinder their use
for the systematic administration or transport of DNA into cells
(Templeton, 2002). In order to overcome these obstacles that limit
the use of liposomes for gene delivering, another liposome formu-
lation has been developed called bilamellar invaginated structures
(BIV) (Templeton et al., 1997), that provide many advantages for
DNA encapsulation as they can encapsulate large amounts of DNA
of any size efficiently. Fig. 10 shows the reaction of DNA with dif-
ferent types of liposome. The characteristics of liposomes used as
DNA delivery systems include: (i) low immunogenic response; [ii)
large amounts of DNA can be loaded easily; (iii) they increase the
stability of DNA in the body; and [ iv)lack of clearance that improves
the DNA blood circulation (Huang, 2008). However, there are many
drawbacks that limit their application in vivo, i.e. liposomes at high
concentrations may form large aggregates, they suffer from insta-
bility in the presence of serum (Litzinger et al., 1996), in addition to
low encapsulation efficiency achieved when hydrophilic molecules
(such as DNA, protein) are encapsulated via liposomses (Xu et al.,
2012; Soppimath et al., 2001).

6.2.2.3. DNA adsorption. This technique is the result of combining
the two previous techniques (electrostatic interaction and encap-
sulation), where the positively charged polymers adsorb on the
surface of biodegradable particles to which DNA can be electrostat-
ically linked (Singh et al., 2000). It has been demonstrated to have
many advantages including those of improving DNA bioavailabil-
ity and augmenting loading efficiency (Kasturi et al., 2005). In this
method microparticles can be prepared without the harsh encapsu-
lation conditions that may degrade the DNA. However, the presence
of DNA adsorbed on the surface of particles exposes it to enzymes
that may damage or degrade it, despite the protection afforded by
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the polymer against enzymatic degradation and by the degree of
electrostatic interaction with DNA (Munier et al., 2005; Oster et al.,
2005).

7. Conclusion

The main purpose of all of these pharmaceutical developments
istoincrease the desired medical impacts of a drug, and to decrease
the side effects related to its use. This is the main objective now in
gene therapy, in which when DNA is the drug to be administered.
Gene therapy has become a promising strategy for treating many
incurable diseases, whether acquired or heritable. However, the
main challenge facing gene therapy, which prevents its widespread
use in viveo is to find efficient delivery systems capable of pro-
tecting and delivering the transgene to target cells in which it
can successfully express itself. Viruses have been used for a long
time to deliver transgenes in what is called “viral vectors”, how-
ever, the severe killer immune response caused by these carriers,
in addition to the fact that the size of recombinant viruses limits
their use as vectors to deliver genes and emphasizes the need to
search for alternative vectors to satisfy conditions of safety and
efficacy, thereby raising the issue of whether non-viral vectors
can be used. This includes physical and chemical techniques. The
earliest chemical vectors depended on the electrostatic complexa-
tion of DNA polyanions with polycations to form polyplexes (with
polymers) and lipoplexes (with lipids). The need to improve these
vectors, in order to increase their capacity to protect the genes and
decrease their size, since small size has positive effects on intracel-
lular delivery, encourages scientists to focus their research on DNA
encapsulation and improve the properties of the resulting capsules.
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2.3. Protéines et peptides pour applications in vivo

La protéine est une partie vitale du corps humain puisqu’elle est directement implique¢ dans
toutes les étapes importantes des processus biologiques et physiologiques. Récemment, les
protéines et les peptides ont fait 1’objet d’une attention particuliecre comme actif pour des
traitements potentiels de plusieurs maladies dangereuses traditionnellement incurables comme le
cancer, le sida, les maladies auto-immunes, et autres. En plus, les protéines peuvent étre utilisées

dans le domaine de diagnostique.

Actuellement, la plupart des protéines thérapeutiques sont administrées par voie parentérale ce
qui provoque de nombreux inconvénients (douleur, colt, toxicité...). Trouver des voies
d’administration plus efficaces, plus faciles et plus siirs pour les protéines et les peptides est la
clé du succes de I’'immunothérapie. Dans ce but, de nombreuses recherches ont été concentrées
sur les voies d’administration non-invasives telles que la voie nasale, pulmonaire, orale, oculaire,

et rectale.

Malheureusement, une large utilisation des protéines et des peptides comme médicaments est
encore confrontée a de nombreux obstacles tels que la faible biodisponibilité, la demi-vie courte
dans le sang, l'instabilité dans le milieu biologique et de nombreux autres problémes. Afin de
surmonter ces problémes et d'améliorer 1'efficacité du médicament protéique, diverses stratégies
ont été développées telles que I'amélioration de la perméabilité, les enzymes de l'inhibition, et la
modification de la structure de la protéine ou de la protection par encapsulation.

Cette revue illustre modestement tous les points précédents, afin de mettre en lumicre
I’utilisation des protéines et des peptides comme actif moléculaire et médicament et également

dans I’immunothérapie.
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Abstract
Proteins are a vital constituent of the body as they perform many of its major physiological and

biological processes. Recently, proteins and peptides have attracted much attention as potential
treatments for various dangerous and traditionally incurable diseases such as cancer, AIDS,
dwarfism and autoimmune disorders. Furthermore, proteins could be used for diagnostics.

At present, most therapeutic proteins are administered via parenteral routes that have many
drawbacks, for example, they are painful, expensive and may cause toxicity. Finding more
effective, easier and safer alternative routes for administering proteins and peptides is the key to
therapeutic and commercial success. In this context, much research has been focused on non-
invasive routes such as nasal, pulmonary, oral, ocular, and rectal for administering proteins and
peptides.

Unfortunately, the widespread use of proteins and peptides as drugs is still faced by many
obstacles such as low bioavailability, short half-life in the blood stream, in vivo instability and
numerous other problems. In order to overcome these problems and improve protein drug
efficacy, various strategies have been developed such as permeability enhancement, enzyme
inhibition, protein structure modification and protection by encapsulation.

This review provides a detailed description of all the previous points in order to highlight the
importance and potential of proteins and peptides as drugs.

1. Introduction

The revolution of biotechnology has led to the creation of various types of therapeutic proteins
(Brown, 2005)(Xie et al., 2008)(Almeida and Souto, 2007)(Tan and Danquah, 2012)(Stevenson
et al., 2012)(Ye et al., 2010)(Torchilin and Lukyanov, 2003), with the potential to provide
treatment for certain dangerous diseases that have long been thought incurable (Brown, 2005).
Biotherapy now has the potential to target chronic and malignant diseases such as cancer

(Dougan and Dranoff, 2012)(Jaffee, 1999)(Chen et al., 2013)(Rossi et al., 2013a), dwarfism

60



(Matiasevic and Gershberg, 1966), AIDS (Tomasselli and Heinrikson, 2000), autoimmune
disorders (Almeida and Souto, 2007), etc. Moreover , proteins can be used to detect and
diagnose diseases (Gelfand, 2001)(Hj et al., 1983) in addition to using proteins as vaccines in
order to ensure protection from various diseases (Rossi et al., 2013b)(Chura-Chambi et al.).

The chemical structure of proteins allows them to perform specific reactions in the body,
increasing efficacy and decreasing undesirable side effects (Russell and Clarke, 1999)(Morishita
and Peppas, 2006)(Moeller and Jorgensen, 2008). However, employing proteins for therapeutic
purposes is confronted by many obstacles such as their short half-life in the bloodstream, making
it necessary to repeat administrations (Putney and Burke, 1998)(Putney, 1998), their chemical
and physical instability (Bilati et al., 2005), their rapid denaturation in the stomach and intestinal
environment, and their retention by the impermeable mucosal tissues in the intestine that hinder
oral protein administration (Lee, 2002)(Pettit and Gombotz, 1998).

Recently, recombinant proteins have been developed and prepared on a large scale, and they
play a dominant role in improving protein—based therapy (Overton). Somatostatin was the first
recombinant human protein fabricated by Genentech in 1977 (Itakura et al., 1977), whereas
human insulin was the first recombinant protein to be marketed by Genentech (Buckel, 1996).
Since then various recombinant proteins have been prepared using different methods. Most
therapeutic proteins are prepared either by using mammalian cells (especially Chinese hamster
ovary cells CHO), or Escherichia coli (Chu and Robinson, 2001)(Swartz, 2001)(Russell and
Clarke, 1999).

Synthesizing recombinant proteins could solve many problems that have hindered wider clinical
applications for therapeutic proteins (Morishita and Peppas, 2006), making it possible to prepare
proteins of interest in sufficient quantity, and avoiding the presence of human pathogenic viruses
(Buckel, 1996)(Swiech et al., 2012). However, many drawbacks restrict the use of recombinant
proteins in vivo, such as their instability and incapacity to reach intracellular targets (Russell and
Clarke, 1999).

Various techniques have been developed to improve the physicochemical properties of proteins,
protect them in biological media and deliver them to their target (Torchilin and Lukyanov,
2003). In this review we illustrate the techniques that have been used to achieve the objectives
described above, such as protein structure modification, using special adjutants that can enhance
protein absorption, inhibit protein degradation, or using different protein encapsulation

techniques.
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This review also highlights the potential therapeutic applications of proteins and peptides and the
obstacles that limit their widespread clinical use. It presents a full description of the protein
administration routes most frequently used.

2. Potential uses of proteins in the medical field

The development achieved in the field of biotechnology, in addition to better understanding of
diseases and pathogenesis, has opened new horizons for using proteins to prevent and treat of
various kinds of dangerous diseases (Drews, 2000) (Russell and Clarke, 1999).

At present, medical biotechnology has proved its efficacy in treating and discovering many

diseases and disorders, as shown in Fig.1.

210

Fig.1. Medical biotechnology in development by therapeutic category (Almeida and Souto, 2007)

In the following paragraph we highlight some of the therapeutic applications of proteins. Since
the advent of monoclonal antibodies in 1975 (Kohler and Milstein, 2005), many diagnostic and
therapeutic antibodies have found their way to clinical applications after being approved by the
Food and Drug Administration (FDA). Examples of these applications are the detection of
rheumatoid arthritis (Larsen, 1991)(Vasiliauskiene et al., 2001)(Agrawal et al., 2007), the
treatment of non-Hodgkin’s lymphoma (Fanale and Younes, 2007), and protection against
respiratory syncytial virus infection (Weltzin et al., 1994) (Taylor et al., 1984)(Walsh et al.,
1984).

The recombinant soluble form of glycoprotein CD4 (sCD4) has been used to treat AIDS, with
promising results (Schooley et al., 1990) (Deen et al., 1988). The growth hormone (GH) is
another therapeutic protein that has long been employed since for treating growth disorders. GH

was extracted on a small scale from cadaveric pituitaries in the late 1950s and early 1960s
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(Grumbach et al., 1998), though recombinant GH has been available in sufficient amounts since
1985 (Bioethics, 1997). In some cases, the growth response obtained using GH is satisfactory
(Wacharasindhu et al., 2007)(Hintz et al., 1999). Human insulin, now produced by genetic
engineering techniques, saves the lives of millions of diabetics around the world
(2002a)(Katsilambros et al., 2006). Work to develop use the immune system to fight cancer has
been carried out for more than a century (Kumar and Mason, 2012), and it plays a key role in
cancer therapy. The principle of cancer immunotherapy is to provoke the patient's immune
system to recognize and attack malignant tumor cells quickly enough (Durrant and Scholefield,
2003)(Kumar and Mason, 2012).

3. The challenges and obstacles confronting the use of protein drugs

Drug efficacy, which reflects the ability of a drug to produce the desired therapeutic effect, is
determined by the drug’s capacity to reach the target of interest in a therapeutic concentration
(Posner, 2012).
Obtaining sufficient therapeutic response to protein drugs is hindered by many obstacles. A
protein is a complicated hydrophilic macromolecule. These physicochemical protein-
characteristics complicate its transit through biological membranes (Zuzana Antosova,
2009)(Sinha and Trehan, 2003)(Salmaso and Caliceti, 2011). Proteins are easily degraded by the
proteases of the gastrointestinal tract, hindering protein drug administration via the oral route
(Morishita and Peppas, 2006)(Sinha and Trehan, 2003). The biological half life of proteins in the
blood is short due to clearance from the bloodstream, making it necessary to repeat
administration in order to maintain therapeutic levels in the blood (Sarciaux et al., 1995)(Zuzana
Antosova, 2009). Furthermore, using protein as a drug may trigger dangerous immune response
(Sauerborn et al., 2010).
Therefore, efforts of scientists focus on improving protein properties by exploring ways to
protect proteins from the effects of enzymes in the biological environment, and thus prolong
their in vivo half-life, increase absorption and decrease metabolic rate.

4. Protein administration routes

4.1. Parenteral routes

Until recently, therapeutic proteins and peptides were delivered by subcutaneous (SC),
intramuscular (IM), and intravenous (IV) injections (Cleland et al., 2001)(Almeida and Souto,
2007)(Siddiqui and Chien, 1987)(Shantha Kumar et al., 2006). However, using intravenous
injection for protein administration raises many problems as it is painful and poorly tolerated by

patients. In addition, therapeutic proteins are rapidly cleared from the blood stream making it
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necessary for patients to take repeated and high doses of drugs which may lead to toxic effects
(Almeida and Souto, 2007)(Ye et al., 2000). Protein administration via subcutaneous injection
may lead to bioavailability up to 100%, though this may be much lower depending on many
factors, such as drug molecular weight, injection site, muscular activity and pathological
conditions (Crommelin et al., 2003). Generally, intramuscular (IM), subcutaneous (SC) and
intravenous (IV) injections are uncomfortable for

patients; moreover they are expensive and may cause toxic and undesirable side effects.
Consequently, scientists have focused their efforts to find more effective, easier and safer
alternative routes for protein and peptide administration, thus non-invasive protein
administration routes have emerged.

4.2. Non-invasive administration routes

The route of administration of a drug has a significant impact on its therapeutic result (Benet,
1978). Hence protein and peptide drug delivery routes have been the subject of intensive
research in order to find patient-friendly, painless and effective methods of administration. These
routes that are known as non-invasive and will be explained in the following paragraphs:

4.2.1. Nasal route of protein administration

Nasal drug delivery may be used for both local and systemic effects. It has recently gained
importance as a non-invasive drug administration route due to the various advantages it
provides:

I.  The anatomical structure of the nose helps in increasing protein bioavailability (Zheng et
al., 2013)(Kissel and Werner, 1998)(Ridley et al.):

e The large number of microvilli that cover the nose-epithelial surface creates a wide
surface area of nasal mucosa. This means a wider surface area available for protein
absorption.

e The thin porous endothelial basement membrane of the nasal epithelium facilitates and
accelerates drug absorption.

e Due to the highly vascularized nasal epithelium, the blood of the nose venous system
passes directly into the systematic circulation without passing by the liver; consequently,
the hepatic first pass metabolism is avoided.

II.  Protein administration by the nasal route saves avoids degradation by the enzymes of

gastrointestinal tract (Zheng et al., 2013).
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III.  The nasal protein delivery route is painless and requires no special instruments, so it is
easy for the patient to administer the drug alone (Mygind and Dahl, 1998)(Ritthide;,
2011).

Insulin is a good example of proteins that have been studied and prepared for the nasal
administration route (Orive et al., 2003)(Khafagy et al., 2007)(Sintov et al., 2010). This route for
insulin administration has proved to be highly efficacious. Furthermore, the pharmacokinetics of
the intranasal insulin delivery route resembles the pulsatile pattern of endogenous insulin
secretion giving it an advantage over traditional subcutaneous administration (Hinchcliffe and
[llum, 1999)(Duan and Mao, 2010).
However, the nasal drug administration route is limited by various drawbacks (Illum,
2003)(Ritthidej, 2011):

e The physical barrier of the nasal epithelium hinders the absorption of drug molecules,

especially if they are large hydrophilic molecules such as proteins and peptides.
e Rapid mucociliary clearance that shortens the available time for drug absorption.

e The relatively small amount of drug that can be administered via the nasal route.

4.2.2. Oral route of protein administration

It has been mentioned in the literature that the oral bioavailability of protein drugs is normally
less than 1-2% (Pauletti et al., 1996)(Carino and Mathiowitz, 1999). This fact is essentially due
to protein degradation by the enzymes of the gastrointestinal tract, in addition to poor penetration
of proteins through the intestinal membrane (Hamman et al., 2005)(Mahato et al., 2003)(Moeller
and Jorgensen, 2008) owing to the large particle size of proteins and their negative charges. In
spite of the problems that have to be solved, oral protein administration, is still an interesting and
attractive alternative to traditional parenteral protein delivery, because it is a painless and very
easy delivery route (des Rieux et al., 2006). However, achieving successful and satisfactory
therapeutic results by oral protein delivery requires overcoming the challenges mentioned earlier,
by increasing the permeability of the intestinal epithelial membrane, by inhibiting the protein
degrading enzymes or by protecting therapeutic proteins by encapsulation (Li et al., 2013)(des
Rieux et al., 2006)(Park et al., 2011)(Krishnankutty et al., 2009). Indeed, when the drug of
interest must be used repeatedly and constantly, such as insulin, the oral route is considered the

route of choice for patients. For this reason, insulin is foremost among the peptides that have
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gained much attention in terms of developing an oral form (Krishnankutty et al., 2009)

(Mukhopadhyay et al., 2013) (Chaturvedi et al., 2013).

4.2.3. Pulmonary route of protein administration

The lungs provide advantages for drug administration and could represent a promising protein
delivery route for both local and systemic treatment (Adjei and Gupta, 1994)(Patton and Platz,
1992).

The lungs have a wide surface area (about 100m?) enabling them to absorb macromolecular
drugs such as proteins and peptides (Kwon et al., 2007)(Wan et al., 2012). The thin alveolar
epithelium (thickness 0.1-0.5um (Wan et al., 2012)) enhances the permeability of the alveoli
region membrane (Labiris and Dolovich, 2003)(Patton, 1996). Furthermore, pulmonary drug
administration spares it from metabolic modification by avoiding the hepatic first—pass (Kwon et
al., 2007). The low enzymatic activity in the lungs limits the metabolism of pulmonary
administrated proteins and peptides (Kwon et al., 2007)(Wan et al., 2012)(Codrons et al., 2003).
In spite of all these advantages, the pulmonary delivery of protein drugs is still hindered by many
obstacles, such as the barriers (epithelial lining fluid, epithelial cell layer and the endothelial
membrane of capillary cells) that obstruct the passage of proteins and peptides through the
alveoli to the general circulation (Wan et al., 2012). The proteins and peptides may also be

subjected to phagocytosis by the macrophages in the lungs (Patton and Byron, 2007).

4.2.4. Ocular route of protein administration

Due to its unique characteristics, the eye is considered to be an effective drug delivery route
(Vyas et al., 2011). The ocular route of protein delivery presents many advantages as it is easier
and faster than traditional injection routes (Khafagy et al., 2007). Ocular protein drug
administration protects proteins by avoiding gastrointestinal and hepatic first-pass metabolism
which leads to the low bioavailability of proteins and peptides administrated through the oral
route (Lee et al., 2002)(Khafagy et al., 2007). However, many drawbacks limit the widespread
use of ocular protein delivery route, such as low bioavailability due to poor eye membrane
permeability regarding hydrophilic macromolecules like proteins (Vyas et al., 2011) In addition,
the ocular tissue contains many enzymes (e.g., protease and aminopeptidase) that can degrade

the proteins and peptides administered (Zhou and Po, 1991)(Davson, 1984). Although, the ocular
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route could be used in order to deliver protein drugs for local and systemic treatment, it is not the
preferred route for systemic protein administration (Vyas et al., 2011). In spite of the early
promising results which have been obtained when insulin was administered via the ocular
route(Christie and Hanzal, 1931)(Chiou, 1994)(Bartlett et al., 1994), wider use of this route for

protein and peptide delivery needs more research and improvement.

4.2.5.Rectal route of protein administration

The rectal route has been used for both local and systematic treatment (Boer et al.,
1982)(Mackay et al., 1997) and it could be a route of considerable importance for protein
administration (De Boer et al., 1990), because protein drugs administrated rectally avoid first-
pass elimination (de Boer et al., 1980). However, it is still limited by several drawbacks like poor
protein and peptide absorption through the rectal epithelium, leading to low bioavailability (De
Boer et al., 1990); moreover, many patients consider it distasteful (Yamamoto and Muranishi,
1997). Hence, it is very important to improve rectal absorption of proteins and peptides by using
compounds that increase the permeability of the rectal epithelium (absorption enhancers), or
decrease the enzymatic degradation of rectally administrated proteins (protease inhibiters)

(Yamamoto and Muranishi, 1997)(De Boer et al., 1990).

5. Strategies used to improve the bioavailability of proteins and peptides

As mentioned previously, wider and successful use of proteins and peptides as drugs are faced
by many obstacles and challenges such as protein in vivo instability, poor absorption, and short
half-life.

Many strategies have been developed to overcome these challenges and to improve protein drug
efficacy, such as permeability enhancement, enzyme inhibition, and protein structure
modification and protection (Torchilin and Lukyanov, 2003) (Wearley, 1991) (Lee and
Yamamoto, 1989) (Xin Hua Zhou, 1994). The following section will provide an overview of

these strategies with a detailed explanation of the latter.

5.1. Penetration enhancers
Penetration enhancers can be identified as substances that are usually used to facilitate the

passage of a pharmacologically active quantity of protein or peptide through the mucosal

membranes (Lee, 1990) (Lee and Yamamoto, 1989).
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Penetration enhancers are numerous and can be classified into five categories (Lee, 1990):
1. Chelators such as EDTA, citric acid, salicylates, N-acyl derivatives of collagen, and
enamines (N-amino acyl derivatives of P-diketones).
2. Surfactants such as sodium lauryl sulfate, polyoxyethylene-9-lauryl ether and
polyoxyethylene-20-cetyl ether.
3. Bile salts such as sodium deoxycholate, sodium glycocholate and sodium taurocholate,
and their derivatives like sodium taurodihydrofusidate and sodium glycodihydrofusidate.
4. Fatty acids such as oleic acid, caprylic acid and capric acid, and their derivatives such as
acylcarnitines, acylcholines and mono- and diglycerides.
5. Non-surfactants such as unsaturated cyclic ureas and l-alkyl- and
lalkenylazacycloalkanone derivatives.
The mechanism of penetration enhancement remains unclear. However, the literature mentions
various mechanisms that point to three major orientations (Zhou and Li Wan Po, 1991)(Lee,
1990)(Lee and Yamamoto, 1989):
e Reducing the barrier functions of mucosal membranes by changing the structure or
properties of these membranes;
e Changing the thermodynamic activity of proteins and peptides;

e Protecting proteins and peptides from proteolytic activity.

Most penetration enhancers function by causing a perturbation of membrane integrity (Lee,
1990)(Lee and Yamamoto, 1989). However, to date, there is not enough information about the
relation between the efficacy of penetration enhancers and the degree of change of, or even
damage to, membrane cells (Lee and Yamamoto, 1989). Using penetration enhancers may cause
undetermined biochemical change in the site of effect. Practically, the effects of their chronic use
on barrier functions are still obscure (Lee, 1990) as the the possible toxicity that may be caused
by absorbing the penetration enhancers themselves (Lee and Yamamoto, 1989). There is lack of
technical solutions to accelerate the repair of membrane damage (Lee, 1990).

Generally, the efficacy of penetration enhancers is determined by various factors such as the type
and characteristics of the protein and penetration enhancer, the administration site and the
delivery system (Lee and Yamamoto, 1989).

5.2. Enzymatic inhibiters

Whatever the route used to administer protein drugs, the enzymatic barrier is considered to be

one of the dominant factors controlling the bioavailability of given proteins and peptides. This is
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due to the high sensitivity of proteins and peptides to the different types of enzymes, and to the
ubiquitous nature of these enzymes in the body(Xin Hua Zhou, 1994).
Many protease inhibitors have been investigated and used. In 1990, Lee reported some of the
protease inhibiters that had been tested on the suppression of proteolytic activity (Lee, 1990):
e Dbacitracin (a non-specific protease inhibitor);
e | ,10-phenanthroline and phosphoramidon (metalloprotease inhibitors);
e pepstatylglutamic acid (an aspartylprotease inhibitor);
e p-hydroxymercuribenzoate (a cysteine proteinase inhibitor);
e diisopropyl fluorophosphate, aprotinin and soybean trypsin inhibitor (serine proteinase
inhibitors);
e Dbestatin, puromycin and cx-aminoboronic acid derivatives (aminopeptidase inhibitors).
A suitable protease inhibiter is chosen according to the type of protease of interest and the
site of its distribution (Lee, 1990).
In fact long term use of enzymes inhibiters is not desirable as it may disrupt the protein
absorption system and leads to the absorption of unwanted proteins, disturb the digestion of
nutritive proteins, and incite the secretion of protease in the body as a result of feedback

regulation (Salamat-Miller and Johnston, 2005).

5.3. Protein structure modification by polymer conjugation

Fast elimination of proteins from the blood stream and their degradation by enzymes limit their
routine use as a drug.

Fast protein elimination may be due to the rapid renal clearance of proteins having a low
molecular weight of 40kDa or less. Indeed, increasing the molecular weight of these therapeutic
molecules to over 40kDa by conjugating them with water soluble polymers can effectively slow
down renal clearance, thereby prolonging the survival of the drug in the bloodstream (Torchilin,
1991)(Harris and Chess, 2003)(Veronese and Mero, 2008)(Roberts et al., 2002).

The in vivo short half-life of proteins may result from the immune response mechanism. The
combination of proteins and polymers may hinder opsonin and antigen processing cells from
recognizing these proteins. Hence the expulsion of proteins from the general circulation by

phagocytosis is prevented (Veronese and Mero, 2008)(Roberts et al., 2002).
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Protein degradation by biological enzymes such as proteases is another cause of the short-half
life of proteins. Polymers conjugation with proteins offers a hindrance to binding of protein to
active sites of proteases thus preventing earlier protein degradation. (Torchilin, 2007)(Roberts et
al., 2002).

Various polymers have been used for increasing protein stabilization. Foremost among these is
poly (ethylene glycol) because it is biocompatible and inexpensive. Moreover, it has been
approved for internal application by drug regulatory agencies (Roberts et al., 2012) (Roberts et
al., 2002). Generally, the reaction of polyethylene glycol with proteins and peptides improves the
properties of these biomolecules (Bailon and Won, 2009) (Torchilin and Lukyanov, 2003).

5.6. Protein encapsulation

Protecting proteins and peptides in polymeric reservoirs is an applicable and promising method
for protein delivery (Xie et al., 2008). These particulate drug delivery systems provide several
advantages, such as protecting the encapsulated protein against the effect of enzymes, and
controlling the site and speed of protein release which help in avoiding undesirable side effects
(Tan et al.,, 2010). Different techniques have been investigated and used for encapsulating

therapeutic proteins. These approaches will be described in the next overview.

5.6.1. Liposomes

Liposomes are particulate protein carriers that have been studied extensively (Swaminathan and
Ehrhardt, 2012). These delivery systems are characterized by properties that make them suitable
vectors for transferring proteins and peptides: they are biocompatible, biologically inert, weakly
immunogenic and possess limited toxicity (Torchilin and Lukyanov, 2003), in addition to their
size (Akbarzadeh et al., 2013) and their aqueous core(Lee and Yuk, 2007) .

Liposomes are spherical vesicles consisting of an aqueous core entrapped by one or more lipid
bilayers (Tan et al., 2010) (Lasic&dagger and Papahadjopoulos, 1998) (Sessa and Weissmann,
1968). They can be formed by various methods such as thin film hydration, reversed-phase
evaporation, detergent dialysis, and solvent injection (Laouini et al., 2012). According to the
preparation technique used, liposomes can be multi-, oligo- or unilamellar (Martins et al., 2007),
with a size varying from several micrometers (when multilamellar) to 20nm (when unilamellar)

(Yang and Alexandridis, 2000) (Walde and Ichikawa, 2001). In spite of the advantages presented
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by liposomes, which make them promising drug delivery systems, they suffer from several
disadvantages that limit them from being widely used for clinical application, such as their
instability in biological media, leading to rapid and uncontrolled drug release, and short half-life
due to the action of the reticuloendothelial system (RES) (Sharma and Sharma, 1997). In order to
prolong the dwell time of liposomes in the bloodstream, their surface has been modified by
grafting them with hydrophilic polymers such as poly ethylene glycol, Fig. 2. Covering the
surface of liposomes with polymers hinders reaction with blood components and retards their
degradation. Furthermore, it prevents the adsorption of plasma-proteins (opsonins) on the surface
of liposomes, which helps liposomes to avoid recognition and uptake by the RES (Torchilin and

Trubetskoy, 1995)(Lee and Yuk, 2007).
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Fig. 2. Liposome grafted with hydrophilic polymers (poly(ethylene glycol) to increase its circulation half-life(Torchilin and Lukyanov, 2003).
Many peptides and proteins have been associated with liposomes to improve their properties

(stability, bioavailability), such as adamantyltripeptides, bovine serum albumin, insulin (Goto et

al., 2006)(Zhang et al., 2005), human gamma-globulin (Garcia-Santana et al., 2006).

5.6.2. Double emulsion

Double emulsions were described for the first time in 1925 by William Seifriz (Florence and
Whitehill, 1982)(Garti, 1997)., This technology was used by Engel and his coworkers in the late
1960s for the encapsulation of insulin to better facilitate gastrointestinal absorption and enhance

its efficiency when administered orally (Engel et al., 1968).
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The encapsulation of proteins using the double emulsion /evaporation technique is performed in
two stages (Tan and Danquah, 2012)(van der Graaf et al., 2005)(Nihant et al., 1994):

In the first stage the primary emulsion, i.e. water in oil (W/O), is prepared by adding the aqueous
protein solution to the polymer organic solution under high shear conditions (ultrasonification or
homogenization). Double emulsion (W/O/W) is produced during the second stage by dispersing,
again by homogenization, the primary emulsion (W/O) in an external aqueous phase containing
the chosen stabilizer. Protein-loaded particles are obtained after eliminating the organic solvent
either by evaporation, or by extraction.

Although the double emulsion technique is considered a complex process, it has been widely
used to encapsulate proteins in aqueous solution, resulting in high yields and encapsulation
efficiencies (Sinha and Trehan, 2003).

This method is still limited by many drawbacks such as its sensitivity to the characteristics of
polymers and difficulties in modifying the release rates of the drug from the particles obtained
(Sinha and Trehan, 2003).

There are many examples of proteins which have been encapsulated using this method, such as
bovine serum albumin (Yang et al., 2001), lysozyme (Nam et al., 2000), and recombinant human

epidermal growth factor (Han et al., 2001).

5.6.3. Solid lipid nanoparticles (SLN)

Solid lipid nanoparticles (SLN) were synthesized for the first time by Muller et al in 1991
(Miiller, 1991). Due to the considerable advantages they present, SLNs have attracted growing
attention in recent years as promising alternatives to traditional colloidal carriers (Mehnert and
Maider, 2001) (Cavalli et al., 1997)(Yang et al., 1999)(Miiller et al., 1996). SLNs combine the
advantages of other carrier systems (polymeric nanoparticles, fat emulsions, and liposomes)
while simultaneously minimizing the associated problems (Yang et al., 1999)(Miiller et al.,
1997). They are also non toxic drug carriers (Mehnert and Méder, 2001)(Miiller et al., 1997) that
can efficiently control the release of the drug incorporated in them (Mehnert and Méder, 2001)
(Yang et al., 1999). Both hydrophilic and hydrophobic drugs can be incorporated in SLNs
(Wissing et al., 2004) which are prepared without using organic solvents that may be harmful for
the drug of interest (Almeida and Souto, 2007)(Mehnert and Mader, 2001). Also, they can be
easily produced on a large scale (Mehnert and Méder, 2001) (Miiller et al., 1997). The colloidal

dimensions and controlled release properties of SLNs aid in achieving not only drug protection
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but also permit their use in parenteral and non-parenteral (oral, dermal, ocular, pulmonary,
rectal) drug administration routes (Yang et al., 1999) (Wissing et al., 2004) (Wissing and Miiller,
2002) (Cavalli et al., 2002)(Jenning et al., 2000) (Sznitowska et al., 2001) (Videira et al., 2002).
The literature has been reported three different models for loading protein drugs into SLNs:

I) High pressure homogenization (HPH)

This can be performed either at high temperature (hot HPH) or at, or below, room temperature
(cold HPH) (Miiller et al., 2002) (Miglietta et al., 2000) (Fundaro et al., 2000). In the hot HPH
technique, the bioactive ingredient is added to the molten lipid (heated at 5-10C° above its
melting point). Then a hot pre-emulsion is produced by using high-speed stirring. The pre-
emulsion obtained is transformed into a nanoemulsion by high pressure homogenization (usually
3-5 homogenization cycles at 500-1500 bar). The nanoemulsion is then cooled to room
temperature, resulting in the formation of bioactive loaded SLNs (Rudolph et al., 2004). Using
high temperature results in particles of small size due to the reduction of inner phase viscosity
(Lander et al., 2000), but it can damage the drug to be encapsulated (Mehnert and Méder, 2001).
However, with the cold HPH process, the active moiety and lipid are first melted together and
then quickly cooled (using either liquid nitrogen or dry ice) to produce solid lipid particles. The
particles obtained are then dispersed in a cold solution of emulsifier to prepare the pre-emulsion
that undergoes high pressure homogenization at, or below, room temperature (usually 5 cycles at
500-800 bars) (Almeida et al., 1997) (Mehnert and Méader, 2001). Cold HPH minimises exposing
the sample to high temperature. However, the particles obtained are larger and have a wider size
distribution compared with particles prepared by hot HPH (Mehnert and Méder, 2001).

III) Solvent diffusion method

Lipid is dissolved in an organic solvent (acetone or ethanol), then an acidic aqueous phase is
added to control the zeta potential necessary to induce the coacervation of the lipid, leading to
the formation of SLNs. Finally, the resulting particles are separated by centrifugation (Hu et al.,
2002).

IIT) Double emulsion evaporation method

SLNSs can be prepared by the double emulsion evaporation method by dissolving the hydrophilic
bioactive ingredient in an aqueous phase, then emulsifying it in an organic phase containing
biodegradable polymer under high speed stirring to prepare a W/O emulsion which will be
poured into another aqueous phase containing an emulsifier. Finally, the organic solvent is
eliminated from the particles (Garcia-Fuentes et al., 2005)(Zhang et al., 2006a). This method

avoids exposing the sample to high temperature and pressure, so it is a good approach for
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encapsulating heat sensitive materials such as proteins (Saraf et al., 2006). However, using
organic solvent may create toxicity problems (Mehnert and Mider, 2001).
Various examples of proteins and peptides that can be encapsulated in SLNs include insulin
(Zhang et al., 2006a), bovine serum albumin (Schubert and Miiller-Goymann, 2005) and
cyclosporine A (Ugazio et al., 2002).

5.6.4. Spray drying

The spray drying technique is commonly used in the pharmaceutical sector (Ledn-Martinez et
al., 2010) (Sollohub and Cal, 2010) and in the food industry (Ledén-Martinez et al., 2010)
(Medina-Torres et al., 2013) (Saénz et al., 2009). This technique guarantees the microbiological
stability of the products, as the material of interest is protected against chemical and biological
degradations. The products obtained have very interesting and useful characteristics such as fast
and immediate solubility. What is more storage and transportation costs are minimized
(Gharsallaoui et al., 2007). An additional advantage of this technology in the pharmaceutical
sector is that thermolabile fluid extracts can be dried without causing decomposition (Sollohub
and Cal, 2010).

Spray drying is a unit operation by which a liquid product can be instantaneously transformed
into powder by atomizing it in a current of hot gas (air or more rarely an inert gas such as
nitrogen) (Leon-Martinez et al., 2010) (Gharsallaoui et al., 2007)(Cal and Sollohub, 2010).

The spray drying technique can be summarized by three main steps (Sinha and Trehan, 2003):
e The selected polymer is dissolved in a volatile organic solvent.

e The solid form of the drug of interest (proteins or peptides) is dispersed in the polymer
solution under high speed homogenization.
e The solution obtained is dispersed into a stream of hot air. The particles, ranging in size

from 1 to 100um, are dried by evaporating the solvent.

The operating conditions and the dryer design are chosen according to the characteristics of the
material to be dried and the desired powder specifications (Leon-Martinez et al., 2010).

The essential advantage of this method is that drug loaded particles can be prepared and dried in
only one step (Vemmer and Patel, 2013). It is also possible to make modifications to the
polymers used in this technique (Sinha and Trehan, 2003).

This technique requires high temperature and fast drying rates which make heat sensitive
moieties such as proteins susceptible to damage. In order to resolve this problem, the proteins
have to be protected (for example by lyophilisation (Sinha and Trehan, 2003)) before or during
the drying process (Vemmer and Patel, 2013).
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This technique has been used successfully to encapsulate recombinant human erythropoietin

(Bittner et al., 1998) and bromocriptine mesylate (Parlodel) (Kissel et al., 1991).

5.6.5. Phase separation technique (coacervation)

The solid form of the protein is dispersed into a solution of polymer in organic solvent. The
solubility of the polymer in its solvent is decreased by adding a defined rate of silicon, causing
phase separation. The drug is encapsulated in the polymer rich phase (coacervation). Finally, the
microspheres obtained undergo hardening and washing with heptane (Sinha and Trehan, 2003).
This method is preferable for encapsulating hydrophilic molecules like proteins, vaccines and
peptides due to its high encapsulation efficiency, as it minimizes the loss of hydrophilic drugs by
avoiding their exposure to the continuous aqueous phase (Yeo et al.,, 2001). An additional
advantage is that it is easy to control particle size and improve particle homogeneity by changing
the variables of the components (the amount and/or the viscosity of the non-solvent, molecular
weight of the polymer used, etc.) (Yeo et al., 2001). However, the microspheres prepared by this
method tend to aggregate (Yeo et al., 2001). The residual solvents present a risk for safety (drug
stability, drug release rates) and a problem of microsphere morphology stability (Sinha and
Trehan, 2003)(Yeo et al., 2001).

Diphtheria toxoid is an example of the proteins that are encapsulated using this method

(Johansen et al., 1999).

5.6.6. Co-axial electrospray method

The process of packaging proteins with a polymeric envelope provides many advantages, such as
protecting the protein of interest and ensuring its sustained release (Blanco and Alonso, 1997)
(Lee and Yuk, 2007) (Bock et al., 2012). However, it is limited by several drawbacks, as the
methods most commonly used to encapsulate proteins in polymer-based microparticles are
usually based on preparing a water in oil W/O emulsion (Tamber et al., 2005). This step may
cause degradation and aggregation of the protein of interest (Sah, 1999). Another important limit
of protein polymeric-based encapsulation techniques is the possibility of protein denaturation or
damage during microcapsule preparation (normally microcapsules are prepared using organic
solvent and under high shear conditions), storage and protein release (Blanco and Alonso, 1998)
(Determan et al., 2006) (Bock et al.,, 2012). In order to avoid these unsuitable protein
microparticle fabrication steps, the co-axial electrospray technique was developed to be

applicable for protein-based polymer encapsulation. Firstly, nanofibers consisting of a poly(e-
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caprolactone) (PCL) shell and a protein-containing PEG core were synthesized and used to
achieve continuous and controlled protein release(Jiang et al., 2005) (Zhang et al., 2006b). The
fibers obtained are only applicable for transdermal use or as implant materials. Afterwards,
biodegradable microparticles for protein delivery suitable for pharmaceutical uses were prepared
using the co-axial electrospray method by electrostatic extrusion of a suspension of proteins in a
solution of polymer in organic solvent (Amsden and Goosen, 1997) (Loscertales et al., 2002).
The principle of the electrospray approach is to apply a high voltage on the liquid that is forced
through a capillary nozzle. The electric charge generated on the droplet competes with its surface
tension, leading the droplet to separate into nano or micro-droplets that turn into particles after
evaporation of the solvent (Bock et al., 2012).

J. Xie and coworkers (Xie et al., 2008) used the co-axial electrospray technique to prepare
biodegradable microparticles including a protein with diameters ranging from several tens of
microns to 100 microns. The experimental setup they used consisted of two nozzles, a smaller
one (core needle) located inside a larger one (spray nozzle). It was connected to a high voltage
generator that generated an electrostatic field for electrospraying. An aqueous protein solution
was forced through the core needle while the organic polymer solution was introduced in the
annulus flow. When the nozzle-ground voltage was applied to the liquid introduced, it separated
into highly charged droplets. The particles were obtained after the evaporation of the solvent,

Fig.3.
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fig.3. Diagram of the co-axial electrospray apparatus for microencapsulation (Xie et al., 2008)
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The electrospraying method presents many advantages, for example, the size of the droplets
obtained is homogenous and ranges from a few hundred micrometers to several tens of
nanometers, depending on the rate of the liquid flow and the voltage applied on the capillary
nozzle (Jaworek and Sobczyk, 2008).
Regarding examples of proteins that have been encapsulated using this method, mention can be
made of bovine serum albumin (BSA) (Xie and Wang, 2007) (Xu and Hanna, 2006), vascular
endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF)(Ekaputra et al.,
2011).

5.6.7. Layer by layer assembly (LbL)
1998 saw the first fabrication of particles using the LBL technique (Caruso et al., 1998) (Donath
et al., 1998). This technique relies on the electrostatic attraction between two opposite charges
(Balabushevitch et al., 2001)(Ai et al., 2003). LBL assembly is a simple, cheap, and versatile
technique (Ariga et al., 2007)(Caruso et al., 2000) (Tang et al., 2006). It has been widely used
for biomedical applications (Ai et al., 2003)(Tang et al., 2006) (Srivastava and Kotov, 2008).
Many research teams have encapsulated proteins using this technique (Shu et al., 2010) (De
Temmerman et al., 2011). Briefly, anionic proteins are adsorbed on the positively charged
surface of a solid medium (sacrificial template), that turns its charges into negative. This step is
followed by the adsorption of a cationic polyelectrolyte; the surface charge obtained becomes
positive. This alteration of surface charge allows continuous assembly layer after layer. The
sacrificial template is removed to leave hollow polyelectrolyte capsules. Fig. 4. summarizes the

work of Shu et al., who encapsulated bovine serum albumin (BSA) utilizing the LBL method.
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Fig. 4. The encapsulation of a
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protein (BSA) within polyelectrolyte capsules using the layer by layer technique (Shu et al., 2010).

The particles fabricated using this method are hollow capsules possessing engineered
characteristics like size, shape, composition and function (Johnston et al., 2006)(Shu et al.,
2010).

However, this technique suffers from the problem of poor encapsulation efficiency and sudden
and fast encapsulated drug release (Shu et al., 2010).

This method is used for encapsulating various proteins such as insulin (Fan et al., 2006), and is

employed to encapsulate different enzymes such as catalase (Caruso et al., 2000).

Conclusion

Peptides, proteins and antibodies have now become important biopharmaceuticals that are used
successfully to treat many diseases that were considered incurable until recently. They can be
administered via various routes classified into two major classes: parenteral protein delivery
routes (intravenous injection, subcutaneous injection and intramuscular injection) and non
invasive protein delivery routes (nasal, oral, ocular, pulmonary and rectal routes). The
formulation and specific characteristics of these molecules poses many problems when they are
used in vivo, such as protein instability in the biological medium, short half-life in the
bloodstream and the possibility of triggering dangerous immune response. Many technologies
have been employed to solve these problems by increasing drug bioavailability, decreasing side
effects, increasing ease of use by patients, and reducing the cost of fabrication as much as
possible. In this context, account must be taken of the strategies developed to protect the proteins
to be delivered and to enhance their absorption. These strategies include protein formulation
modification, adjutants and the encapsulation of therapeutic proteins and peptides, which can be
implemented using various techniques such as double emulsion, solvent extraction or
evaporation, coacervation, spray drying, co-axial electrospray process, layer by layer, and so

forth.

References

Adjei, A., and Gupta, P. (1994). Pulmonary delivery of therapeutic peptides and proteins. J. Controlled
Release 29, 361-373.

Agrawal, S., Misra, R., and Aggarwal, A. (2007). Autoantibodies in rheumatoid arthritis: association with
severity of disease in established RA. Clin. Rheumatol. 26, 201-204.

Ai, H., Jones, S.A., and Lvov, Y.M. (2003). Biomedical applications of electrostatic layer-by-layer nano-
assembly of polymers, enzymes, and nanoparticles. Cell Biochem. Biophys. 39, 23-43.

78



Akbarzadeh, A., Rezaei-Sadabady, R., Davaran, S., Joo, S.W., Zarghami, N., Hanifehpour, Y., Samiei, M.,
Kouhi, M., and Nejati-Koshki, K. (2013). Liposome: classification, preparation, and applications.
Nanoscale Res. Lett. 8, 102.

Almeida, A.J., and Souto, E. (2007). Solid lipid nanoparticles as a drug delivery system for peptides and
proteins. Adv. Drug Deliv. Rev. 59, 478-490.

Almeida, A.J., Runge, S., and Miller, R.H. (1997). Peptide-loaded solid lipid nanoparticles (SLN):
Influence of production parameters. Int. J. Pharm. 149, 255-265.

Amsden, B.G., and Goosen, M.F.A. (1997). An examination of factors affecting the size, distribution and
release characteristics of polymer microbeads made using electrostatics. J. Controlled Release 43,
183-196.

Ariga, K., Hill, J.P., and Ji, Q. (2007). Layer-by-layer assembly as a versatile bottom-up nanofabrication
technique for exploratory research and realistic application. Phys. Chem. Chem. Phys. Pccp 9, 2319—-
2340.

Bailon, P., and Won, C.-Y. (2009). PEG-modified biopharmaceuticals. Expert Opin. Drug Deliv. 6, 1-16.

Balabushevitch, N.G., Sukhorukov, G.B., Moroz, N.A., Volodkin, D.V., Larionova, N.l., Donath, E., and
Mohwald, H. (2001). Encapsulation of proteins by layer-by-layer adsorption of polyelectrolytes onto
protein aggregates: Factors regulating the protein release. Biotechnol. Bioeng. 76, 207-213.

Bartlett, J.D., Turner-Henson, A., Atchison, J.A., Woolley, T.W., and Pillion, D.J. (1994). Insulin
administration to the eyes of normoglycemic human volunteers. J. Ocul. Pharmacol. 10, 683—690.

Benet, L.Z. (1978). Effect of route of administration and distribution on drug action. J. Pharmacokinet.
Biopharm. 6, 559-585.

Bilati, U., Allémann, E., and Doelker, E. (2005). Strategic approaches for overcoming peptide and protein
instability within biodegradable nano- and microparticles. Eur. J. Pharm. Biopharm. 59, 375-388.
Bioethics, C. on D. and C. on (1997). Considerations Related to the Use of Recombinant Human Growth

Hormone in Children. Pediatrics 99, 122-129.

Bittner, B., Morlock, M., Koll, H., Winter, G., and Kissel, T. (1998). Recombinant human erythropoietin
(rhEPO) loaded poly(lactide-co-glycolide) microspheres: influence of the encapsulation technique
and polymer purity on microsphere characteristics. Eur. J. Pharm. Biopharm. 45, 295-305.

Blanco, D., and Alonso, M.J. (1998). Protein encapsulation and release from poly(lactide-co-glycolide)
microspheres: effect of the protein and polymer properties and of the co-encapsulation of
surfactants. Eur. J. Pharm. Biopharm. 45, 285-294.

Blanco, M.., and Alonso, M.. (1997). Development and characterization of protein-loaded poly(lactide-
co-glycolide) nanospheres. Eur. J. Pharm. Biopharm. 43, 287-294.

Bock, N., Dargaville, T.R., and Woodruff, M.A. (2012). Electrospraying of polymers with therapeutic
molecules: State of the art. Prog. Polym. Sci. 37, 1510-1551.

Boer, D.A.G. de, Moolenaar, F., Leede, L.G.J. de, and Breimer, D.D. (1982). Rectal Drug Administration.
Clin. Pharmacokinet. 7, 285-311.

De Boer, A.G., Breimer, D.D., Pronk, J., and Gubbens-Stibbe, J.M. (1980). Rectal bioavailability of
lidocaine in rats: Absence of significant first-pass elimination. J. Pharm. Sci. 69, 804—807.

De Boer, A.G., van Hoogdalem, E.J., Heijligers-Feijen, C.D., Verhoef, J., and Breimer, D.D. (1990). Rectal
absorption enhancement of peptide drugs. J. Controlled Release 13, 241-246.

Brown, L.R. (2005). Commercial challenges of protein drug delivery. Expert Opin. Drug Deliv. 2, 29-42.

Buckel, P. (1996). Recombinant proteins for therapy. Trends Pharmacol. Sci. 17, 450-456.

Cal, K., and Sollohub, K. (2010). Spray drying technique. I: Hardware and process parameters. J. Pharm.
Sci. 99, 575-586.

Carino, G.P., and Mathiowitz, E. (1999). Oral insulin delivery. Adv. Drug Deliv. Rev. 35, 249-257.

Caruso, F., Caruso, R.A., and Mdhwald, H. (1998). Nanoengineering of Inorganic and Hybrid Hollow
Spheres by Colloidal Templating. Science 282, 1111-1114.

Caruso, F., Trau, D., Méhwald, H., and Renneberg, R. (2000). Enzyme Encapsulation in Layer-by-Layer
Engineered Polymer Multilayer Capsules. Langmuir 16, 1485—-1488.

Cavalli, R., Caputo, O., Carlotti, M.E., Trotta, M., Scarnecchia, C., and Gasco, M.R. (1997). Sterilization
and freeze-drying of drug-free and drug-loaded solid lipid nanoparticles. Int. J. Pharm. 148, 47-54.

79



Cavalli, R., Gasco, M.R., Chetoni, P., Burgalassi, S., and Saettone, M.F. (2002). Solid lipid nanoparticles
(SLN) as ocular delivery system for tobramycin. Int. J. Pharm. 238, 241-245.

Chaturvedi, K., Ganguly, K., Nadagouda, M.N., and Aminabhavi, T.M. (2013). Polymeric hydrogels for
oral insulin delivery. J. Controlled Release 165, 129-138.

Chen, G., Jaffee, E.M., and Emens, L.A. (2013). Chapter 25 - Immunotherapy and Cancer Therapeutics:
A Rich Partnership. In Cancer Immunotherapy (Second Edition), G.C. Prendergast, and E.M. Jaffee,
eds. (San Diego: Academic Press), pp. 415—432.

Chiou, G.C.Y. (1994). Systemic Delivery of Polypeptide Drugs Through Ocular Route. J. Ocul. Pharmacol.
Ther. 10, 93-99.

Christie, C.D., and Hanzal, R.F. (1931). INSULIN ABSORPTION BY THE CONJUNCTIVAL MEMBRANES IN
RABBITS. J. Clin. Invest. 10, 787—-793.

Chu, L., and Robinson, D.K. (2001). Industrial choices for protein production by large-scale cell culture.
Curr. Opin. Biotechnol. 12, 180-187.

Chura-Chambi, R.M., Nakajima, E., de Carvalho, R.R., Miyasato, P.A., Oliveira, S.C., Morganti, L., and
Martins, E.A.L. Refolding of the recombinant protein Sm29, a step toward the production of the
vaccine candidate against schistosomiasis. J. Biotechnol.

Cleland, J.L., Daugherty, A., and Mrsny, R. (2001). Emerging protein delivery methods. Curr. Opin.
Biotechnol. 12, 212-219.

Codrons, V., Vanderbist, F., Verbeeck, R.K., Arras, M., Lison, D., Préat, V., and Vanbever, R. (2003).
Systemic delivery of parathyroid hormone (1-34) using inhalation dry powders in rats. J. Pharm. Sci.
92, 938-950.

Crommelin, D.J.A., Storm, G., Verrijk, R., de Leede, L., Jiskoot, W., and Hennink, W.E. (2003). Shifting
paradigms: biopharmaceuticals versus low molecular weight drugs. Int. J. Pharm. 266, 3—16.

Davson, H. (1984). The Eye Pt IB (Elsevier).

Deen, K.C., McDougal, J.S., Inacker, R., Folena-Wasserman, G., Arthos, J., Rosenberg, J., Maddon, P.J.,
Axel, R., and Sweet, R.W. (1988). soluble form of CD4 (T4) protein inhibits AIDS virus infection.
Nature 331, 82-84.

Determan, A.S., Wilson, J.H., Kipper, M.J., Wannemuehler, M.J., and Narasimhan, B. (2006). Protein
stability in the presence of polymer degradation products: Consequences for controlled release
formulations. Biomaterials 27, 3312—-3320.

Donath, E., Sukhorukov, G.B., Caruso, F., Davis, S.A., and Mohwald, H. (1998). Novel Hollow Polymer
Shells by Colloid-Templated Assembly of Polyelectrolytes. Angew. Chem. Int. Ed. 37, 2201-2205.
Dougan, M., and Dranoff, G. (2012). Immunotherapy of Cancer. In Innate Immune Regulation and

Cancer Immunotherapy, R. Wang, ed. (Springer New York), pp. 391-414.

Drews, J. (2000). Drug Discovery: A Historical Perspective. Science 287, 1960-1964.

Duan, X., and Mao, S. (2010). New strategies to improve the intranasal absorption of insulin. Drug
Discov. Today 15, 416-427.

Durrant, L.G., and Scholefield, J.H. (2003). Principles of cancer treatment by immunotherapy. Surg. Oxf.
21,277-279.

Ekaputra, A.K., Prestwich, G.D., Cool, S.M., and Hutmacher, D.W. (2011). The three-dimensional
vascularization of growth factor-releasing hybrid scaffold of poly (e-caprolactone)/collagen fibers
and hyaluronic acid hydrogel. Biomaterials 32, 8108-8117.

Engel, R.H., Riggi, S.J., and Fahrenbach, M.J. (1968). Insulin: Intestinal Absorption as Water-in-Qil-in-
Water Emulsions. Nature 219, 856—857.

Fan, Y.F., Wang, Y.N., Fan, Y.G., and Ma, J.B. (2006). Preparation of insulin nanoparticles and their
encapsulation with biodegradable polyelectrolytes via the layer-by-layer adsorption. Int. J. Pharm.
324, 158-167.

Fanale, M.A., and Younes, A. (2007). Monoclonal antibodies in the treatment of non-Hodgkin’s
lymphoma. Drugs 67, 333-350.

Florence, A.T., and Whitehill, D. (1982). The formulation and stability of multiple emulsions. Int. J.
Pharm. 11, 277-308.

80



Fundaro, A., Cavalli, R., Bargoni, A., Vighetto, D., Zara, G.P., and Gasco, M.R. (2000). Non-stealth and
stealth solid lipid nanoparticles (SLN) carrying doxorubicin: pharmacokinetics and tissue distribution
after i.v. administration to rats. Pharmacol. Res. Off. J. Ital. Pharmacol. Soc. 42, 337-343.

Garcia-Fuentes, M., Prego, C., Torres, D., and Alonso, M.J. (2005). A comparative study of the potential
of solid triglyceride nanostructures coated with chitosan or poly(ethylene glycol) as carriers for oral
calcitonin delivery. Eur. J. Pharm. Sci. Off. J. Eur. Fed. Pharm. Sci. 25, 133-143.

Garcia-Santana, M.A., Duconge, J., Sarmiento, M.E., Lanio-Ruiz, M.E., Becquer, M.A., Izquierdo, L., and
Acosta-Dominguez, A. (2006). Biodistribution of liposome-entrapped human gamma-globulin.
Biopharm. Drug Dispos. 27, 275-283.

Garti, N. (1997). Double emulsions — scope, limitations and new achievements. Colloids Surfaces
Physicochem. Eng. Asp. 123—-124, 233-246.

Gelfand, E.W. (2001). Antibody-directed therapy: past, present, and future. J. Allergy Clin. Immunol. 108,
S111-116.

Gharsallaoui, A., Roudaut, G., Chambin, O., Voilley, A., and Saurel, R. (2007). Applications of spray-drying
in microencapsulation of food ingredients: An overview. Food Res. Int. 40, 1107-1121.

Goto, T., Morishita, M., Nishimura, K., Nakanishi, M., Kato, A., Ehara, J., and Takayama, K. (2006). Novel
mucosal insulin delivery systems based on fusogenic liposomes. Pharm. Res. 23, 384-391.

Van der Graaf, S., Schroén, C.G.P.H., and Boom, R.M. (2005). Preparation of double emulsions by
membrane emulsification—a review. J. Membr. Sci. 251, 7-15.

Grumbach, M.M., Bin-Abbas, B.S., and Kaplan, S.L. (1998). The growth hormone cascade: progress and
long-term results of growth hormone treatment in growth hormone deficiency. Horm. Res. 49 Suppl
2,41-57.

Hamman, J.H., Enslin, G.M., and Kotzé, A.F. (2005). Oral delivery of peptide drugs: barriers and
developments. Biodrugs Clin. Immunother. Biopharm. Gene Ther. 19, 165-177.

Han, K., Lee, K.-D., Gao, Z.-G., and Park, J.-S. (2001). Preparation and evaluation of poly(l-lactic acid)
microspheres containing rhEGF for chronic gastric ulcer healing. J. Controlled Release 75, 259-269.

Harris, J.M., and Chess, R.B. (2003). Effect of pegylation on pharmaceuticals. Nat. Rev. Drug Discov. 2,
214-221.

Hinchcliffe, M., and lllum, L. (1999). Intranasal insulin delivery and therapy. Adv. Drug Deliv. Rev. 35,
199-234.

Hintz, R.L., Attie, K.M., Baptista, J., and Roche, A. (1999). Effect of growth hormone treatment on adult
height of children with idiopathic short stature. Genentech Collaborative Group. N. Engl. J. Med.
340, 502-507.

Hj, K., A, M., H, T., and R, B. (1983). Role of antibody to S100 protein in diagnostic pathology. Am. J. Clin.
Pathol. 79, 341-347.

Hu, F.Q., Yuan, H., Zhang, H.H., and Fang, M. (2002). Preparation of solid lipid nanoparticles with
clobetasol propionate by a novel solvent diffusion method in aqueous system and physicochemical
characterization. Int. J. Pharm. 239, 121-128.

[llum, L. (2003). Nasal drug delivery—possibilities, problems and solutions. J. Controlled Release 87,
187-198.

Itakura, K., Hirose, T., Crea, R., Riggs, A.D., Heyneker, H.L., Bolivar, F., and Boyer, H.W. (1977). Expression
in Escherichia coli of a chemically synthesized gene for the hormone somatostatin. Science 198,
1056-1063.

Jaffee, E.M. (1999). Immunotherapy of Cancer. Ann. N. Y. Acad. Sci. 886, 67-72.

Jaworek, A., and Sobczyk, A.T. (2008). Electrospraying route to nanotechnology: An overview. J.
Electrost. 66, 197-219.

Jenning, V., Schafer-Korting, M., and Gohla, S. (2000). Vitamin A-loaded solid lipid nanoparticles for
topical use: drug release properties. J. Controlled Release 66, 115-126.

Jiang, H., Hu, Y., Li, Y., Zhao, P., Zhu, K., and Chen, W. (2005). A facile technique to prepare
biodegradable coaxial electrospun nanofibers for controlled release of bioactive agents. J.
Controlled Release 108, 237-243.

81



Johansen, P., Moon, L., Tamber, H., Merkle, H.P., Gander, B., and Sesardic, D. (1999). Immunogenicity of
single-dose diphtheria vaccines based on PLA/PLGA microspheres in guinea pigs. Vaccine 18, 209—
215.

Johnston, A.P.R., Cortez, C., Angelatos, A.S., and Caruso, F. (2006). Layer-by-layer engineered capsules
and their applications. Curr. Opin. Colloid Interface Sci. 11, 203-209.

Katsilambros, N., Diakoumopoulou, E., loannidis, I., Liatis, S., Makrilakis, K., Tentolouris, N., and
Tsapogas, P. (2006). Treatment of Diabetes with Insulin. In Diabetes in Clinical Practice, (John Wiley
& Sons, Ltd), pp. 371-408.

Khafagy, E.-S., Morishita, M., Onuki, Y., and Takayama, K. (2007). Current challenges in non-invasive
insulin delivery systems: A comparative review. Adv. Drug Deliv. Rev. 59, 1521-1546.

Kissel, T., and Werner, U. (1998). Nasal delivery of peptides: an in vitro cell culture model for the
investigation of transport and metabolism in human nasal epithelium. J. Controlled Release 53,
195-203.

Kissel, T., Brich, Z., Bantle, S., Lancranjan, I., Nimmerfall, F., and Vit, P. (1991). Parenteral depot-systems
on the basis of biodegradable polyesters. J. Controlled Release 16, 27-41.

Kohler, G., and Milstein, C. (2005). Continuous cultures of fused cells secreting antibody of predefined
specificity. 1975. J. Immunol. Baltim. Md 1950 174, 2453—-2455.

Krishnankutty, R.K., Mathew, A., Sedimbi, S.K., Suryanarayan, S., and Sanjeevi, C.B. (2009). Alternative
routes of insulin delivery. Zhong Nan Da Xue Xue Bao Yi Xue Ban 34, 933-948.

Kumar, S., and Mason, M. (2012). Principles of cancer treatment by immunotherapy. Surg. Oxf. 30, 198—
202.

Kwon, M.J., Bae, J.H., Kim, J.J., Na, K., and Lee, E.S. (2007). Long acting porous microparticle for
pulmonary protein delivery. Int. J. Pharm. 333, 5-9.

Labiris, N.R., and Dolovich, M.B. (2003). Pulmonary drug delivery. Part I: Physiological factors affecting
therapeutic effectiveness of aerosolized medications. Br. J. Clin. Pharmacol. 56, 588-599.

Lander, R., Manger, W., Scouloudis, M., Ku, A., Davis, C., and Lee, A. (2000). Gaulin Homogenization: A
Mechanistic Study. Biotechnol. Prog. 16, 80—-85.

Laouini, A., Jaafar-Maalej, C., Limayem-Blouza, I., Sfar, S., Charcosset, C., and Fessi, H. (2012).
Preparation, Characterization and Applications of Liposomes: State of the Art. J. Colloid Sci.
Biotechnol. 1, 147-168.

Larsen, H.L. (1991). [Antikeratin antibodies in rheumatoid arthritis]. Ugeskr. Laeger 153, 1567-1571.

Lasic&dagger, D.D., and Papahadjopoulos, D. (1998). Medical Applications of Liposomes (Elsevier).

Lee, H.J. (2002). Protein drug oral delivery: The recent progress. Arch. Pharm. Res. 25, 572-584.

Lee, V.H.L. (1990). Protease inhibitors and penetration enhancers as approaches to modify peptide
absorption. J. Controlled Release 13, 213-223.

Lee, K.Y., and Yuk, S.H. (2007). Polymeric protein delivery systems. Prog. Polym. Sci. 32, 669-697.

Lee, V.H.L,, and Yamamoto, A. (1989). Penetration and enzymatic barriers to peptide and protein
absorption. Adv. Drug Deliv. Rev. 4, 171-207.

Lee, Y.-C., Simamora, P., Pinsuwan, S., and Yalkowsky, S.H. (2002). Review on the systemic delivery of
insulin via the ocular route. Int. J. Pharm. 233, 1-18.

Ledn-Martinez, F.M., Méndez-Lagunas, L.L.,, and Rodriguez-Ramirez, J. (2010). Spray drying of nopal
mucilage (Opuntia ficus-indica): Effects on powder properties and characterization. Carbohydr.
Polym. 81, 864-870.

Li, X., Guo, S., Zhu, C., Zhu, Q., Gan, Y., Rantanen, J., Rahbek, U.L., Hovgaard, L., and Yang, M. (2013).
Intestinal mucosa permeability following oral insulin delivery using core shell corona
nanolipoparticles. Biomaterials 34, 9678-9687.

Loscertales, I.G., Barrero, A., Guerrero, |., Cortijo, R., Marquez, M., and Gafidn-Calvo, A.M. (2002).
Micro/Nano Encapsulation via Electrified Coaxial Liquid Jets. Science 295, 1695-1698.

Mackay, M., Phillips, J., and Hastewell, J. (1997). Peptide drug delivery: Colonic and rectal absorption.
Adv. Drug Deliv. Rev. 28, 253—-273.

Mahato, R.I., Narang, A.S., Thoma, L., and Miller, D.D. (2003). Emerging trends in oral delivery of peptide
and protein drugs. Crit. Rev. Ther. Drug Carrier Syst. 20, 153-214.

82



Martins, S., Sarmento, B., Ferreira, D.C., and Souto, E.B. (2007). Lipid-based colloidal carriers for peptide
and protein delivery - liposomes versus lipid nanoparticles. Int. J. Nanomedicine 2, 595—-607.

Matiasevic, D., and Gershberg, H. (1966). Studies on hydroxyproline excretion and corticosteroid-
induced dwarfism: Treatment with human growth hormone. Metabolism 15, 720-729.

Medina-Torres, L., Garcia-Cruz, E.E., Calderas, F., Gonzélez Laredo, R.F., Sdnchez-Olivares, G., Gallegos-
Infante, J.A., Rocha-Guzman, N.E., and Rodriguez-Ramirez, J. (2013). Microencapsulation by spray
drying of gallic acid with nopal mucilage (Opuntia ficus indica). Lwt - Food Sci. Technol. 50, 642—650.

Mehnert, W., and Mader, K. (2001). Solid lipid nanoparticles: Production, characterization and
applications. Adv. Drug Deliv. Rev. 47, 165-196.

Miglietta, A., Cavalli, R., Bocca, C., Gabriel, L., and Gasco, M.R. (2000). Cellular uptake and cytotoxicity of
solid lipid nanospheres (SLN) incorporating doxorubicin or paclitaxel. Int. J. Pharm. 210, 61-67.

Moeller, E.H., and Jorgensen, L. (2008). Alternative routes of administration for systemic delivery of
protein pharmaceuticals. Drug Discov. Today Technol. 5, e89—e94.

Morishita, M., and Peppas, N.A. (2006). Is the oral route possible for peptide and protein drug delivery?
Drug Discov. Today 11, 905-910.

Mukhopadhyay, P., Sarkar, K., Chakraborty, M., Bhattacharya, S., Mishra, R., and Kundu, P.P. (2013).
Oral insulin delivery by self-assembled chitosan nanoparticles: In vitro and in vivo studies in diabetic
animal model. Mater. Sci. Eng. C 33, 376—382.

Miiller, R.H. (1991). Colloidal Carriers for Controlled Drug Delivery and Targeting: Modification,
Characterization and in Vivo Distribution (Taylor & Francis).

Miiller, R., Maaben, S., Weyhers, H., and Mehnert, W. (1996). Phagocytic Uptake and Cytotoxicity of
Solid Lipid Nanoparticles (SLN) Sterically Stabilized with Poloxamine 908 and Poloxamer 407. J. Drug
Target. 4, 161-170.

Mdller, R.H., Maassen, S., Schwarz, C., and Mehnert*, W. (1997). Solid lipid nanoparticles (SLN) as
potential carrier for human use: interaction with human granulocytes. J. Controlled Release 47,
261-269.

Mdller, R.H., Radtke, M., and W.issing, S.A. (2002). Nanostructured lipid matrices for improved
microencapsulation of drugs. Int. J. Pharm. 242, 121-128.

Mygind, N., and Dahl, R. (1998). Anatomy, physiology and function of the nasal cavities in health and
disease. Adv. Drug Deliv. Rev. 29, 3-12.

Nam, Y.S., Song, S.H., Choi, J.Y.,, and Park, T.G. (2000). Lysozyme microencapsulation within
biodegradable PLGA microspheres: Urea effect on protein release and stability. Biotechnol. Bioeng.
70, 270-277.

Nihant, N., Schugens, C., Grandfils, C., Jérome, R., and Teyssié, P. (1994). Polylactide Microparticles
Prepared by Double Emulsion/Evaporation Technique. I. Effect of Primary Emulsion Stability. Pharm.
Res. 11, 1479-1484.

Orive, G., Hernandez, R.M., Gascdn, A.R., Dominguez-Gil, A., and Pedraz, J.L. (2003). Drug delivery in
biotechnology: present and future. Curr. Opin. Biotechnol. 14, 659-664.

Overton, T.W. Recombinant protein production in bacterial hosts. Drug Discov. Today.

Park, K., Kwon, I.C., and Park, K. (2011). Oral protein delivery: Current status and future prospect. React.
Funct. Polym. 71, 280-287.

Patton, J.S. (1996). Mechanisms of macromolecule absorption by the lungs. Adv. Drug Deliv. Rev. 19, 3—
36.

Patton, J.S., and Byron, P.R. (2007). Inhaling medicines: delivering drugs to the body through the lungs.
Nat. Rev. Drug Discov. 6, 67-74.

Patton, J.S., and Platz, R.M. (1992). (D) Routes of delivery: Case studies: (2) Pulmonary delivery of
peptides and proteins for systemic action. Adv. Drug Deliv. Rev. 8, 179-196.

Pauletti, G.M., Gangwar, S., Knipp, G.T., Nerurkar, M.M., Okumu, F.W., Tamura, K., Siahaan, T.J., and
Borchardt, R.T. (1996). Structural requirements for intestinal absorption of peptide drugs. J.
Controlled Release 41, 3-17.

Pettit, D.K., and Gombotz, W.R. (1998). The development of site-specific drug-delivery systems for
protein and peptide biopharmaceuticals. Trends Biotechnol. 16, 343—-349.

83



Posner, J. (2012). Clinical pharmacology: the basics. Surg. Oxf. 30, 174-180.

Putney, S.D. (1998). Encapsulation of proteins for improved delivery. Curr. Opin. Chem. Biol. 2, 548-552.

Putney, S.D., and Burke, P.A. (1998). Improving protein therapeutics with sustained-release
formulations. Nat. Biotechnol. 16, 153—-157.

Ridley, D., Perkins, A.C., Washington, N., Wilson, C.G., Wastie, M.L., O’flynn, P., Blattman, A., Ponchel,
G., and Duchene, D. The effect of posture on nasal clearance of bioadhesive starch microspheres.
Stp Pharma Sci. 5, 442-446.

Des Rieux, A., Fievez, V., Garinot, M., Schneider, Y.-J., and Préat, V. (2006). Nanoparticles as potential
oral delivery systems of proteins and vaccines: A mechanistic approach. J. Controlled Release 116,
1-27.

Ritthidej, G.C. (2011). Chapter 3 - Nasal Delivery of Peptides and Proteins with Chitosan and Related
Mucoadhesive Polymers. In Peptide and Protein Delivery, C.V.D. Walle, ed. (Boston: Academic
Press), pp. 47—-68.

Roberts, M.J., Bentley, M.D., and Harris, J.M. (2002). Chemistry for peptide and protein PEGylation. Adv.
Drug Deliv. Rev. 54, 459-476.

Roberts, M.J., Bentley, M.D., and Harris, J.M. (2012). Chemistry for peptide and protein PEGylation. Adv.
Drug Deliv. Rev. 64, Supplement, 116-127.

Rossi, G.R., Vahanian, N.N., Ramsey, W.J., and Link, C.J. (2013a). Chapter 29 - HyperAcute Vaccines: A
Novel Cancer Immunotherapy. In Cancer Immunotherapy (Second Edition), G.C. Prendergast, and
E.M. Jaffee, eds. (San Diego: Academic Press), pp. 497-516.

Rossi, R., Granoff, D.M., and Beernink, P.T. (2013b). Meningococcal factor H-binding protein vaccines
with decreased binding to human complement factor H have enhanced immunogenicity in human
factor H transgenic mice. Vaccine 31, 5451-5457.

Rudolph, C., Schillinger, U., Ortiz, A., Tabatt, K., Plank, C., Miller, R.H., and Rosenecker, J. (2004).
Application of novel solid lipid nanoparticle (SLN)-gene vector formulations based on a dimeric HIV-
1 TAT-peptide in vitro and in vivo. Pharm. Res. 21, 1662-1669.

Russell, C.S., and Clarke, L.A. (1999). Recombinant proteins for genetic disease. Clin. Genet. 55, 389-394.

Saénz, C., Tapia, S., Chavez, J., and Robert, P. (2009). Microencapsulation by spray drying of bioactive
compounds from cactus pear (Opuntia ficus-indica). Food Chem. 114, 616—622.

Sah, H. (1999). Stabilization of proteins against methylene chloride/water interface-induced
denaturation and aggregation. J. Controlled Release 58, 143-151.

Salamat-Miller, N., and Johnston, T.P. (2005). Current strategies used to enhance the paracellular
transport of therapeutic polypeptides across the intestinal epithelium. Int. J. Pharm. 294, 201-216.

Salmaso, S., and Caliceti, P. (2011). Chapter 11 - Peptide and Protein Bioconjugation: A Useful Tool to
Improve the Biological Performance of Biotech Drugs. In Peptide and Protein Delivery, C.V.D. Walle,
ed. (Boston: Academic Press), pp. 247-290.

Saraf, S., Mishra, D., Asthana, A., Jain, R., Singh, S., and Jain, N.K. (2006). Lipid microparticles for mucosal
immunization against hepatitis B. Vaccine 24, 45-56.

Sarciaux, J.M., Acar, L., and Sado, P.A. (1995). Using microemulsion formulations for oral drug delivery of
therapeutic peptides. Int. J. Pharm. 120, 127-136.

Sauerborn, M., Brinks, V., Jiskoot, W., and Schellekens, H. (2010). Immunological mechanism underlying
the immune response to recombinant human protein therapeutics. Trends Pharmacol. Sci. 31, 53—
59.

Schooley, R.T., Merigan, T.C., Gaut, P., Hirsch, M.S., Holodniy, M., Flynn, T., Liu, S., Byington, R.E.,
Henochowicz, S., Gubish, E., et al. (1990). Recombinant Soluble CD4 Therapy in Patients with the
Acquired Immunodeficiency Syndrome (AIDS) and AIDS-Related ComplexA Phase I-ll Escalating
Dosage Trial. Ann. Intern. Med. 112, 247-253.

Schubert, M.A., and Miller-Goymann, C.C. (2005). Characterisation of surface-modified solid lipid
nanoparticles (SLN): influence of lecithin and nonionic emulsifier. Eur. J. Pharm. Biopharm. Off. J.
Arbeitsgemeinschaft Fiir Pharm. Verfahrenstechnik Ev 61, 77-86.

Sessa, G., and Weissmann, G. (1968). Phospholipid spherules (liposomes) as a model for biological
membranes. J. Lipid Res. 9, 310-318.

84



Shantha Kumar, T.R., Soppimath, K., and Nachaegari, S.K. (2006). Novel Delivery Technologies for
Protein and Peptide Therapeutics. Curr. Pharm. Biotechnol. 7, 261-276.

Sharma, A., and Sharma, U.S. (1997). Liposomes in drug delivery: Progress and limitations. Int. J. Pharm.
154, 123-140.

Shu, S., Sun, C., Zhang, X., Wu, Z., Wang, Z., and Li, C. (2010). Hollow and degradable polyelectrolyte
nanocapsules for protein drug delivery. Acta Biomater. 6, 210-217.

Siddiqui, O., and Chien, Y.W. (1987). Nonparenteral administration of peptide and protein drugs. Crit.
Rev. Ther. Drug Carrier Syst. 3, 195-208.

Sinha, V.R., and Trehan, A. (2003). Biodegradable microspheres for protein delivery. J. Controlled
Release 90, 261-280.

Sintov, A.C., Levy, H.V., and Botner, S. (2010). Systemic delivery of insulin via the nasal route using a new
microemulsion system: In vitro and in vivo studies. J. Controlled Release 148, 168-176.

Sollohub, K., and Cal, K. (2010). Spray drying technique: Il. Current applications in pharmaceutical
technology. J. Pharm. Sci. 99, 587-597.

Srivastava, S., and Kotov, N.A. (2008). Composite Layer-by-Layer (LBL) Assembly with Inorganic
Nanoparticles and Nanowires. Accounts Chem. Res. 41, 1831-1841.

Stevenson, C.L., Rhodes, C.A., and Prestrelski, S.J. (2012). Delivery of Peptides and Proteins via Long
Acting Injections and Implants. In Long Acting Injections and Implants, J.C. Wright, and D.J. Burgess,
eds. (Springer US), pp. 409-427.

Swaminathan, J., and Ehrhardt, C. (2012). Liposomal delivery of proteins and peptides. Expert Opin. Drug
Deliv. 9, 1489-1503.

Swartz, J.R. (2001). Advances in Escherichia coli production of therapeutic proteins. Curr. Opin.
Biotechnol. 12, 195-201.

Swiech, K., Picango-Castro, V., and Covas, D.T. (2012). Human cells: New platform for recombinant
therapeutic protein production. Protein Expr. Purif. 84, 147-153.

Sznitowska, M., Gajewska, M., Janicki, S., Radwanska, A., and Lukowski, G. (2001). Bioavailability of
diazepam from aqueous-organic solution, submicron emulsion and solid lipid nanoparticles after
rectal administration in rabbits. Eur. J. Pharm. Biopharm. 52, 159-163.

Tamber, H., Johansen, P., Merkle, H.P., and Gander, B. (2005). Formulation aspects of biodegradable
polymeric microspheres for antigen delivery. Adv. Drug Deliv. Rev. 57, 357-376.

Tan, M.X.L., and Danquah, M.K. (2012). Drug and Protein Encapsulation by Emulsification: Technology
Enhancement Using Foam Formulations. Chem. Eng. Technol. 35, 618—626.

Tan, M.L., Choong, P.F.M., and Dass, C.R. (2010). Recent developments in liposomes, microparticles and
nanoparticles for protein and peptide drug delivery. Peptides 31, 184-193.

Tang, Z., Wang, Y., Podsiadlo, P., and Kotov, N.A. (2006). Biomedical Applications of Layer-by-Layer
Assembly: From Biomimetics to Tissue Engineering. Adv. Mater. 18, 3203-3224.

Taylor, G., Stott, E.J., Bew, M., Fernie, B.F., Cote, P.J., Collins, A.P., Hughes, M., and Jebbett, J. (1984).
Monoclonal antibodies protect against respiratory syncytial virus infection in mice. Immunology 52,
137-142.

De Temmerman, M.-L., Demeester, J., De Vos, F., and De Smedt, S.C. (2011). Encapsulation Performance
of Layer-by-Layer Microcapsules for Proteins. Biomacromolecules 12, 1283—-1289.

Tomasselli, A.G., and Heinrikson, R.L. (2000). Targeting the HIV-protease in AIDS therapy: a current
clinical perspective. Biochim. Biophys. Acta Bba - Protein Struct. Mol. Enzym. 1477, 189-214.

Torchilin, V.P. (1991). Immobilized enzymes in medicine (Springer-Verlag Berlin And Heidelberg Gmbh &
Company K).

Torchilin, V.P. (2007). Targeted pharmaceutical nanocarriers for cancer therapy and imaging. Aaps J. 9,
E128-E147.

Torchilin, V.P., and Lukyanov, A.N. (2003). Peptide and protein drug delivery to and into tumors:
challenges and solutions. Drug Discov. Today 8, 259—-266.

Torchilin, V.P., and Trubetskoy, V.S. (1995). Which polymers can make nanoparticulate drug carriers
long-circulating? Adv. Drug Deliv. Rev. 16, 141-155.

85



Ugazio, E., Cavalli, R., and Gasco, M.R. (2002). Incorporation of cyclosporin A in solid lipid nanoparticles
(SLN). Int. J. Pharm. 241, 341-344.

Vasiliauskiene, L., Wiik, A., and Hoier-Madsen, M. (2001). Prevalence and clinical significance of
antikeratin antibodies and other serological markers in Lithuanian patients with rheumatoid
arthritis. Ann. Rheum. Dis. 60, 459-466.

Vemmer, M., and Patel, A.V. (2013). Review of encapsulation methods suitable for microbial biological
control agents. Biol. Control 67, 380—-389.

Veronese, F.M., and Mero, A. (2008). The impact of PEGylation on biological therapies. Biodrugs Clin.
Immunother. Biopharm. Gene Ther. 22, 315-329.

Videira, M.A., Botelho, M.F., Santos, A.C., Gouveia, L.F., Pedroso de Lima, J.J., and Almeida, A.J. (2002).
Lymphatic Uptake of Pulmonary Delivered Radiolabelled Solid Lipid Nanoparticles. J. Drug Target.
10, 607-613.

Vyas, S.P., Paliwal, R., and Paliwal, S.R. (2011). Chapter 5 - Ocular Delivery of Peptides and Proteins. In
Peptide and Protein Delivery, C.V.D. Walle, ed. (Boston: Academic Press), pp. 87-103.

Wacharasindhu, S., Supornsilchai, V., Aroonparkmongkol, S., and Srivuthana, S. (2007). Diagnosis and
growth hormone (GH) therapy in children with GH deficiency: experience in King Chulalongkorn
Memorial Hospital, Thailand. J. Med. Assoc. Thail. Chotmaihet Thangphaet 90, 2047-2052.

Walde, P., and Ichikawa, S. (2001). Enzymes inside lipid vesicles: preparation, reactivity and applications.
Biomol. Eng. 18, 143-177.

Walsh, E.E., Schlesinger, J.J., and Brandriss, M.W. (1984). Protection from respiratory syncytial virus
infection in cotton rats by passive transfer of monoclonal antibodies. Infect. Immun. 43, 756-758.

Wan, F., Mgller, E.H., Yang, M., and Jgrgensen, L. (2012). Formulation technologies to overcome
unfavorable properties of peptides and proteins for pulmonary delivery. Drug Discov. Today
Technol. 9, el41-el46.

Wearley, L.L. (1991). Recent progress in protein and peptide delivery by noninvasive routes. Crit. Rev.
Ther. Drug Carrier Syst. 8, 331-394.

Weltzin, R., Hsu, S.A., Mittler, E.S., Georgakopoulos, K., and Monath, T.P. (1994). Intranasal monoclonal
immunoglobulin A against respiratory syncytial virus protects against upper and lower respiratory
tract infections in mice. Antimicrob. Agents Chemother. 38, 2785—-2791.

Wissing, S.A., and Miiller, R.H. (2002). Solid lipid nanoparticles as carrier for sunscreens: in vitro release
and in vivo skin penetration. J. Controlled Release 81, 225-233.

Wissing, S.A., Kayser, O., and Miiller, R.H. (2004). Solid lipid nanoparticles for parenteral drug delivery.
Adv. Drug Deliv. Rev. 56, 1257-1272.

Xie, J., and Wang, C.-H. (2007). Encapsulation of proteins in biodegradable polymeric microparticles
using electrospray in the Taylor cone-jet mode. Biotechnol. Bioeng. 97, 1278-1290.

Xie, J., Ng, W.J,, Lee, LY., and Wang, C.-H. (2008). Encapsulation of protein drugs in biodegradable
microparticles by co-axial electrospray. J. Colloid Interface Sci. 317, 469-476.

Xin Hua Zhou (1994). Overcoming enzymatic and absorption barriers to non-parenterally administered
protein and peptide drugs. J. Controlled Release 29, 239-252.

Xu, Y., and Hanna, M.A. (2006). Electrospray encapsulation of water-soluble protein with polylactide:
Effects of formulations on morphology, encapsulation efficiency and release profile of particles. Int.
J. Pharm. 320, 30-36.

Yamamoto, A., and Muranishi, S. (1997). Rectal drug delivery systems Improvement of rectal peptide
absorption by absorption enhancers, protease inhibitors and chemical modification. Adv. Drug
Deliv. Rev. 28, 275-299.

Yang, L., and Alexandridis, P. (2000). Physicochemical aspects of drug delivery and release from
polymer-based colloids. Curr. Opin. Colloid Interface Sci. 5, 132-143.

Yang, S.C., Lu, L.F., Cai, Y., Zhu, J.B., Liang, B.W., and Yang, C.Z. (1999). Body distribution in mice of
intravenously injected camptothecin solid lipid nanoparticles and targeting effect on brain. J.
Controlled Release 59, 299-307.

86



Yang, Y.-Y., Chung, T.-S., and Ping Ng, N. (2001). Morphology, drug distribution, and in vitro release
profiles of biodegradable polymeric microspheres containing protein fabricated by double-emulsion
solvent extraction/evaporation method. Biomaterials 22, 231-241.

Ye, M., Kim, S., and Park, K. (2010). Issues in long-term protein delivery using biodegradable
microparticles. J. Controlled Release 146, 241-260.

Ye, Q., Asherman, J., Stevenson, M., Brownson, E., and Katre, N.V. (2000). DepoFoam™ technology: a
vehicle for controlled delivery of protein and peptide drugs. J. Controlled Release 64, 155—-166.

Yeo, Y., Baek, N., and Park, K. (2001). Microencapsulation methods for delivery of protein drugs.
Biotechnol. Bioprocess Eng. 6, 213-230.

Zhang, N., Ping, Q.N., Huang, G.H., and Xu, W.F. (2005). Investigation of lectin-modified insulin
liposomes as carriers for oral administration. Int. J. Pharm. 294, 247-259.

Zhang, N., Ping, Q., Huang, G., Xu, W., Cheng, Y., and Han, X. (2006a). Lectin-modified solid lipid
nanoparticles as carriers for oral administration of insulin. Int. J. Pharm. 327, 153-159.

Zhang, Y.Z., Wang, X., Feng, Y., Li, J., Lim, C.T., and Ramakrishna, S. (2006b). Coaxial Electrospinning of
(Fluorescein Isothiocyanate-Conjugated Bovine Serum Albumin)-Encapsulated Poly(e-caprolactone)
Nanofibers for Sustained Release. Biomacromolecules 7, 1049-1057.

Zheng, C., Guo, Q., Wu, Z.,, Sun, L., Zhang, Z., Li, C., and Zhang, X. (2013). Amphiphilic glycopolymer
nanoparticles as vehicles for nasal delivery of peptides and proteins. Eur. J. Pharm. Sci. 49, 474-482.

Zhou, X.H., and Po, A.L.W. (1991). Peptide and protein drugs: Il. Non-parenteral routes of delivery. Int. J.
Pharm. 75, 117-130.

Zhou, X.H., and Li Wan Po, A. (1991). Peptide and protein drugs: |. Therapeutic applications, absorption
and parenteral administration. Int. J. Pharm. 75, 97-115.

Zuzana Antosova, M.M. (2009). Therapeutic application of peptides and proteins: parenteral forever?
Trends Biotechnol. 27, 628—-635.

(2002a). Human insulin production and amelioration of diabetes in mice by electrotransfer-enhanced
plasmid DNA gene transfer to the skeletal muscle. Publ. Online 15 Oct. 2002 D0i101038sjgt3301804
9.

(2002b). Introduction and overview of peptide and protein pegylation. Adv. Drug Deliv. Rev. 54, 453—
456.

87



Etude experimentale



3. Etude experimentale

3.1.Etude systématique de I'émulsion double

L’objectif de la recherche thérapeutique est de parvenir a ¢élaborer des formulations
pharmaceutiques qui ont une efficacité thérapeutique maximale avec le minimum d’effets
secondaires indésirables. Pour ce faire, I’encapsulation est une des méthodes les plus utilisées
pour améliorer I’effet d’un médicament et augmenter son efficacité et sa biodisponibilité. Elle
peut permettre de protéger le principe actif, controler le site d’action, la vitesse de sa libération et
par ailleurs de masquer le mauvais gotit et odeur.
Différentes techniques ont été développées et utilisées pour I’encapsulation de molécules
actives. Le choix d’utiliser une de ces techniques (pour encapsuler un principe actif) dépend
fortement des caractéristiques physicochimiques du principe actif a encapsuler, et aussi de
I’objectif thérapeutique recherché.
Dans cette étude, pour encapsuler le principe actif la méthode d’émulsions multiples (double
émulsion / évaporation) a été utilisée car elle a démontré son efficacité pour encapsuler les
molécules hydrophile et lipophile sensible a la haute température. Cette technique passe par
deux étapes :

1. préparation de la premiére émulsion (Eau/Huile).

2. préparation de la deuxieme émulsion (Eau/Huile/Eau).

Les conditions de préparation jouent un role déterminant dans la spécification et dans la qualité
des capsules obtenues, tant en termes de forme, de taille et de distribution de taille, stabilité
colloidale et de taux d’encapsulation.

Dans le cadre de notre étude expérimentale, 1’encapsulation a été effectuée via la méthode de
double émulsion évaporation de solvant. Cette étude réalisée sans principe actif a pour objet de
conduire une étude systématique la plus large possible afin d’examiner 1’effet de chaque
parametre séparément. Pour ce faire, un seul parameétre a été changé en gardant les autres
constants. Les différentes expériences effectuées et les résultats obtenus sont récapitulés dans ce

tableau ci-dessous:
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Le parametre étudié

L’effet obtenue sur

La taille

La distribution de taille

La forme

La vitesse d’agitation utilisée pour préparer
la premiére émulsion (1ére)

Pas d’effet significatif

Pas d’effet significatif

Pas d’effet significatif

La vitesse d’agitation utilisée pour préparer
la deuxiéme émulsion (2éme)

Plus la vitesse est grande,
plus la taille de particules est
petite

Les microparticules
préparées a 21500 rpm ont
une distribution de taille plus
étroite que celles préparées a
9500 rpm

Pas d’effet notable sur la
morphologie extaire des
particles.

Le temps d’agitation utilisée pour préparer
la premiére émulsion (1ére)

Pas d’effet significatif

Pas d’effet significatif

Pas d’effet significatif

Le temps d’agitation utilisée pour préparer
la deuxiéme émulsion (2éme)

Plus le temps est long, plus
la taille de particules est
petite

L'homogénéité de la taille
des particules augmente
quand la seconde émulsion
est agitée pendant une
longue période de temps

Les particules obtenues
apres une agitation de 6 min
ont une morphologie plus
réguliére que les particules
obtenues apres une agitation
de 4 min (elles ont une
forme de tasse).

La concentration de polymere utilisé¢ (PCL)

Plus la concentration de
polymere est grande, plus la
taille de particules est grande

Plus la concentration de
polymeére est grande, plus la
distribution de taille est
étroite

Plus la concentration de
polymere utilisée est grande,
plus la forme des particules
préparées est réguliére

La concentration de stabilisant utilisé

(PVA)

Plus la concentration de
stabilisant est grande, plus la
taille de particules est grande

Pas d’effet notable sur la
distribution en taille, mais sa
présence assure une tres
faible sédimentation

Les particules préparées en
utilisant le PVA  de
concentration 0,5% ont une
forme arrondie et réguliére,
tandis que les particules
préparées en utilisant le
PVA a 2% s’aggregent.

Le volume de la phase aqueuse interne

Pas d’effet significatif

Le volume interne est
tellement faible par rapport a
la phase organique ce qui
minimise effet de ce
volume sur la ditribution en
taille

Les particules obtenues en
utilisant 1ml de phase
aqueuse interne ont des
fissures a la surface avec une
forme sphérique, tandis que
les particules préparées en
utilisant 1,5ml ont une forme
arrondie et une bonne
morphologie.

Le volume de la phase aqueuse externe

Plus le volume de la phase
aqueuse  extérieure  est
important, plus la taille de
particules est petite.

Une phase aqueuse externe
de 150ml a conduit a une
distribution de taille plus
étroite que pour 50ml.

Les particules obtenues en
utilisant 50 ml de la phase
aqueuse externe ont une
morphologie déformée,
tandis que pour 150 ml la
forme est arrondie et
réguliere
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¢ The use of high amount of polycapro-
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In the first step, inner aqueous phase (W, )was added to dichloromethane (DCM ) containing polycaprolac-
tone (PCL) polymer and homogenized to form primary emulsion (W1/O). In the second step, the primary
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Preparation of polycaprolactone (PCL) based microparticles by double emulsion solvent diffusion like
process was studied in this work. The double emulsion was prepared in two steps. In first step, the inner
aqueous phase (W1 ) was added to dichloromethane (DCM ) solution containing PCL and homogenized to
form primary emulsion (W1/O). In the second step, the primary emulsion (W, /O) was emulsified with the
outer aqueous phase (W) containing polyvinyl alcohol (PVA) as stabilizer using ultra-turrax at a specific
speed and time in order to achieve the double emulsion (W;/OfW;). Effects of various parameters such
as stirring time and speed, polymer amount and the volume fraction of each phase on hydrodynamic
particle size, size distribution and zeta potential were investigated.

As a general tendency, zeta potential of all prepared particles was found to be constant irrespective of
investigated parameter. Whereas, the increase in polymer amount leads to large particles size and lowest
sizes were obtained when high stirring speed was used during the second emulsification step.

© 2014 Published by Elsevier B.V.

1. Introduction

The key point for pharmaceutical researches is to fabricate phar-
maceutical drug delivery system that enhance drug efficiency and
diminish the undesirable effects [1,2]. Encapsulation technique is
one of the techniques, which are used effectively for achieving
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this aim. It can be identified as the technique by which the active
material is walled or coated by a supported material, that shiel-
ding it from the external environment [3-5]. It has found many
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applications in different fields like pharmaceuticals [6,7], cosmet-
ics [8,9], foods [10], diagnoses [11] and printing industries [12]. For
instance, in pharmaceutical field, drug encapsulation can protect
the active ingredient against harsh biological environment; mask
the unpleasant taste and smell of the drug. Additionally, it can be
used in drug delivery system for targeting the drug to specific site
and to control the drug release [13,14].

Encapsulation technique, based on the method of preparation,
may lead to the formation of spheres or capsules [15]. Generally,
spheres are more stable than capsules. As a result, the drug
liberation from the spheres is slower; therefore, spheres can be
employed when a prolonged drug release is needed [16]. Encap-
sulation can be achieved by using various strategies [17]. Among
these strategies, biopolymer-based encapsulation techniques are
the most appropriate in pharmaceutical domain [18-20], due to
the biodegradability and biocompatibility of polymers which is
suitable for in vivo applications [ 21]. Polymer-based encapsulation
techniques have been well studied and reviewed by various
researcher teams [22-24], including: nanoprecipitation method,
emulsion diffusion method, double emulsification method,
emulsion-coacervation method, polymer-coating method, and
layer-by-layer (LBL) assembly method.

Here we studied particles preparation by double emulsifica-
tion method (multiple emulsion method); as this technique can
be used to encapsulate both hydrophilic and lipophilic substances
[25]. In addition, it is suitable for water-soluble fragile drug mate-
rials which are very sensitive to the high temperatures, such as
nucleic acids and protein [26-28].

Multiple emulsions were described for the first time in 1925
by Seifriz [29], it can be identified as complex [30] polydispersed
systems, in which the dispersed phase is itself an emulsion, that
has inner phase of the same nature of the double emulsion [32].
In double emulsion two types of emulsion (water in oil and oil
in water) are found simultaneously [33] using two types of sur-
factants (lipophilic and hydrophilic) for stabilizing them. Garti has
identified these systems as “emulsions ofemulsions” [ 34 ]. The pres-
ence of two types of emulsion simultaneously in one system, gives
it the properties of the two emulsions. The multiple emulsions may
be classified into two types: water in oil in water (W/O/W) and oil
in water in oil (O/W/O) [35], the first type (W/O/W) is frequently
employed for pharmaceutical purposes [36]. The composition of
double emulsions and their properties make them promising sys-
tems that have potential applications in various fields for example,
in pharmaceutical [37], in food industry and in cosmetics [38]. In
spite of all these important properties, the applications of multiple
emulsions are still limited because of their inherent thermody-
namic instability. In recent years, great efforts have been made to
improve the multiple emulsions properties, especially, increasing
the emulsion stability, decreasing and homogenizing the emulsion
droplets size. Many factors can affect the double emulsion sta-
bility such as, method of preparation, type of oil phase, type and
concentration of emulsifiers and so on [39].

The aim of the present work is to study for the first time the
influence of various parameters on colloidal properties (i.e. parti-
cles size, zeta potential, size distribution and morphology) of the
final particles prepared by double emulsion solvent diffusion like
process like. The parameters investigated were; polymer content,
concentration of stabilizer (PVA), inner and outer aqueous phase

Table 1
Composition of reference parameters of double emulsion.

volumes, time and speed of stirring in 1st and 2nd steps of emulsi-
fication process.

2. Materials and methods
2.1. Materials

Polycaprolactone (PCL) (Mw =14,000 g/mol), polyvinyl alcohol
(PVA) (Mowiol® 4-88, Mw=31,000g/mol), and dichloromethane
(DCM) were obtained from Sigma-Aldrich, Germany, distilled
water. Ultra-turrax (T-25 basic IKA-WERK), Laser Diffraction Parti-
cle Size Analyzer LS 13 320 (Beckman Coulter, USA). Field Emission
Scanning Electron Microscope (S-800 Hitachi, Japan). Zetasizer
(Nano-ZS, Malvern, UK). Analytical balance (Acculab ALC-110.4)
was supplied by Sartorius Group, Germany.

2.2. Preparation of PVA solution

To be used as outer aqueous phase, 0.5% PVA solution was pre-
pared by adding 2.5 g of PVA in 500 ml flask and distilled water was
added to make up the volume, and then PVA was dissolved using
magnetic stirrer under heating at 60 °C for 40 min to obtain a clear
PVA solution.

2.3. Preparation of particle by double emulsion like process

The microparticles were fabricated by double emulsion solvent
diffusion method. Two-step emulsification process was used; the
primary emulsion (W;/0) was dispersed as small droplets in the
outer aqueous phase (W) with the help of ultra-turrax stirrer. PVA
was used as emulsion stabilizer in the outer aqueous phase.

2.3.1. Preparation of primary emulsion (1st step)

In the first step, in order to make the primary emulsion (W7 /0);
3 g of polycaprolactone (polymer) was dissolved in 12 ml of DCM
and shacked on rolling shaker until form a clear solution. And then
1.5 mlofdistilled waterwas added in PCLsolution, this mixture was
homogenized properly using ultra-turrax (T-25 basic IKA-WERK)
at a specific speed and for a specific time (Table 2) to have the first
emulsion (W7 /0O).

2.3.2. Preparation of double emulision (2nd step)

In the second step, the primary emulsion (W;/0) was added in
the outer aqueous phase (W3) containing 0.5% PVA as stabilizer.
This mixture was homogenized by using ultra-turrax (T-25 basic
IKA-WERK) at specific speed for specific time (Table 2), to achieve
the double emulsion (W1/0/W?>). Finally, the diffusion of organic
solvent from dispersed primary emulsion droplets to outer aque-
ous phase (W>), resulted into the formation of solidified suspended
polycaprolactone (PCL) particles. In 2nd step we used excess of
outer aqueous phase (W5) in order to facilitate the diffusion of
organic solvent from PCL particle to outer aqueous phase. Fig. 1
represents the two steps process for microparticles preparation by
double emulsion solvent diffusion like process.

2.4. Reference emulsion composition

The value of parameters indicated in Table 1 was used to pre-
pared reference emulsion. A set of experiments were performed,

Primary emulsion’s parameters (1st step)

Double emulsion’s parameters (2nd step)

Amount of PCL Volume of inner Stirrer speed Stirrer time PVA (%, wiv) Stirrer speed Stirrer time Volume of outer
(@) phase wy (ml) (rpm) (min) (rpm) (min) phase w; (ml)
3 15 17,500 5 0.5% 21,500 5 150
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Table 2

Parameters (changed and fixed) in different set of experiments. The “bold” values show the parameters, which were changed in their respective recipes.

Studied parameters Primary emulsion’s parameters

Double emulsion’s parameters Average particle

(1ststep) (2nd step) size (pum)
PCL(g) Inner phase Stirring time Stirring speed PVA (%) Outer phase  Stirring time  Stirring
Wi (ml) (min) (rpm) W; (ml) (min) speed (rpm)
Stirring speed for 1st 3 1.5 5; 6500 05 150 5 21,500 6.5
emulsion 3 15 5 9500 05 150 5: 21,500 65
3 1.5 5 13,500 05 150 5 21,500 6.8
3 1.5 5 17,500 05 150 5 21,500 6.7
Stirring speed for 2nd 3 15 5 17,500 05 150 S 6500 379
emulsion 3 15 5 17,500 05 150 S 9500 218
3 1.5 5 17,500 05 150 5 13,500 137
3 1.5 5 17,500 05 150 5 21,500 7
Stirring time for 1st 3 15 2 17,500 05 150 5 21,500 Tt
emulsion 3 15 4 17,500 05 150 5 21,500 7
3 1.5 6 17,500 05 150 5 21,500 78
3 1.5 8 17,500 05 150 5 21,500 7.3
Stirring time used for 2nd 3 1.5 5 17,500 05 150 2 21,500 9.9
emulsion 3 1.5 5 17,500 05 150 4 21,500 8.3
3 1.5 5 17,500 05 150 6 21,500 7+,
3 1.5 5 17,500 05 150 8 21,500 6.6
Concentration of stabilizer 3 1.5 5 17,500 0.05 150 5 21,500 12.7
(PVA) 3 1.5 5 17,500 0.1 150 5 21,500 8.65
3 1.5 5 17,500 0.2 150 5 21,500 85
3 15 5 17,500 0.5 150 S 21,500 106
3 15 5 17,500 1 150 5 21,500 9.1
3 1.5 5 17,500 2 150 5 21,500 106
Amount of polymer used 1 1.5 5 17,500 05 150 5 21,500 4.2
(PCL) 2 15 5 17,500 05 150 5 21,500 6
3 1.5 5 17,500 05 150 5 21,500 85
4 1.5 5 17,500 05 150 5 21,500 116
Volume of inner aqueous 3 1 5 17,500 a5 150 5 21,500 8.7
phase (W) 3 1.2 5 17,500 05 150 5 21,500 96
3 1.5 5 17,500 05 150 5 21,500 92
3 2 5 17,500 05 150 5 21,500 86
Volume of outer aqueous g 15 5 17,500 a5 50 5 21,500 108
phase (W) 3 1.5 5 17,500 05 100 5 21,500 79
3 1.5 5 17,500 05 150 5 21,500 9.8
3 1.5 5 17,500 05 200 5 21,500 89

to study the effect of different parameters on the characteristics of
the particles prepared via double emulsification by changing only
one parameter at a time and keeping all other parameters fixed.
For example, to study the parameter “polymer amount” four sam-
ples were prepared with different amount of PCL i.e. 1g, 2g, 3g
and 4 g while keeping all other conditions (stirring time, stirring
speed, phase volume, etc.) constant (Table 1); and particles size
were measured for all samples.

2.5. Particles size measurement

The particles size and size distribution were studied using Beck-
man Coulter LS 13 320 Laser Diffraction Particles Size Analyses. The
samples were added drop by drop into the sample cell comprising
continuous phase (deionized water), the pump speed was adjusted
to 20% for appropriate mixing of sample. When the obscuration
reached 8-9% then sample analysis was started.

2.6. Zeta potential

Zeta potential was measured at different pH values at 25 °C, for
this purpose solution of 1 mM (milli Molar) concentration of NaCl
was prepared and its pH was adjusted to different values like 3, 5,
7,9 and 11. After that each sample’s zeta potential was measure at
these pH values with help of Zetasizer (Nano-ZS, Malvern).
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2.7. SEM observation

Scanning Electron Microscopy, SEM, was performed with a
Hitachi S800 FEG microscope at the “Centre Technologique des
Microstructures” (CT.) at the University of Lyon (Villeurbanne,
France). A drop of diluted aqueous suspension of microparticles
was deposited on a flat steel holder and dried at room temperature.
The sample was finally coated under vacuum by cathodic sputter-
ing with platinum. The samples were observed by SEM under an
accelerating voltage of 15kV.

3. Results and discussion

The purpose of this work was to study the effects of different
parameters such as polymer amount, stabilizer concentration, stir-
ring time and stirring speed used, on the size of particles prepared
by double emulsion like process. Double emulsion Wy /OfW, was
prepared by a two-step emulsification process using PVA as stabi-
lizer in the second step.

3.1. Effects of different parameters on particle size and size
distribution

3.1.1. Effect of stirring speed
Since the emulsion is a mixture of two or more immiscible lig-
uids so, in order to make it uniformly dispersed, it is necessary
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Fig. 1. Schematic illustration of a two-step process in formation microparticles via double emulsion solvent diffusion like process.

to provide this system with the adequate energy [40], either by
high stirring or by ultrasound system [34]. However, the agitation
used to provide the needed energy should not be very severe, espe-
cially during the second step of emulsion preparation, because it
may rupture the droplets obtained from the first step [34,36]. Yang
et al. have found that the stirring speed is a governing factor in
size determining of the particles prepared via double emulsifica-
tion technique [40]. The work of Yang’s team demonstrates that,
high stirring speed produces very small size particles because of
the dismantling of second emulsion into smaller droplets. How-
ever, the final particles yield is low, due to the breaking down of
the resultant microspheres [40]. In this work the necessary energy
was supplied to the system via high stirring using ultra-turrax and
the influence of stirring speed on the final particles size was stud-
ied in both steps of emulsification. In first step, the stirring speed
used to prepare the first emulsion was changed only, while stirring
speed of second emulsion and other conditions were kept constant
(Table 2). In the second step, contrary to first step was done, it
means that stirring speed of first emulsion with all other parame-
ters were kept constant and only the stirring speed for preparation
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Fig. 2. Effect ofstirring speed in 1st step and 2nd step of emulsification on the mean
particle size prepared by double emulsion.

of second emulsion was changed. The particles size obtained were
measured by using Laser Diffraction Particle Size Analyzer, the final
particles size was in micro range as shown in Fig. 2.

It is obvious from Fig. 2 that the change in stirring speed
from 6500 rpm to 9500 rpm during first emulsion preparation has
no influence on the size of final particles. And the particles size
changed slightly when the stirring speed was further increased
i.e. from 9500 rpm to 13,500 rpm, at this stirring speed the resul-
tant particles size was 6.8 wm. By increasing starring speed further
to 17,500 rpm, the particle size decreased to 6.7 pm. Fig. 2 shows
that, the stirring speed used to prepare the first emulsion has no
significant effect on the size of the resulting particles.

In second step of double emulsion, by increasing the stirring
speed of ultra-turrax and keeping all other parameters constant,
has led to a proportional reduction in the obtained particles size as
shown in Fig. 2. Here, the size of particles was 37.6 um at stirring
speed of 6500, and particle size gradually decreased to 21.8 pm,
13.7 pm and 7.0 wm at stirring speed of 9500 rpm, 13,500 rpm and
21,500 rpm respectively. The findings of this study proved that the
stirring speed in the second step of double emulsions preparation
is a significant factor in particle size determination, i.e. by increas-
ing the stirring speed in 2nd step of emulsion preparation, the size

2 —==stirring time of 1st step
10 ~H=stirring time of 2nd step
g 8
8
a6
s
3
s 4
2
0
0 2 8 10

4 6
Time of stirring (min)

Fig. 3. Effect of stirring time of 1st step and 2nd step of emulsification on the mean
particle size.
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of obtained particles decreased proportionally, Which is in accor-
dance with the results reported by Yang [40].

3.1.2. Effect of stirring time

The time duration of providing energy is quite important
because short time of stirring grants insufficient energy to the sys-
tem, while long time of stirring may lead to break down of the
emulsion, which in turn will lead to low entrapment efficiency. In
this experiment, the stirring time of the first emulsion was changed
only, while keeping all other parameters of the recipe constant
(Table 2). Four recipes were prepared with different stirring time
(2 min, 4 min, 6 min and 8 min) and size of particles achieved were
7.7 pm, 7 pm, 7.8 wm, 7.3 wm respectively (Fig. 3). These results
demonstrated that the time duration of stirring for the first emul-
sion (Wq/0) has no significant effect on the particle size prepared
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Fig. 5. Effect of stabilizer (PVA) versus mean particle size.
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Fig. 6. Inner aqueous phase (W; ) versus PCL mean particles size.

via multiple emulsions solvent diffusion like process as shown in
Fig. 3.

The stirring time of the second emulsion was investigated too,
by changing the stirring time for the second emulsion and keeping
all other conditions unchanged. It was found that the stirring time
is an important and influential factor in determining the final parti-
cles size in double emulsion. Adequate agitation time is required to
obtain small, mono-dispersed particles and to avoid aggregation of
the formed particles. However, the stirring time must not exceed
a certain limit in order to avoid emulsion spoilage. Here, differ-
ent stirring time i.e. 2 min, 4 min, 6 min and 8 min were used in 2nd
stepemulsification, which resulted into particulate dispersion with
mean size 9.88 pm, 8.33 pm, 7.7 pum and 6.6 pum, respectively. Fig. 3
shows that there is a gradual decrease in particles size as stirring
time increase, this reduction in particle size may be due to supply
of input power for longer period of time.

3.1.3. Effect of polymer amount

The polymer amount may be an important factor influencing
the particle’s characteristics like encapsulation efficacy and parti-
cle size. In this work, polycaprolactone was used as polymer and its
effects were investigated at different amount of polymer (1, 2,3 and
4 g) by keeping all other conditions constant. The results obtained
(Fig. 4a) implies that at small amount (1g) of polymer small par-
ticles were obtained (4.2 pm) but as the amount of polymer was
increased furtherto 2g, 3 g and 4 g, the particle size increased sig-
nificantly which were 5.9 p.m, 8.5 wm and 11.6 p.m, respectively.
These results revealed that by increasing the amount of polymer,
the particle size also increases and similar results were reported by
Lamprecht et al. [41].

In order to point out the real effect of polymer, we deduced the
mathematic relationship between the average particle size (R) and
the polymer amount (M), which is; R=(3/47dN,)'? x (M)!? where
(d) is the density of polymer, N, is the number of particles.

20 4
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Size (um)
=

0 50 100 150 200 250
Outer aqueous phase volume(ml)

Fig. 7. Effect of outer aqueous phase volume (W ).
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Zeta potential values (in mV) of different recipes at different pH.
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Parameters Zeta potential (mV) as a function of pH
Name pH=3 pH=5 pH=7 pH=8 pH=10
Stirring time in 1st step of 2min -0.70 -2.42 -2.41 -3.21 —158
emulsion 4min -1.04 —2.41 -2.71 -3.38 -2.01
6min -1.16 -2.33 —2.64 —2.83 -1.70
8min —0.993 -2.14 -1.69 -3.01 -1.44
Stirring time in 2nd step of 2min 1.72 -2.11 —0.65 -2.91 -1.81
emulsion 4min -1.22 —2.46 -2.32 -3.28 —2.02
6min 1.96 -1.38 —0.63 -3.22 -1.33
8min -1.18 -1.87 -2.13 -3.22 -1.62
PCL content 1g —1.88 —255 -1.65 —3.55 -1.72
2g —0.89 -1.82 —-2.44 =272 -2.10
3g -1.12 -251 -2.37 -3.12 -2.01
4g —-0.62 -3.92 —1.83 -325 -1.76
PVA (wt.}v) 0.2% 0.37 -359 -2.85 -3.45 -2.03
0.5% -0.98 —2.12 -1.66 -2.23 -2.15
1% —0.88 —3.40 —2.33 -3.26 -1.92
2% -1.05 —253 -1.42 —2.83 -1.70
Stirring speed in Iststep of 6500rpm -0.90 -1.85 -1.52 -1.83 -1.49
emulsion 9500rpm —0.89 -2.12 -1.28 -2.40 -0.94
13,500rpm -1.14 -1.32 -1.59 —2.48 —-1.46
17,500rpm -0.59 -1.79 -1.19 -2.39 -1.86
Stirring speed in 2nd step 6500rpm -1.56 -120 -3.14 =211 -1.93
of emulsion 9500rpm -0.82 -151 -1.65 -1.35 -0.92
13,500rpm -0.91 -1.73 —2.25 —2.00 -1.44
21,500rpm -0.721 -2.79 —-1.87 -3.19 -1.30
Inner (W1 ) aqueous phase Tml -0.96 -3.38 -1.23 -3.95 -1.77
volume 1.2ml —-1.66 =275 —2.66 —2.73 -2.25
1.5ml -0.97 —2.52 -2.29 -359 —2.00
2ml =111 -3.21 -1.59 —3.48 =173
Outer (W;) aqueous phase 50ml -1.24 —4.67 -3.74 —4.78 -3.32
volume 100 ml -1.67 -4.12 -3.16 -3.90 —2.43
150ml -1.02 —352 —-1.56 -357 -2.09
200ml 1.00 —3.88 -2.98 -3.97 -2.30

In this relationship, if the number of particles is constant inde-
pendent of the used polymer amount, the slope that represents the
relationship between the particle size and (M)!? will be straight.
But in our case it seems that the slope increases with the increas-
ing of polymer amount in the formulation, as illustrated in Fig. 4b.
Such increase in the slope exhibits that using more polymer amount
leads to increase the number of obtained particles in the forma-
tion. Such increase in the number and in the size of particles can
be attributed to the aggregation of unstable particles that can be
enhanced by increasing the solid content (polymer amount) and
also by low stabilizing efficiency of PVA.

3.1.4. Effects of stabilizer concentration

The addition of suitable stabilizer plays a key role in
liquid-liquid dispersion [42]. The concentration and type of stabi-
lizer affect the stability and formulation of emulsion. The stability
of emulsion is very important because during the evaporation of
solvent, the volume of emulsion can be decreases, which in turn
increase its viscosity. This may affect the final size of the droplet
and may results in the coalescence and aggregation of the droplets
during solvent evaporation [43].

The stabilizer stays at oilfwater interface during solvent evap-
oration. In recent times polyvinyl alcohol (PVA) is frequently used
as an emulsion stabilizer [44] and its concentration in the exter-
nal water phase is considered to be vital factor to influence the
size of microparticles [40]. Since PVA is a high molecular weight
polymer, the presence of PVA in the outermost water phase (W)
may increase the viscosity of the dispersion phase, resulting in an
increased difficulty to reduce the emulsion particles to smaller size
[4045].
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In this study, six samples were prepared with different concen-
tration of PVA in the outer aqueous phase (W), it was found that
by increasing PVA concentration (0.05%, 0.1%, and 0.2%) has led to
marked decrease in particle size and minimum size was achieved
at 0.2% PVA which was 8.4 pum (Fig. 5). By increasing further the
PVA concentration to 0.5%, 1% and 2% the particle size were slightly
increased with some variations, which was 10.6 p.m, 9.1 pm and
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Fig. 9. Zeta potential of PCL microparticles as a function of pH, at different condi-
tions.
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Fig. 10. (a) SEM image of PCL particles prepared by double emulsion like method. The scale bar represents 50 pm. (b) Particle size distribution diameter from Laser Diffraction

analysis.

10.6 pw.m, respectively. Additionally one sample was prepared with-
out PVA in outer aqueous phase (W) but in this case no particles
were formed and the emulsion was absolutely unstable. The results
obtained (Fig. 5) showed that 0.2% PVA was more appropriate in
achieving smaller size microparticles in this method.

3.1.5. Effect of inner aqueous phase volume

In this work, we used different volumes of internal aqueous
phase (W) including 1 ml, 1.2 ml, 1.5 ml and 2 ml of distilled water
to determine its effects on the final PCL particle prepared by double
emulsion. These volumes were emulsified in 25% solution of poly-
caprolactone in DCM. It was found that the volume of the internal
aqueous phase has no significant effect on the size of the final par-
ticle in double emulsion. By increasing the volume of inner phase
there was insignificant decrease in size of microparticles with some
variations (Fig. 6). Smallest particle size was achieved at 2 ml of

inner aqueous phase. The smaller particle size at high volume of
inner aqueous phase may be due to the factor that; the high poly-
mer amount solution coagulates faster during the second emulsion
and results in tighter structure due to chain entanglement [40]. So
at high volume ratio of inner aqueous phase (W), polymer may
form thin layer over water droplet and thus a low probability to
coagulation into large particle.

3.1.6. Effect of outer aqueous phase volume

Four samples were prepared with different volumes of outer
aqueous phase (Table 2) and its effect was evaluated on the final
PCL particles prepared by double emulsion. It was found that by
increasing the volume of outer aqueous phase (W,) the size of
the microparticles decreased slightly with some variations (Fig. 7).
Larger particles were obtained at 50 ml and smallest particles were
achieved at 100 ml volume of the outer aqueous phase in this study.

(b)

Fig. 11. (a) SEM image of PCL particles prepared by double emulsion like method. The scale bar represents 5 pum. (b) SEM image of PCL particles prepared by double emulsion

like method. The scale bar represents 10 pm.
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Fig. 12. (a) SEM image of PCL microparticles prepared using 3 g of PCL. (b) SEM image of PCL microparticles prepared using 1g of PCL.

This may be due to decrease in the viscosity of the emulsion at high
volume of outer phase, so there is efficient shearing force to reduce
the particle size.

3.1.7. Effect on particle size distribution

Particle size distribution for different recipes was investigated
using laser diffraction. Size distribution was found to be large and
ranging from 0.4 to 40 p.m revelling incontestably the polydisper-
sity of the prepared dispersions. But for low polymer amount (i.e.
1g) one single size distribution peak (0.4-20 um) was observed
(Fig. 8a). Whereas, above 1g of PCL tow peaks were obtained as
shown in Fig. 8b and c.

In case of PVA concentration, particle size distribution ranges
from (0.4 to 40 pm) irrespective of PVA amount with the presence
of two distributions as shown in (Fig. 8d and e).

3.2. Zeta potential

Actually, the value of zeta potential reflects the charge of parti-
cles surfaces and this value depends on three factors, the chemical
nature of the polymer, the surfactant, and medium pH values [22].

In this study, zeta potential was measured for all samples at
different pHi.e.pH 3,5, 7,9 and 11 (Table 3), and it was found that
there was no significant change in the values of zeta potential of all
samples (Fig. 9), which means that changing of PCL microparticles
preparation conditions such as changes in polymer concentration,
stabilizer amount, stirring time and speed, phase volume for 1stand
2nd emulsion have nosignificant effect on the zeta potential. In fact,
the zeta potential was found in between +1 and —4 mV which can
be considered in zero range reflecting the non charge character of
the particles as already reported in the literature [46]. This low zeta
potential can bi attributed to non-charge character of PCL.

Fig. 13. (a) SEM image of PCL microparticles prepared in 0.5% PVA concentration. (b) SEM image of PCL microparticles prepared in 2% PVA concentration.
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Fig. 14. (a)SEM image of PCL microparticles prepared under 4 min stirring. The scale bar represents 5 pum. (b) SEM image of PCL microparticles prepared under 6 min stirring.

3.3. Effects of different parameters on the morphology of the
particles

The morphology of the PCL microparticles prepared by dou-
ble emulsion technique was observed with help of Field Emission
Scanning Electron Microscope (S-800 SEM Hitachi, Japan). Fig. 10a
shows that the shape of the obtained microparticles can be assume
to be spherical with smooth surface and unimodel size distri-
bution Fig. 11(b). Compare to the results obtained from Laser
Diffraction Particle Size Analyzer, the particles measure with SEM
were slightly smaller this may be due to contraction induced
by drying during evaporation of solvent. SEM images (Fig. 11a)
show that some particle are observed to connected with each
other, which may be due to surface tension of water acting on

(@

microparticles during drying which is in accordance to the results
observed by Wu et al. [47]. These images show that all the par-
ticles are rounded shape. Some particles have pores on their
surface, which may be due to evaporation of solvent during dying
(Fig. 11b).

3.3.1. Polymer amount

The polymer amount is significant factor that affects the char-
acteristic of microparticles prepared by double emulsion method
[40].

In this work, we observed two samples prepared with polymer
amount of 1g and 3 g. From SEM images observations it was found
that, the particles obtained with 3g polymer (Fig. 12a) having

Fig. 15. (a) SEM image of PCL microparticles prepared under a stirring speed of 9500 rpm for the second emulsion. (b) SEM image of PCL microparticles prepared under a

stirring speed of 21,500 rpm for the second emulsion. The scale bar represents 5 pm.
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Fig. 16. (a) SEM image of PCL microparticles prepared with 50 ml of outer aqueous phase. The scale bar represents 2 jum. (b) SEM image of PCL microparticles prepared with

150 ml of outer aqueous phase. The scale bar represents 10 pum.

narrow size distribution and more regular shape as compare to
particles obtained from 1g polymer amount as shown in Fig. 12b.

3.3.2. The influence of PVA concentration in the external water
phase

The significant influence of the concentration of PVA in the
external water phase on the size of resultant particles is reported
in many studies [48-50]. In this study, two samples were prepared
with PVA concentration of 0.5% and 2% in the external water phase
and its influence on the particle morphology was studied using
SEM. From the SEM images it is evident that the particles prepared
with 0.5% PVA has shown good morphology with regular rounded
shape (Fig. 13a) as compare to particles prepared with 2% PVA,
which were clumped together as show in Fig. 13b. This clumping

may be due excessive PVA, which results in sticking of particles
during drying.

3.3.3. Theinfluence of time of agitation

The influence of agitation time for both first and second emul-
sion was studied. For 1st emulsion, particles were papered with
agitation time of 4 min and 6 min. From the SEM images, it was
found that agitation time of first emulsion has negligible effect on
the size and morphology of particles.

In second emulsion the particles was prepared with the same
agitation time i.e. 4min and 6 min. When the samples of second
emulsion were observed with SEM, it was found that the parti-
cles papered with 6 min agitation time has regular morphology
(Fig. 14b) on the other hand the particles with 4 min agitation
time have not well encapsulated the inner water phase and some

Fig. 17. (a) SEM image of PCL microparticles prepared using 1000 .l inner aqueous phase volume. The scale bar represents 10 m. (b) SEM image of PCL microparticles

prepared using 1500 pl inner aqueous phase volume. The scale bar represents 50 pm.
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particles have cup shape morphology as shown in Fig. 14a. The
homogeneity of particles size increased when the second emulsion
was agitated for long period of time, these results in accordance
with the results reported by Ayoub et al. [2].

3.3.4. The influence of stirring speed

The stirring speed is the vital parameter affecting the particle
size because it supplies the necessary energy to disperse the dis-
persed phase into continuous phase, some researchers reported
that, the second emulsion is preferred to prepare by avoiding sever
mixing because it may destroy the first emulsion Wy /O prepared in
the first step[34]. From SEM images, it was found that stirring speed
of first emulsion has no significant influence on the particle shape
and size. In case of second emulsion, SEM study established that the
microparticles prepared with 21,500 rpm have narrow size distri-
bution (Fig. 15b) as compare to particles prepared with 9500 rpm
(Fig. 15a).

3.3.5. Effect of outer water-phase volume

The volume of external water phase is an important factor that
plays vital role in determining the size, shape and size distribution
of resultant particles.

From SEM observation, it was found that the particles prepared
by using external water phase 50 ml, some particles obtained have
cup shape morphology as shown in Fig. 16a. On the other hand the
particles obtained with 150 ml external aqueous phase has regular
rounded shape and narrow size distribution (Fig. 16b).

3.3.6. Influence of inner water phase (W;) volume

The effect of this parameter was studied by comparing the SEM
photographs of two samples, in first one the internal aqueous phase
was1000 pl and in the second it was 1500 p.L

From the SEM images observation, it was found that the particle
obtained with 1000 .l internal aqueous phase have cracks on their
surfaces with spherical shape Fig. 17a, while the other particles
which are prepared by using 1500 p.l as internal aqueous phase
have rounded shape and good morphology.

4. Conclusion

Multiple emulsions are important systems; consisting of two
immiscible phases, this system is thermodynamically unstable so
suitable emulsifying agent is added in order to stabilize it.

In this study the conditions and parameters which influenc-
ing properties especially particle size and morphology of double
emulsionwere wellstudied. Microparticles were prepared by using
two-step emulsification solvent diffusion process. The effect of
different parameters such as Stirring time (of 1st and 2nd step),
stirring speed (of 1st and 2nd step), polymer amount, stabilizer
concentration, phase volume of aqueous passes (inner and outer)
on the partial size was investigated.

The main finding of this study was that:

There was no significant effect of stirring speed in double emul-
sion preparation during step first, but during step 2nd with an
increase in stirring speed the particle size of emulsion decreased
proportionally.

The time duration of stirring in first step of double emulsion has
no significant impact on particle size while during 2nd step longer
stirring time has led to smaller size particles.

The concentration of polycaprolactone (selected polymer for
encapsulating) has a significant influence on the particles size i.e.
particles size proportionately increased when the amount of PCL
were increased. In case of stabilizer concentration it was concluded

that at low concentration of PVA (stabilizer) smaller size particle
can be achieved than at higher concentration.

The relative volumes of aqueous phases are also an important fac-
tor in double emulsion particle size evaluation; from this study it
is established, that the phase volume of inner aqueous phase (W1 )
has no significant effect on the particle size of double emulsion
while on the other hand volume of outer aqueous phase (W;) has
a prominent effect on the final particle size.

From SEM images observation, it was found that the surface of
obtained microparticles can be assumed to be spherical with
smooth surface, having narrow size distribution. Compare to the
results from Laser Diffraction Particles Size Analyses, the particles
measure with SEM were slightly smaller in size this may be due to
contraction induced by drying during evaporation of solvent.

In this work we study the effects of different parameters affect-
ing the particle size of double emulsion, further evaluation study
have to be performed in order to determine suitable amount of
active ingredient such as proteins to be loaded in the inner aque-
ous phase (W) and also to study the release of active medicaments
from these microparticles.
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3.2. Encapsulation des acides nucléiques

La thérapie génique est une méthode prometteuse pour traiter un grand nombre de maladies
graves. Son application avec réussite chez I’homme est directement associée a la découverte de
systemes de transfert du gene d’intérét, efficacement et sans risque au noyau de la cellule ciblée.
Des systemes divers et variés sont proposés pour atteindre cet objectif ; au départ en utilisant des
virus, en passant par I’utilisation de systémes physiques, et pour arriver a encapsuler le géne par
I’utilisation de différentes techniques et vecteurs comme les liposomes, adsorption sur particules
cationiques, encapsulation dans des couches de polyméres etc... . Dans ce contexte, notre
laboratoire a développé un grand nombre de méthode d’encapsulations de molécules actives et
¢galement des biomolécules. Une des méthodes pour encapsuler I’ADN dans les nanoparticules
biodégradables est basée sur I’utilisation de la technique émulsion multiple et 1’évaporation de

solvant. Ceci permet d’assurer la protection et la délivrance du géne encapsulé.

Notre étude présente 1’application de la technique d’émulsion multiple et évaporation de solvant,
afin d’encapsuler ’ADN dans un matrice de polymére biodégradable. Le polycaprolactone
(PCL) est choisi pour encapsuler I’ADN grace a sa biocompatibilité et sa biodégradabilité. Le
(PCL) est dissous dans le dichlorométhane (DCM) comme solvant organique. Cette solution est
la phase huileuse de la premic¢re émulsion (E/H). Alors que la phase aqueuse de cette méme
émulsion est une solution d’ADN a concentration donnée. Pour la préparation de cette émulsion,
la phase aqueuse est ajoutée a la phase huileuse sous agitation forte favoriser la fragmentation
des gouttes aqueuses dans la solution de polymeére et par conséquent la formation de la premicre
émulsion eau dans huile (E/H). Cette émulsion (E/H) est ajoutée a une solution d’alcool
polyvinylique (PVA) dans I’eau distillée sous agitation contrélée pour avoir une émulsion double
eau dans huile dans eau (E/H/E). La derniére étape est 1’élimination du DCM par évaporation au
rotavapor. L’ADN hydrophile est localis¢ dans les cavités hydrophiles dispersées dans la
matrice polymere. Cette étude d’encapsulation est complétée en caractérisant les dispersions
finales en terme de taille, la distribution de taille, morphologie, stabilité colloidale et propriétés
¢lectrocinétiques. La taille hydrodynamique est de 1’ordre de 260 nm et une distribution en taille
relativement étroite. Le potentiel z€ta des particules ¢tudié¢ en fonction du pH montre que les
particules sont faiblement chargées et négativement. La morphologie des particules examinée par

microscopie électronique a transmission montre que les particules obtenues ont une forme
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sphérique et homogénique. Finalement, I’efficacité d’encapsulation de I’ADN est quantifiée par
spectrophotometre UV , la quantité encapsulée étant de I’ordre de 95%.

En conclusion, la technique d’émulsion multiple et 1’évaporation de solvant a été¢ étudiée et
appliquée pour encapsuler I’ADN afin d’étre utilisée efficacement en thérapie génique. On a
trouvé qu’il est possible d’encapsuler I’ADN dans un réservoir polymere stable. Par conséquent,
la technique d’émulsion multiple et I’évaporation de solvant peut €tre prometteuse comme

méthode pour encapsuler I’ADN pour les applications in vivo.

105



Copyright © 2014 American Scientific Publishers
All rights reserved
Printed in the United States of America

Journal of
Colloid Science and Biotechnology
Vol. 2, 1-6, 2014

DNA Encapsulation via Double Emulsion Like Process

D. Ibraheem, H. Fessi*, and A. Elaissari

University of Lyon, F-69622, Lyon, France; University Lyon-1, Villeurbanne; CNRS, UMR 5007,
LAGEP- CPE; 43 bd 11 Novembre 1918, F-69622 Villeurbanne, France

Gene therapy is one of the advanced methods used for treatment of incurable diseases such as
cancer, acquired immunodeficiency syndrome, cardiovascular and infectious diseases. However,
the efficiency of gene therapy is directly related to the access of nucleic acid (DNA) to the nucleus
avoiding its degradation via enzymatic effect. So, the challenge is the access of non-degradable
gene into the target cell-nucleus. This goal can be achieved by encapsulating the selected gene
in a polymer matrix in order to be protected from degradation. Accordingly, this work aims to
encapsulate DNA model in the biodegradable polycaprolactone (PCL) particles using water in oil in
water (W/O/W) double emulsion evaporation technique. Via this method, DNA solution was mixed
with dichloromethane (DCM) solution containing PCL in order to obtain the first water in oil emul-
sion (W,/0O). Then, the obtained W,/O emulsion was dispersed in the aqueous phase containing
poly(vinyl alcohol) (PVA) as a stabilizing agent in order to obtain the final water in oil in water
emulsion (W,/O/W,) after DCM evaporation. In this study a special attention was dedicated to
study the effect of DNA concentration on the colloidal properties of the final particles, including
hydrodynamic particles size, size distribution, and zeta potential, in addition to its encapsulation
efficiency by the biodegradable PCL particles. The obtained results proved that the w/o/w double
emulsion—evaporation technique is highly efficient for encapsulation of DNA in submicron (260 nm)

PCL colloidal particles with high encapsulation efficiency.

Keywords: Encapsulation,  DNA,
Emulsion—Evaporation.

1. INTRODUCTION

Over the past two decades, gene therapy has attracted
the attention of scientists as a promising approach that
can be employed effectively to cure a wide range of
serious heritable and non heritable diseases such as can-
cer, acquired immunodeficiency syndrome, cardiovascular
and infectious diseases.! Unlike the traditional treatment,
gene therapy works at the malfunction sources instead of
addressing the malfunction results. This can be achieved
by inserting a functional gene,” which plays the role of
active molecule, into the targeted cell in order to treat
the disease or to repair a dysfunction caused by a genetic
defect.

Theoretically, gene therapy is considered as a simple
therapeutic method and depends on replacing the faulty
gene with a healthy one that will express the required
protein.® Practically, it is a complex process due to sev-
eral obstacles which have to be overcome by transgene
to achieve the targeted nucleus of the human cell where
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it should give its proper expression* Accordingly, the
efficiency of gene therapy is directly related to the access
of nucleic acid (DNA) to the nucleus avoiding its degra-
dation by enzymatic effect.>® DNA is a hydrophilic neg-
atively charged biomacromolecule and it is threatened to
degradation by nucleases enzymes.®’ So the exiting chal-
lenge in gene therapy approach is the access of non-
degradable gene into the target cell-nucleus.®

For a long time, virus based carriers were worthily
employed in order to avoid DNA degradation by the
enzymes located in the biological medium, and to carry
DNA molecule to the target cell nucleus passing through
the cell membrane. Such virus based carriers approaeh of
nucleic acid transportation is called viral vectors.” How-
ever, the drastic reduction in immunological response,
which may be raised by these viruses when used in vivo
therapy, in addition to the high cost for preparation of
such carriers have restricted their use.!® This consequently
stimulated scientists to develop new methods leading to
more efficient and safe therapy, and can be easily used on
the industrial scale with low cost, as compared with viral
vectors.®
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In this regards, another interesting approach (non-viral
vectors) based on the electrostatic interaction of the neg-
atively charged DNA and positively charged well selected
polymers (polyplex)** or lipid (lipoplex)*? has been inves-
tigated and used in gene therapy. Hewever, this more safe
approach can be used as a promising alternative for viral
vectors, but with less efficiency. In order to enhance the
efficacy of non-viral vectors, DNA-encapsulation appeared
to be of great interest, which may be performed via var-
ious processes such as water-in-oil emulsion, liposomes,
or polyelectrolyte capsules.® Among the emulsification
techniques, double emulsion evaporation method (DEE)
is considered as one of the most interesting approaches
for encapsulating nucleic acids, leading to fabrication of
biodegradable polymer nanoparticles containing DNA. In
addition, DEE method is more suitable for encapsulating
both hydrophobic or hydrophilic drugs in submicron and
micro-particles.*

As can be deduced from its name, double emulsion pro-
cess consists in the emulsification of two emulsions; the
first emulsion plays the role of the internal phase, which
contains the active hydrophilic molecules or biomolecules
(e.g., protein)* or drug, while the continuous phase of the
second emulsion contains the final external phase contain-
ing the stabilizing agent.’® Generally, there are two types
of double emulsion; water-in-oil-in water (w/o/w) and oil-
in-water-in-oil (o/w/0).1®

Although the hydrodynamic size of the resulting par-
ticles using such method is micrometric, nanoparticles
have been also obtained after optimization of the operating
conditions'’- ** by using high speed shear mixers e.g., ultra-
turrax or by using ultra-sonication technique. Additional
factors can affect significantly the hydrodynamic particles
size, including time of stirring, stirring speed and concen-
tration of the stabilizing surfactant.

Different methods have been explored to ensure DNA
encapsulation. Double emulsion like process has been
described as one of the most appropriate method leading to
encapsulation of hydrophilic drugs and proteins.*?° Dou-
ble emulsion-solvent evaporation using polycaprolactone
(PCL) was generally selected leading to biodegradable
polymer matrix, which is highly favourable for therapeutic
applications.?!-??

Then, this work aims to prepare polycaprolactone (PCL)
nanoparticles loaded with DNA in order to be used
in therapeutic purposes; especially in gene therapy. The
encapsulation process was carried out using double emul-
sion evaporation method, which is proved to be the most
appropriate method to encapsulate hydrophilic molecules
such as DNA and proteins within micro or nanoparticles as
reported by various authors.'-2*> The most characteristic
features of the obtained particles were investigated includ-
ing size and size-distribution, morphology, and zeta poten-
tial as a function of pH of the final dispersion medium.
In addition, the encapsulation efficiency of DNA was also
estimated via depletion method.

2

2. MATERIALS AND METHODS

2.1. Materials

Polycaprolactone (PCL) (Mw = 14.000 g/mol), polyvinyl
alcohol (PVA) (Mw = 31.000 g/mol), dichloromethane
(DCM) and NaCl were purchased from Sigma-Aldrich,
Germany and were used as received. Sheared Salmon
sperm DNA (Amboion 1 ml of 10 mg DNA/mI) was from
Invitrogen, U.S.A. Water of Milli-Q grade was used in all
experiments.

2.2. Methods

2.2.1. Preparation of Nanoparticles

A series of DNA containing polycaprolactone (PCL)
nanocapsules were prepared using double emulsion—
evaporation method (DEE) at different DNA concentra-
tions. This approach is usually performed in two stages;
the first one is the preparation of the first emulsion (W,/0),
which will be the internal phase in the final emulsion. The
second stage is the preparation of (W,/O)/W, emulsion by
mixing the first (W,/O) emulsion with water phase con-
taining the suitable stabilizing agent (in this case, PVA was
used).

At first, PCL polymer was dissolved in dichloromethane
(DCM).?* The total volume of the first water phase con-
taining DNA of the first emulsion was fixed at 1.5 ml.
Then, DNA solution (at a given concentration) was added
to the organic (12 ml DCM) phase containing 3 g of poly-
mer (PCL), followed by high shear mixing by using ultra-
turrax at a speed of 17500 rpm during 15 minutes forming
the first W,/O emulsion.

The prepared W,/O emulsion was then mixed—with
150 ml of 0.5 wt% PVA aqueous solution using the ultra-
turax at 21500 rpm shearing speed during 15 minutes in
order to obtain the final W,/O/W, double emulsion. The
DCM organic solvent was evaporated from W ,/O/W,, dou-
ble emulsion under reduced pressure to obtain the final sta-
ble dispersion of PCL-encapsulated DNA stabilized with
PVA polymer.

Here, it is worthy to mention that all double emul-
sion preparation parameters in this research were chosen
according to previously done experimental works. 322526
These optimized parameters include the concentration of
PCL and PVA, the stirring speed and time used for prepar-
ing each phase of the double emulsion. According to
these research attempts, the best hydrophilic drug-loaded
nanoparticles are obtained via double emulsion prepared
at these parameters.

A schematic illustration for preparation of DNA encap-
sulated with PCL polymer particles using double emulsion
evaporation process is shown in Figure 1.

2.3. Characterization

2.3.1. Particle Size and Size Distribution Measurements
The average hydrodynamic size (D)) of the prepared DNA
containing PCL-particles was measured via dynamic light
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Fig. 1. Double emulsion-evaporation method for encapsulation of DNA.
scattering technique in 10~ M NaCl solution at 25 °C
using Zetasizer NanoZS2000 (Malvern instrument). Each
recorded value was the average of 30 measurements.

2.3.2. Transmission Electron Microscopy (TEM)

The morphology and microstructure of the PCL-
encapsulated DNA colloidal particles were investigated by
transmission electron microscopy using Phillips CM120
microscope, CMEABG, University of Claude Bernard
Lyon I. Briefly, a drop of water-diluted sample was
deposited onto a carbon-coated copper grid and then it
was left to dry at room temperature overnight before TEM
imaging.

2.3.3. Zeta Potential Measurements

Zeta potential of the prepared colloidal particles was mea-
sured using Malvern Zetasizer (NanoZS2000) instrument.
The particles (after solvent evaporation) were first diluted
in 1 mM NaCl solution, and then the electrophoretic
mobility was measured at 25 °C. The measured elec-
trophoretic mobility was then converted to zeta potential
({) using Smoluchowski equation { = u/en,” where 5
and ¢ are the viscosity and the dielectric constant of the
dispersion medium, respectively. The reported zeta poten-
tial values are the average of five measurements.

2.3.4. DNA Encapsulation Efficiency M ements
The encapsulation efficiency of DNA in the resulting
nanoparticles was calculated using the depletion method.
In this method, the concentration of free DNA (non-
encapsulated) in the final aqueous phase of the dispersion
was determined. The supernatant was collected and the
amount of DNA was measured using UV spectrophotome-
ter at 260 nm wavelength.

J. Colfoid Sci. Biotechndl. 2, 1-6, 2014

3. RESULTS AND DISCUSSION

The formulation used in this study was first examined and
then optimized via systematic study by investigating all
external parameters, chemical composition of the recipe
and also the nature and the concentration of the used sta-
bilizing agent in the aqueous phase.

3.1. Particle Size and Size Distribution Measurements
As previously mentioned, a series of PCL particles
encapsulated DNA were prepared via double emulsion—
evaporation technique and using various DNA concentra-
tions ranging from 1.33 to 3.33 mg/ml. The size of the
obtained PCL-DNA particles was found to be submicron
and ranging from 250 to 270 nm irrespective of DNA con-
centration in the formulation recipe as shown in Table I.
In addition, the prepared PCL-DNA particles exhibited
narrow size distribution, as shown in Figure 2.

Here, it is interesting to notice that the particle size and
size distribution are almost the same before and after sol-
vent evaporation and the effect of DNA amount can be
considered as negligible which explains the robustness of
such optimized process. As expect, since the volume of
the internal water phase wasn’t changed, the final particles
sizes are then not affect.

Table I.  Particle size of PCL-encapsulated DNA particles as a function
of DNA concentration.

DNA concentration (mg/ml) Hydrodynamic particle size (nm)

0.00 265
133 273
233 260
2.66 253
3133 258
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Fig. 2. Size distribution of PCL-encapsulated DNA colloidal par-
ticles at different DNA concentrations; (a) DNA free particles,
(b) 1.33 mg/ml DNA, (c) 2.33 mg/ml DNA, (d) 2.66 mg/ml DNA,
(e) 3.33 mg/ml DNA.
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Fig. 3. TEM micrographs of PCL-encapsulated DNA colloidal particles
at different DNA concentrations; (a) DNA free particles, (b) 1.33 mg/ml
DNA, (c) 2.33 mg/ml DNA, (d) 2.66 mg/ml DNA, (e) 3.33 mg/ml DNA.

3.2. Transmission Electron Microscopy Analysis

The morphology of the prepared particles was examined
using transmission electron microscopy (TEM). The first
analysis shows the spherical shape of the obtained particles
and also the slight polydispersity of all dispersions irrespec-
tive of DNA concentration as shown in Figure 3. Secondly,
the location of DNA can’t be evidenced from these images
and this can be attributed to the low contrast difference
between the used polymer and the DNA location part.

3.3. Zeta Potential Measurements

Since the access to surface charge density of such
biodegradable system is impossible, the surface charge
density was deduced from the measured zeta potential.
Zeta potential ({) measurements were carried out in order
to study the effect of pH and DNA encapsulated amount
on the surface charge of the formed particles. As shown
in Figure 4, the zeta potential of DNA free particles was
found to be negative irrespective of pH of the dispersion
medium. This can be attributed to the presence of car-
boxylic groups at the end of PCL chains.
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Fig. 4. Zeta potential of PCL-encapsulated DNA colloidal particles as a
function of pH at different DNA concentrations; (#) DNA free particles,
(W) 133 mg/ml DNA, (4) 2.33 mg/ml DNA, (x) 2.66 mg/ml DNA,
(%) 333 mg/ml DNA.

Regarding the PCL particles containing encapsulated
DNA, the determined zeta potential was found to be both
pH and DNA concentration independent. In addition, the
zeta potential profiles for DNA free and DNA contain-
ing PCL particles are the same irrespective of pH. Such
behaviour can be attributed to the encapsulation of DNA
rather than adsorption on the particles surface. In fact, if
the DNA was only adsorbed on the PCL particles, the zeta
potential should be higher than for DNA free particles.
For more comparison, the surface charge density of parti-
cles dispersion was directly estimated from the measured
electrophoretic mobility and calculated using the following
approximated equation valid for low surface charge density
related to both Helmholtz’s and Smoluchoswki’s formula:?’

o
p=e M

‘Where, p is the electrophoretic mobility, o is the sur-
face charge density, 7 is the viscosity and « is the Debye
length. The deduced surface charge densities are reported
in Table II.

As clearly seen in Table II, DNA free and DNA contain-
ing PCL colloidal particles exhibit low negative zeta poten-
tial and consequently low surface charge density in the
investigated pH range and conditions. In fact, the estimated
average surface charge density was found to be in between
0.2 to 1.5 uC/em?.

It’s interesting to notice that the zeta potential of all par-
ticles slightly decreases by increasing pH of the aqueous

Table III. Encapsulation efficiency of DNA as a function of DNA
concentration.

Initial DNA Initial DNA

concentration concentration Encapsulated Encapsulation
in aqueous in PCL DNA efficiency
phase (mg/ml) (mg/g of PCL) (mg/g PCL) (%)
1.33 0.66 0.5983 9534
233 1.16 1.1075 9777
2.66 1.50 1.4553 9831
3.33 1.66 1.5764 4733

medium. This can be attributed to the negative surface
charge density enhancement arising from the possible
hydrolysis of the PCL polymer as recently discussed by
Mora-Huertas et al.?®

3.4. Encapsulation Efficiency of DNA

The encapsulation efficiency of DNA in the PCL particles
was quantified using depletion-based method. The concen-
tration of free DNA (non-encapsulated) in the centrifuged
supernatant was first determined using UV at 260 nm
wavelength. The concentration of encapsulated DNA is
determined by calculating the difference between the ini-
tial concentration and the residual DNA in the supernatant.
The concentration of initial and encapsulated DNA was
expressed in mg per gram of PCL polymer used in the
recipe, as reported in Table IIL.

As can be deduced from the encapsulation efficiency, the
maximum encapsulation amount was found to be directly
related to the initial DNA amount used in the internal
aqueous phase. In fact, until 1.5 mg DNA/g PCL polymer,
the encapsulated amount can be considered as constant
and the encapsulation efficiency is above 90%. This can
be attributed to high hydrophilic character of DNA which
majority found in the first emulsion (i.e., nanodroplets sur-
rounded by DCM and polymer. Then, the probability to
reach the external aqueous phase during the shearing pro-
cess is low and consequently, the total DNA amount was
found to be encapsulated in polymer matrix, which leads
to good encapsulation efficiency.

In comparison to what has been reported in the litera-
ture using biodegradable polymers, the encapsulated DNA
amount is mainly related to the nature of the used poly-
mers and encapsulation process. In fact, the encapsulated
DNA amount was found to be in between 0.6 to 1.5 mg/g

Table II.  Zeta potential (mV)/surface charge density (#C/em?) of PCL-DNA colloidal particles as a function of pH at different DNA concentrations.

Zeta potential (mV)/o (pClem?) at different pH values

DNA concentration (mg/ml) 35 6.3 7.0 83 10

0 —14/-0.31 —4.7/—1.04 —6.3/—136 —5.4/—1.20 —4.4/—096
1.33 —14/-0.31 —3.6/—0.80 —42/-088 —4.4/—0.96 —5.6/—120
2.33 —12/-026 —4.6/—0.96 —51/-1.12 —4.8/—1.04 —7.0/—152
2.66 —0.6/—-0.12 —4.3/—0.96 —4.8/—1.04 —57/—-1.20 —64/—136
3.33 —1.1/-024 —5.5/—1.20 —6.0/—128 —6.3/—1.36 —6.8/—144
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of poly(d,l-lactic-co-glycolic acid) based microspheres’
and 5 mg/g in the case of PLA-PEG prepared via
water in oil in water emulsion evaporation process.”” The
use of organic phase self-emulsification DNA encapsu-
lated amount in poly (D,L-lactic-co-glycolic acid) (PLGA)
microspheres was found to be around 3.3 mg/g.3® The
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4. CONCLUSIONS

The encapsulation of active molecules is the best method
to protect and to deliver in proper way in well-targeted in-
vivo-site. Various approaches have been used to encapsu-
late such attractive molecules starting from chemistry base
process to capsules formulation using preformed polymers.
In case of the encapsulation of biomolecules, the use of
chemistry-based process was not well appropriate since
it may induce chemical modification and denaturation of
biomolecules principally in the case of proteins. Conse-
quently, the encapsulation of biomacromolecules is mainly
performed using a preformed polymer and non-denaturing
solvents and conditions.

Submicron PCL-particles are prepared using double
emulsion followed by solvent evaporation under optimized
conditions. The second emulsification step was found to be
the key parameter leading to final particles control. Unfor-
tunately, the high polydispersity of the prepared systems
cannot be controlled or solved using such process, which
needs special attention in the near future.

Regarding the DNA encapsulation, the optimized for-
mulation and conditions are used in order to examine the
effect of DNA concentration. As expected, the average par-
ticles size was found to be constant irrespective of DNA
concentration. This can be attributed to marginal effect of
chemical composition of the internal aqueous phase (at a
constant volume). In addition, the determined zeta poten-
tial versus pH was also found to be constant irrespective
of DNA concentration. In fact, the negative zeta potential
profiles were found to be the same and DNA concentra-
tion independent. Regarding the surface charge densities,
the deduced values are low to maintain good colloidal sta-
bility, which need the use of stabilizing agent. As a conse-
quence, the encapsulation of DNA using double emulsion
solvent evaporation method could be a promising alter-
native to the conventional methods, which are chemistry-
based approaches such as polymerization and polyplex
assembly for gene therapy applications.
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3.3. Encapsulations des protiénes

Dans cette ¢tude, le procédé double émulsion évaporation de solvant a été utilisé pour encapsuler
la protéine d'albumine humaine (HSA, utilisée comme modele) a l'intérieur des particules de
polycaprolactone. L’utilisation de ce polymere biodégradable est dans 1’objectif d’une
application immunothérapeutique in vivo. Comme préalablement décrit plus haut, le procéde
d'encapsulation utilis¢é dans le cadre de cette étude est basé sur I’utilisation d’une solution
organique de polycaprolactone dans le dichlorométhane (DCM) et une solution aqueuse d’alcool
polyvinylique (PVA) comme stabilisant. Les particules de polycaprolactone élaborées contenant
de I’albumine encapsulée ont été caractérisées en déterminant la taille, la distribution de taille, la
stabilité colloidale (en examinant judicieusement le potentiel zéta des particules en fonction du
pH), et la morphologie des particules. Les résultats obtenus ont montré que les particules de
polycaprolactone chargées en albumine humaine sont de taille submicronique (avec une taille
moyenne proche de 340 nm) et une distribution de taille large montrant la polydispersité des
particules. Les particules élaborées sont bien sphériques avec une surface relativement lisse et
présentent une bonne stabilité colloidale en présence de 1’agent stabilisant le PVA. Mais ces
particules présentent une trés faible densité de charge négative a la surface comme mesurée par
le potentiel zéta trouvé compris entre 0 et -5 mV. En ce qui concerne [’efficacité
d’encapsulation de la protéine modele (HSA), un pourcentage élevé (jusqu'a 95 %) de la protéine
utilisée a été encapsulée a l'intérieur des particules de polycaprolactone, comme analysé par

microscopie confocale et évalué par le dosage de Bradford spécifique aux protéines.
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Abstract
In this research, double emulsion-solvent evaporation method (DEE) was used to

encapsulate the human albumin protein within the biodegradable polycaprolactone (PCL)
polymer in order to be used in drug delivery applications. The encapsulation process was carried
out with the aid of dichloromethane (DCM) as the organic solvent and polyvinyl alcohol (PVA)
as colloidal stabilizer. The obtained human albumin—loaded polycaprolactone particles were
characterized in terms of their size, size distribution, colloidal stability (using zeta potential
measurements), and particles morphology. The obtained results showed that the human albumin—
loaded polycaprolactone particles are submicron in size (= 340 nm) with broad size distribution.
In addition, they have core-shell structure with spherical morphology, and have good colloidal
stability in presence of PVA stabilizer but with low negative surface charge density. More
interestingly, a high percentage (up to 95%) of the used human albumin protein was
encapsulated within PCL particles, as evidenced by the confocal microscopic images and
Bradford assay of the prepared particles.

Key words: Encapsulation, Human albumin protein, Polycaprolactone, Double emulsion/solvent

evaporation, Therapeutic applications.
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1. Introduction:

In the last decades, biotechnologists have focused on the encapsulation of drugs because
it offers many advantages such as protecting the drug against degradation, facilitating its
intracellular penetration, increasing the accuracy of drug delivery to the infected site, and

1

controlling the rate of drug release '. This consequently leads to achievement of maximal

therapeutic action with minimal side effects 2

. In addition, this technology is becoming
increasingly important especially when the drug is hydrophilic and fragile like protein.
Nowadays, the use of protein and its derivatives for preventing and/or treating the diseases has
received a great interest >* In fact, the understanding and knowledge of the chemical
composition and structure of proteins will lead to development in the treatment of many
incurable diseases, which in turn enhances the progress in the field of biotechnology *>67.
Unfortunately, many obstacles are still limiting the in vivo using of protein such as its instability
7, inability to achieve its intracellular target 8 and its short half-life in the blood circulation
3:9.10.11 Tn this regard, scientists have concentrated their efforts to resolve these problems.

The incorporation or encapsulation of protein drug inside a biodegradable polymeric
particle is one of the preferable techniques that are used for protecting, localizing and controlling

the release of therapeutic protein >!10:1213.14,

Various technologies have been used for
encapsulating protein such as emulsion/solvent evaporation or extraction, coacervation, and
spray-drying '>. Among these techniques, the water-in-oil-in-water (w/o/w) emulsion/ solvent
extraction technique is considered one of the most suitable methods for proteins encapsulation
within biodegradable polymeric particles '!7-!®, Many biodegradable polymers like poly(DL-
lactide-co-glycolide)(PLGA) 92921 polylactic acid or polylactide (PLA) 202>23 and poly-
caprolactone (PCL)?%?425 have been used to encapsulate several types of proteins. Actually, the
nature of selected polymer ensures the achievement of good protein release profile °.

In this work, PCL is chosen to encapsulate human albumin protein via double emulsion-
solvent evaporation technique. The characteristics of the prepared particles have been attentively
studied, including size, size distribution, zeta potential, and morphology. In addition, the
encapsulation efficiency of human protein was also investigated by Bradford's assay, which is
now the typical method used for estimation of proteins quantitatively. Furthermore, scanning

electron microscopy was used to observe the structure and morphology of the protein-loaded
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particles. The protein distribution within the prepared particles was also investigated by using
confocal laser scanning microscopy.

2. Materials and methods
2.1. Materials
Polycaprolactone (PCL) (Mw = 14.000 g/mol), polyvinyl alcohol (PVA) (Mw = 31.000

g/mol), dichloromethane (DCM), Bradford's Reagent, NaCl, Human Albumin (HA) and Human
serum albumin- Fluorescein isothiocyanate conjugate (FITC-HSA) (60 kDa) were purchased
from Sigma-Aldrich, Germany and used as such. Deionized water of Milli-Q grade was used in

all experiments.

2.2. Methods
2.2.1. Preparation of particles
The human albumin protein (HA)-loaded polycaprolactone (PCL) nanoparticles were

prepared according to a modified w/o/w double emulsion/ solvent evaporation like method. This
technique is considered one of the most suitable techniques for encapsulating hydrophilic fragile
materials such as proteins >2°, By using this method, five samples of w/o/w emulsion containing
HA were prepared as follow: Protein solution was first emulsified in DCM solution containing
PCL polymer. The obtained w/o emulsion was then introduced in water solution containing PVA
as the stabilizing agent in order to perform w/o/w emulsion, as schematically described in Figure
1. In this study, the concentration of albumin was varied in order to investigate the limitation of
such process. After solvent evaporation, the final dispersions were characterized by examining
the average particles size, size distribution, morphology and the proteins distribution in the PCL

polymer matrix.
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Figure 1. Schematic illustration of protein encapsulation using double emulsion/solvent
evaporation like technique.

3. Characterization
3.1. Particle size analysis
Hydrodynamic particle size and size distribution of the prepared dispersions were

determined and examined using Zetasizer 3000 HSA (Malvern Instruments, UK). Each prepared
sample was highly diluted with ImM NaCl solution, and then the size was analyzed by
performing at least five measurements for each sample.
3.2. Scanning electron microscopy

The morphology and the surface texture of nanoparticles were observed by scanning
electron microscopy (SEM) (FEG Hitachi S 800). The fabricated nanoparticles were mounted
onto metal stubs using double-sided adhesive tape. After being vacuum-coated with a thin layer
of gold (100-150 A°), the obtained particles were examined by SEM at 15 kV or 10 kV.

3.3. Confocal laser scanning microscopy

116



The distribution of the albumin inside the samples was examined by using the confocal
laser scanning microscopy (Leica Microsystems TCS SP2/Germany). Two samples of albumin
fluorescent-loaded PCL particles are prepared via double emulsion solvent evaporation method.
Thanks to the presence of FITC-HSA in the prepared particles. One drop of each sample was
spread on a cover slip. Then, the fluorescein-labeled particles were excited by a 488 nm argon

laser.

3.4. Zeta potential

Colloidal stability is a critical factor for using the encapsulated protein particles in vivo
therapeutic applications. Colloidal stability of the prepared Albumin-loded PCL particles was
investigated in term of zeta potential (i.e. surface charge density) measurement as a function of
pH of the dispersion medium. Zeta potential of the prepared particles, which deduced from their
electrophoretic mobility, was estimated at different pH values (3, 5, 7, 9, and 11). Measurements
were carried out at 25 °C using Zetasizer Nano series (Malvern Instruments, UK) after diluting

samples in 1mM NaCl solution.

3.5. Encapsulation efficiency

The protein encapsulation efficiency using such double emulsion like process was
evaluated by examining the amount of free soluble protein in the supernatant after particles
removal by centrifugation. The protein concentration was determined using Bradford's reagent,
which is highly specific to protein. At first, a calibration standard curve was drawn depending on
the UV absorbance of Bradford-protein complex solutions at different protein concentrations, as
shown in Figure 2. Then, the concentration of non-encapsulated albumin was determined as
follow: Five different samples of the emulsion (at different albumin concentrations) were
centrifuged and the supernatant was collected and diluted two times in Milli-Q deionized water.
Finally, 3 ml of Bradford solution and 0.1ml of diluted protein solution sample were mixed in
UV cell. The absorbance of each sample was measured at 595 nm and the protein concentration
was deduced from the calibration curve. Then, the encapsulation efficiency was determined from

the initial and the residual protein concentrations.
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Figure 2. Standard calibration curve shows the UV absorbance as a function of protein
concentration (mg/ml) in the water phase.

4. Results and discussion

A modified water-in-oil-in-water (w/o/w) double-emulsion solvent/evaporation method
was used to prepare protein-loaded polycaprolactone particles. In fact, this process is suitable
method compared to authors due to the possibility of encapsulating both hydrophilic and
hydrophobic molecules ?’. However, the encapsulation of biomacromolecules was not widely
investigated. To target such objective, various biodegradable and biocompatible polymers such
as poly(lactide) (PLA) 2® and poly(lactide-co-glycolide) (PLGA) 2°303132 have been used to
formulate and to prepare biodegradable polymer based colloidal particles containing protein for
in vivo therapeutic applications. In spite of the advantages offered by these polymers, they suffer
from one major drawback, which represented in the strong acidic environment (pH 2-3) created
during their degradation, causing denaturation of the encapsulated protein 3% 34, In order to avoid
this problem, PCL was chosen to encapsulate proteins. In addition, PCL offers other various
advantages suitable for controlling drug delivery ?® such as; slow degradation, long term drug
release and high intercellular permeability.

In this study, dichloromethane (DCM) was selected as good solvent of PCL and also due
to its favorable physicochemical characteristics such as rapid evaporation, appreciable
immiscibility with water 3°. Experimentally, the first emulsion was prepared by adding the
protein solution to PCL/DCM solution and the mixture was then homogenized during 15 minutes
at a speed 17500 rpm. As it is mentioned in the literatures, it is important to use surfactant or
stabilizer to prepare stable particles or dispersions 33738 In this work, PVA (0.5 % wt/v in
water) was used as stabilizer during the preparation of the second dispersion. This second
dispersion was achieved by pouring the first emulsion (w/0) into 150 ml of PVA/water solution

and then homogenized at 21500 rpm for 15 min. Here, it is worth to mention that the preparation
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conditions were chosen according to previously done studies *°. After eliminating the organic
solvent (DCM) via evaporation at 30°C under reduced pressure, a water dispersible protein-

loaded colloidal particles were obtained.

4.1. Particles size and size distribution

Size of colloidal particles is an important and critical parameter in the biomedical
applications, especially in drug delivery domain %> 4!, The nano or submicron particles exhibit
many benefits such as longer half-life as compared with the larger ones 4>*# better ability to

cross epithelial cell membranes due to their small size 4°, more targeting and controlled drug

46,47 41,43

release which ensure more efficacy with minimal side effects and larger reactive area

These advantages have more importance when biomolecules, like proteins and nucleic acids, are
the encapsulated materials 343,

In this work, human albumin-loaded polycaprolactone particles were prepared. The
average hydrodynamic size of the prepared particles was investigated. The obtained results are
shown in Figure 3 in which the particles size was found to be constant, irrespective of the protein
amount used in the formulation recipe. This can be attributed to the constant internal water
volume (1.5 ml) used in the formulation of the first emulsion.

In addition, it is clear that the albumin—loaded PCL particles are submicron in size and
the average diameter of the particles lies between 320 and 350 nm. Regarding these results, it

could be observed that there is no significant change in the size of the prepared colloidal

particles whatever the concentration of Human Albumin.
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Figure 3. Particle size of human albumin-loaded polycaprolactone colloidal particles as a
function of albumin protein concentration.

Regarding size distribution of the prepared particles, which reflects the polydispersity of

the dispersion, it was examined and as expected, it was found to be broad, reveling the high
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polydispersity of the prepared particles. The results of size distribution measurements are
illustrated in Figure 4 for two samples; (a) proteins free and (b) protein-loaded PCL particles
which prepared using 3.33 mg/ml of proteins. In fact, the standard deviation calculated from
monomodal analysis was found to be in between 30 to 50%. This result is in agreement with
those reported in the literature showing comparable broad size distribution of the particles

prepared via double emulsion solvent evaporation process for particles above 2 um size 2% 2>4.
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Figure 4. Size distribution for (a) protein-free PCL particles and for (b) protein containing PCL
particles prepared using 3.33 mg/ml.

4.2. Zeta potential

Zeta-potential of particles is an important factor in colloidal science. Zeta Potential
deduced from electrophoretic mobility value reflects the surface charge density and
consequently, the colloidal stability domain of a given dispersion *°. In fact, the zeta potential for
low charged particles can be assumed proportional to the surface charge density when
considering hard and smooth spherical particles *'~32. In this work, zeta potential was investigated
as a function of pH at fixed salinity and temperature. The determined zeta potential values show
that there is no significant effect of pH on the surface charge of performed polycaprolactone
particles with or without albumin (Figure 5). The low zeta potential values of the prepared
particles can be attributed to the low surface charge of polycaprolactone (i.e. few end-carboxylic
groups per PCL chain from partial hydrolysis) and also to the screening effect of PVA colloidal
stabilizer. As generally observed for charged particles, the use of non-charged stabilizer leads to

the surface charge screening effect and to the shift in the slipping plan position, which induce
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decreases in the absolute value of the measured zeta potential. Then, the observed low zeta
potential can be attributed to the combination of both effects: low hydrolysis of polycaprolactone

and shift of the sleeping plan position far from the particles surface.
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Figure 5. Zeta potential of PCL-encapsulated HA colloidal particles as a function of pH of
dispersion medium; (4) HA free PCL particles, (l) 1.33 mg/Im HA, (&) 2.33 mg/ml HA, (X)
3 mg/ml HA, (%) 3.33 mg/ml HA.
4.3. Encapsulation efficiency of HA protein

As above mentioned, the encapsulation efficiency of human albumin (HA) protein was
investigated and quantified using classical Bradford's titration method °* 3% 35, The Bradford
assay depends on specific interactions between basic amino acids residues of the protein and
Coomassie blue . Consequently, when the Bradford's reagent is added to the sample containing
free protein, the color of the sample changed to blue instantaneously, as shown in Figure 6
(sample 2). After centrifugation, the concentration of free human albumin in the collected
supernatant was analyzed and quantified. A reference sample (Figure 6, sample 1) containing
water and Bradford solution was prepared for comparison. The rapid macroscopic analysis
shows that the analyzed supernatant of the albumin-encapsulated-PCL particles after
centrifugation (samples 3) exhibits the same color (i.e. green) as of the reference sample. These
observations show that all protein molecules were encapsulated with PCL particles, and there is

no free soluble protein in the supernatant.
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Figure 6. Macroscopic color examination of Bradford's reagent containing solutions, (1)
reference sample prepared by addition of 0.1 ml of distilled water to 3 ml of Bradford's reagent
solution, (2) sample containing 0.1 ml of albumin solution in water added to 3 ml of Bradford's
reagent solution, and (3) sample obtained by addition of 0.1 ml of the supernatant of albumin-
encapsulated-PCL particles added to 3 ml of Bradford's reagent solution.

Regarding the quantitative aspect, the UV absorbance for each sample was measured and
the obtained values are reported in Table 1. The concentration of free HA protein in the
supernatant was deduced using the calibration curve (Figure 2). The encapsulated protein
amount was then calculated using depletion method. Surprisingly, the encapsulation efficiency
was found to be above 80%, revealing the high encapsulation of protein molecules using double
emulsion solvent evaporation like process. This high encapsulation efficiency can be attributed
to the efficient formation of water in oil nanodroplets during the preparation of the first
emulsion. The formed nanodroplets are surrounded by PCL in DCM solvent leading to low
probability to have protein solution (internal phase) in contact with the external aqueous phase
during the second emulsification process. In addition, this can be attributed to the local and rapid
PCL precipitation during the second emulsification step promoted by the moderate solubility of
DCM in water.

Table 1. Protein encapsulation efficiency as a function of initial protein concentration.

Initial protein concentration Free protein Encapsulated  Encapsulation
in water phase concentration in supernatant  protein in PCL efficiency
(mg/ml) (mg/ml) (mg/g) (%)
1.33 0.18 1.15 86.5
2.33 0.2 2.13 91.4
3.00 0.14 2.86 95.3
3.33 0.18 3.15 94.6

4.4. Morphology study
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In order to study the shape and the morphology of the prepared PCL particles, scanning
electron microscopy (SEM) was used, and the obtained images are shown in Figure 7. As can be
seen from images, the obtained particles have spherical morphology and exhibit smooth surface.

Regarding size distribution, it’s clearly evidenced from the SEM images the heterogeneous size

distribution, which is in agreement with size distribution measurements.

(b)

Figure 7. Scanning electron micrographs of (a) protein-free PCL particles and (b) protein-loaded
PCL particles prepared using 3.33 mg/ml of protein.
4.5. Protein distribution analysis

Confocal laser scanning microscopy was used to observe the protein molecules
distribution in the polycaprolactone matrix. To target such objective, FITC-HSA was used and
the obtained images are shown in Figure 8. For better analysis, the images taken for confocal
laser scanning microscopy were performed under white light and under laser light of 488 nm
wave length, which corresponding to the excitation wave length of FITC molecule.

As clearly seen from Figure 8, the FITC-albumin is exclusively present inside the
polycaprolactone-based particles since no marked fluorescence was found in the aqueous
medium as background noise which explains the high encapsulation efficiency of the human
albumin protein, as above reported. In addition, the comparison between image (Figure 8-a)
performed under white light and that obtained under light of 488 nm wavelength for the same

sample (Figure 8-b) shows that all particles are labeled indicating the presence of proteins in all
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prepared particles. These results are in agreement with those obtained from protein encapsulation

efficiency measurements.

(a) (b)

Figure 8. Confocal laser scanning microscope images of human albumin protein-loaded
polycaprolactone particles (a) performed under white light and (b) under light of 488 nm
wavelength.

Conclusion

Proteins therapy (i.e. immuno-therapy) is attractive and promising area for various
chronic and dangerous diseases treatments. The major problems related to such application are
the instability and short half-life of such biomacromolecules in the blood circulation, which limit
their in vivo use. In order to overcome these drawbacks, many processes and approaches related
to protein protection have been developed. Encapsulation approach is one of the processes,
which has successfully used to improve the properties of active molecules and proteins and to
make them more suitable and stable for in vivo applications. In this direction, double emulsion
evaporation technique is an easy process that has been widely employed to encapsulate different
types (hydrophobic and hydrophilic) of biomolecules.

In this work, human albumin protein used as protein model was encapsulated by double
emulsion solvent evaporation method using the biodegradable polycaprolactone (PCL). The
obtained polycaprolactone colloidal particles containing proteins are stable, submicron in size,
and have spherical morphology with low negative surface charge density. As it was expected,

such elaboration process leads to heterogeneous size distribution since the process is mainly
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shearing based technology. In addition, the confocal SEM images showed that all particles are
labeled (i.e. containing proteins), and proteins are dispersed in polymer matrix with high
encapsulation efficiency (>80%).

These positive results indicate that double emulsion/solvent evaporation like process is a
promising and efficient technique for encapsulating the water-soluble bimolecules with high

encapsulation efficiency.
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4. Conclusion générale

La thérapie biomoléculaire (exemple: immunothérapie et la thérapie génique) utilise des
molécules biologiques ou des modificateurs de la réponse biologique pour le traitement de
différentes maladies telles que le cancer, le syndrome d'immunodéficience acquise, le diabete,
les troubles auto-immunes, les troubles de la croissance et de nombreuses autres maladies
dégénératives et dangereuses. Il existe plusieurs classes de médicaments *>macromoléculaires’
qui sont utilisés en thérapie : les protéines, les peptides, I'ADN de plasmide (ADNp), les
oligodésoxy nucléotides anti-sens (ASODN) et les RNA silencing. Dans cette thése, nous avons
¢tudi¢ deux types importants de biomolécules thérapeutiques : 1’acide désoxyribonucléique
(ADN) (utilis¢ en thérapie génique) et les protéines comme modele de I’'immunothérapie.

La thérapie génique est basée sur l'introduction du matériel génétique (acide
désoxyribonucléique) dans les cellules d'un individu dans le but d'apporter un bénéfice
thérapeutique aux patients. Il s’agit principalement de traiter les troubles génétiques en
remplagant le géne défectueux par un géne réparateur, un géne sain normal ou en complétant du
gene déficient.

On distingue deux sortes de thérapie génique : la thérapie génique somatique et la thérapie
génique germinale. La thérapie génique somatique permet de remplacer le géne défectueux dans
les cellules somatiques et n'a d'incidence que sur la personne traitée. En revanche, la thérapie
génique germinale, modifie le patrimoine génétique des ovules et des spermatozoides. La
modification génétique aurait lieu non seulement dans toutes les cellules somatiques mais aussi
dans les cellules germinales et se transmettrait alors a toute la descendance. Cette thérapie
génique germinale est interdite pour I'étre humain. En effet, il subsiste beaucoup de questions
¢thiques, sociales et commerciales qui limitent l'utilisation de la thérapie génique.

Le probleme essentiel qui limite l'application de cette stratégie in vivo est la difficulté de
livraison de geéne jusqu'au noyau de la cellule ciblée. Pour avoir un résultat thérapeutique
adéquat, il est important que le géne arrive sans dégradation a son site avec efficacité. Cependant
les propriétés physico-chimiques de I’ADN (sa nature polyélectrolytique, anionique, hydrophile
et macromoléculaire) et aussi ses propriétés biologiques (sa dégradation rapide) ne lui permettent
pas d'étre utilisé seul comme un agent thérapeutique et rendent son utilisation dépendante des
propriétés du vecteur qui l'acheminera a la cible cellulaire en compactant, en masquant sa charge

négative et en le protégeant des dégradations possibles.
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De nombreux vecteurs ont été utilisés pour atteindre cet objectif. Tout d'abord, quelques virus
ont ¢ét¢ modifiés et utilisés comme vecteurs viraux qui se sont avérés d’une bonne efficacité.
Mais de nombreux problémes posés par I'emploi de tels vecteurs (production, immunogénicité,
sureté, cout) ont conduit a imaginer des systemes synthétiques capables d'assurer les mémes
fonctions que les virus, mais sans leurs inconvénients.

Les vecteurs synthétiques représentent une alternative prometteuse aux vecteurs viraux. Ils sont
simples a ¢laborer, a utiliser et ils sont peu immunogenes. Ces vecteurs sont généralement des
dérivés polyélectrolytes cationiques, de nature lipidique ou polymérique, ils sont capables
d'interagir par interactions électrostatiques attractives avec les phosphodiesters anioniques de
I’ADN et de le compacter sous forme particulaires appelées lipoplexes ou polyplexes. Le
complexe obtenu est globalement positivement chargé, ce qui favorise son acces au noyau.

Dans le but d'améliorer les systémes de transport du gene, des techniques d'encapsulation variées
sont développées et utilisées tels que les liposomes, la couche aprés couche et la double
émulsion/ évaporation du solvant. Cette dernicre a fait I'objet de la partie expérimentale de cette
these.

En ce qui concerne I’immunothérapie, utilisation de protéines a été largement examinée. La
deuxiéme biomolécule qui a été étudi¢ dans cette thése est une protéine. Grace a leur forte
spécificité et grande diversité, les protéines sont des agents thérapeutiques potentiels pour traiter
plusieurs maladies graves. Malheureusement, l'immunogénicité, le mauvais ciblage et la
dégradation rapide dans le milieu biologique ont rendu la plupart des protéines inefficaces et
insuffisantes comme médicaments. Comme I'ADN, l'utilisation efficace de protéines comme
médicaments est liée a trouver des stratégies appropriées pour remédier & ces inconvénients
(I’instabilité de la protéine in vivo, l'absorption mauvaise, et la demi-vie courte) qui limitent leur
utilisation in vivo.

De nombreuses stratégies ont ¢té¢ développées afin d'améliorer I'efficacité de la protéine comme
agent thérapeutique, telles que 1'augmentation de la perméabilité, 1'inhibition des enzymes et la
modification de la structure de la protéine ou la protection de la protéine. L une des stratégies la
plus utilisée est I’encapsulation dans une matrice liquide ou polymérique. Dans cette direction,
plusieurs techniques d’encapsulations ont été utilisées, mais une seule a ¢t¢ marginalisée ou tres
peu étudiée et il s’agit du procédé¢ de la double émulsion-évaporation de solvant.

La technique de la double émulsion-évaporation de solvant a ¢été choisie comme procédé
d’encapsulation de biomolécules en raison de manque d’¢tudes systématiques de cette technique
et son utilisation pour encapsuler des biomacromolécules hydrophiles thermosensibles telsque

les protéines et I'ADN.
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La partie expérimentale de ce travail a débuté par la réalisation d'une étude systématique la plus
large possible afin de mieux comprendre les parametres affectant les propriétés colloidales des
particules finales et également d'optimiser les conditions opératoires utilisées (double émulsion-
¢vaporation de solvant). Le polymere utilis€ est le polycaprolactone sélectionné pour sa
biodégradabilité et pour sa bonne biocompatibilité. Le dichlorométhane est le solvant organique
choisi en raison de sa température d'ébullition basse et de sa non-miscibilité totale avec l'eau.
L'alcool polyvinylique (PVA) est utilis¢é comme agent stabilisant.

Dans la premiére partie expérimentale dédiée a 1’étude systématique, différents parameétres qui
peuvent affecter les propriétés colloidales (la taille, distribution en taille, charge de surface
etc...) des particules obtenues ont été étudiés. Ces paramétres sont; la vitesse et le temps
d'agitation pour les deux étapes d'émulsification, la concentration du polymeére utilisé, la
concentration d’agent stabilisant et le volume des phases aqueuses (interne et externe). Cette

¢tude a été réalisée en changeant uniquement un seul parametre a la fois.

Il ressort de cette étude que la vitesse et la durée d'agitation utilisée pour préparer la premicre
émulsion n'ont pas d’effet notable sur la taille et la distribution en taille des particules obtenues.
En revanche, la vitesse et la durée d’agitation utilisées pour préparer la seconde émulsion
affectent considérablement la taille des particules qui diminue avec I’augmentation de 1’énergie
fournie au systéme.

En ce qui concerne la concentration en polymeére principal, une influence importante sur la taille
des particules a été mise en évidence. En effet, plus la concentration du polymeére est augmentée
dans la formulation, plus la taille des particules est importante. En revanche, la distribution en
taille et les propriétés €lectrocinétiques restent inchangées. D’autre part, il a été constaté que la
concentration d’agent stabilisant affecte également la taille des particules, mais une forte
concentration induit la formation de mousse.

Le changement du volume de la phase aqueuse interne n'a pas d’influence sur la taille des
particules. En revanche, le changement du volume de la phase aqueuse externe a un effet
marquant sur la taille des particules obtenues.

Le procédé de double émulsion-évaporation de solvant a ¢été utilis€ dans les conditions
appropriées pour encapsuler les biomolécules (I’ADN ou de la protéine HSA). Apres avoir bien
maitrisé le procédé, une étude basée sur I’encapsulation de I’ADN ou de la protéine modele a été
réalisée. Il ressort de cette ¢tude que la présence de ’ADN ou de la protéine dans la phase
aqueuse interne n’affecte pas les propriétés colloidales des particules. Les propriétés

¢lectrocinétiques (versus pH du milieu) des particules sont inchangées quelque soit la
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concentration en biomolécules (ADN ou protéines). Il est a noter ¢galement que la morphologie
et la stabilité colloidale ne sont pas affectées ce qui traduit la robustesse de ce procédé.

En ce qui concerne l'efficacit¢ d'encapsulation, la quantification par déplétion et par
spectrophotométrie montre que ’encapsulation de ’ADN et la protéine (HSA) est tres élevée,
car des taux d’encapsulations supérieurs a 90% ont été obtenus. En ce qui concerne la
répartition des protéines dans la matrice polymere, elle a été examinée en utilisant une protéine
fluorescente (marquée a la fluorescéine) montrant que les particules sont bien fluorescentes et
sans présence de fluorescence libre dans la phase continue. Ceci traduit la bonne encapsulation

de la protéine.
Malheureusement, le manque de temps ne nous a pas permis d'effectuer I'étude des profils de

libération des particules préparées et d’examiner également 1’activité des protéines et la

dénaturation ou non de I’ADN apres encapsulation.
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