Development of hio-orthogonal
chemistries for nanocarriers
preparation and control release

. hy \\N/N'ﬂ

Mohammad Shafee Alkanawati
Dissertation




MAX-PLANCK-INSTITUT
FUR POLYMERFORSCHUNG

MAX-PLANCK-GESELLSCHAFT

Developing bio-orthogonal chemistries to prepare nanocarriers for controlled release

Dissertation

zur Erlangung des Grades

“Doktor der Naturwissenschaften

dem Fachbereich Chemie, Pharmazie und Geowissenschaften der Johannes Gutenberg-

Universitat Mainz vorgelegt von

Mohammad Shafee Alkanawati

Geboren in Damaskus, Syria

Mainz 2020

JGU

joHannes GUTENBERG
UNIVERSITAT MAINZ



Date of oral examination




Declaration

| hereby declare that | wrote the dissertation submitted without any unauthorized external
assistance and used only sources acknowledged in the work. All textual passages which are
appropriated verbatim or paraphrased from published and unpublished texts, as well as all
information obtained from oral sources, are duly indicated and listed in accordance with
bibliographical rules. In carrying out this research, | complied with the rules of standard scientific
practice as formulated in the statutes of the Johannes Gutenberg University Mainz to ensure

standard scientific practice.

MaiNZ, 2020 ...iieeieiiie e e rab s

(Mohammad Shafee Alkanawati)




Abstract

The design of nanocarriers for drug delivery requires tremendous efforts and planning to
ensure the preparation method is compatible with the drug used as the payload, that the
resulting nanocarriers are biocompatible, ideally biodegradable and display in vivo stability.
Furthermore, they need to be able to target specific cells, be uptaken by the cells, and able to
release the payload after cell uptake. All those requirements need to be met with a fabrication
method that can be scaled up to meet the requirements in terms of scale, quality, and
reproducibility associated with the pharmaceutical industry. The main goals of this thesis were
to develop a process that can be used for the large scale synthesis of high-quality nanocarriers
and to develop new crosslinking chemistry possibilities to produce nanocarriers suitable for the

encapsulation of sensitive payloads.

In this thesis, microfluidization was used to prepare large quantities of nanocarriers
synthesized based on the interfacial crosslinking of precursor droplets formed by inverse
miniemulsion. Those nanocarriers were prepared in high quality and large quantity in a
reproducible manner with the possibility to tune the size of the nanocarriers (section 4.1). The
versatility of the microfluidization method was also demonstrated by using different precursor
polymers such as polysaccharide, proteins, and lignin, and by using different crosslinking

strategies (section 4.1).

The microfluidization approach to prepare the precursor droplets was then combined
with new crosslinking strategies. Bio-orthogonal reactions involving the reaction between
reactive carbonyls and hydrazide derivatives were used to prepare stimuli-responsive
nanocarriers (sections 4.2 and 4.3). Rather than using an unselective reaction that can react with
complex and sensitive payloads, a strategy based on the selective reaction between dextran
functionalized either with aldehyde or terminal ketone groups and polyfunctional hydrazide
derivative was used to produce nanocapsules (Section 4.2) or nanogels (section 4.3). This reaction
is highly suitable because it is a selective reaction, has a sufficiently high reaction rate, and since

the stability of the resulting hydrazone linkages is pH-sensitive, those new nanocarriers enabled




the release of the payloads it in a spatiotemporally controlled manner. The dissociation of the
hydrazone crosslinking points in mildly acidic conditions was responsible for the controlled

release of the cargos.

In the first approach (section 4.2), the hydrazone network was built by interfacial
crosslinking of inverse miniemulsion droplets to form nanocarriers. The water droplets contained
the dextran precursor, and the crosslinker poly(styrene-co-methyl hydrazide) was dissolved in
the continuous toluene phase. These nanocarriers with capsule morphology were able to both
encapsulate model hydrophilic compounds and release them upon changing the acidity of the
environment. Furthermore, they were uptaken by Hela cells and did not show any noticeable
cytotoxicity even at high concentrations. For this reason, nanocarriers represent a promising
approach for gene and medication delivery and the targeting of many pathological environments
and specific intracellular compartments that are more acidic than the normal physiological

conditions.

The second approach (section 4.3) was based on the reaction between aqueous droplets
containing the functionalized dextran and other aqueous droplets containing the water-soluble
crosslinker. The formation of the hydrazone network led to the formation of nanogels by mixing
the two types of precursor droplets. In addition to bearing two hydrazide groups able to create
the pH-responsive network, those water-soluble crosslinkers also bear other functionality; the
crosslinkers contained either a disulfide bond reactive in the presence of a reducing environment
or a thioketal bonds responsive to the presence of reactive oxygen species. The resulting
nanogels successfully encapsulated large payloads, and the release of the payload could be
triggered by changes in acidity, the addition of dithiothreitol or glutathione as a reducing agent
or by the addition of superoxide as Reactive oxygen species (ROS). The nanogels displayed
limited toxicity and good uptake in Hela cells. The results gathered and obtained in section (4.3)
could pave the way for building desired multi-stimuli responsive polymer nanogels for specific

tumor-targeting.
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Zusammenfassung

Das Design von Nanotragern fir die Arzneimittelabgabe erfordert enorme Anstrengungen
und Planungen, um sicherzustellen, dass die Herstellungsmethode mit dem als Nutzlast
verwendeten Arzneimittel kompatibel ist, dass die resultierenden Nanotrager biokompatibel,
idealerweise biologisch abbaubar und in vivo stabil sind. Darliber hinaus miissen sie in der Lage
sein, auf bestimmte Zellen abzuzielen, von den Zellen aufgenommen zu werden und die Nutzlast
nach der Zellaufnahme freizusetzen. All diese Anforderungen missen mit einer
Herstellungsmethode erfiillt werden, die skaliert werden kann, um die Anforderungen in Bezug
auf GrofRe, Qualitat und Reproduzierbarkeit der Pharmaindustrie zu erflllen. Die Hauptziele
dieser Arbeit waren die Entwicklung eines Verfahrens, das fir die Synthese hochwertiger
Nanotrager in groBem MaRstab verwendet werden kann, und die Entwicklung einer neuen
Vernetzungschemie zur Herstellung von Nanotragern, die fiir die Einkapselung empfindlicher

Nutzlasten geeignet sind.

In dieser Arbeit wurde die Mikrofluidisierung verwendet, um groRe Mengen von
Nanotragern herzustellen, die auf der Grundlage der Grenzflaichenvernetzung von
Vorlaufertropfchen synthetisiert wurden, die durch inverse Miniemulsion gebildet wurden. Diese
Nanotrager wurden in reproduzierbarer Weise in hoher Qualitat und groRer Menge hergestellt,
wobei die GroRe der Nanotrager eingestellt werden konnte (Abschnitt 4.1). Die Vielseitigkeit der
Mikrofluidisierungsmethode wurde auch unter Verwendung verschiedener Vorlauferpolymere
wie Polysaccharid, Proteine wund Lignin und unter Verwendung verschiedener

Vernetzungsstrategien demonstriert (Abschnitt 4.1).

Der Mikrofluidisierungsansatz zur Herstellung der Vorlaufertropfchen wurde dann mit
neuen Vernetzungsstrategien kombiniert. Bioorthogonale Reaktionen, die die Reaktion zwischen
reaktiven Carbonylen und Hydrazidderivaten beinhalten, wurden verwendet, um auf Reize
ansprechende Nanotrager herzustellen (Abschnitte 4.2 und 4.3). Anstatt eine unselektive
Reaktion zu verwenden, die mit komplexen und empfindlichen Nutzlasten reagieren kann, wurde

eine Strategie verwendet, die auf der selektiven Reaktion zwischen Dextran, das entweder mit

Vi



Aldehyd- oder terminalen Ketongruppen funktionalisiert ist, und polyfunktionellem
Hydrazidderivat basiert, um Nanokapseln (Abschnitt 4.2) oder Nanogele (Abschnitt 4.3)
herzustellen ). Diese Reaktion ist sehr gut geeignet, da es sich um eine selektive Reaktion handelt,
eine ausreichend hohe Reaktionsgeschwindigkeit aufweist und die Stabilitdt der resultierenden
Hydrazonbindungen pH-empfindlich ist. Diese neuen Nanotrager ermdglichten die raumlich und
zeitlich kontrollierte Freisetzung der Nutzlasten. Die Dissoziation der
Hydrazonvernetzungspunkte unter leicht sauren Bedingungen war fiir die kontrollierte

Freisetzung der Ladungen verantwortlich.

Im ersten Ansatz (Abschnitt 4.2) wurde das Hydrazon-Netzwerk durch
Grenzflachenvernetzung von inversen Miniemulsionstropfchen zu Nanotragern aufgebaut. Die
Wassertropfchen enthielten den Dextranvorlaufer und der Vernetzer Poly (styrol-co-
methylhydrazid) wurde in der kontinuierlichen Toluolphase geldst. Diese Nanotrager mit
Kapselmorphologie konnten sowohl hydrophile Modellverbindungen einkapseln als auch bei
Anderung des Siuregehalts der Umgebung freisetzen. Dariiber hinaus wurden sie von Hela-
Zellen aufgenommen und zeigten auch bei hohen Konzentrationen keine merkliche Zytotoxizitat.
Aus diesem Grund stellen Nanotrager einen vielversprechenden Ansatz fiir die Gen- und
Medikamentenabgabe und das Targeting vieler pathologischer Umgebungen und spezifischer
intrazellularer Kompartimente dar, die saurer sind als die normalen physiologischen

Bedingungen.

Der zweite Ansatz (Abschnitt 4.3) basierte auf der Reaktion zwischen wassrigen
Tropfchen, die das funktionalisierte Dextran enthielten, und anderen wassrigen Tropfchen, die
den wasserléslichen Vernetzer enthielten. Die Bildung des Hydrazon-Netzwerks flihrte zur
Bildung von Nanogelen durch Mischen der beiden Arten von Vorlaufertropfchen. Diese
wasserloslichen Vernetzer tragen nicht nur zwei Hydrazidgruppen, die das auf den pH-Wert
reagierende Netzwerk bilden kénnen, sondern auch andere Funktionen. Die Vernetzer enthielten
entweder eine Disulfidbindung, die in Gegenwart einer reduzierenden Umgebung reaktiv war,

oder eine Thioketalbindung, die auf die Anwesenheit reaktiver Sauerstoffspezies reagierte. Die
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resultierenden Nanogele verkapselten erfolgreich groBe Nutzlasten, und die Freisetzung der
Nutzlast konnte durch Anderungen des Siuregehalts, die Zugabe von Dithiothreit oder
Glutathion als Reduktionsmittel oder durch die Zugabe von Superoxid als Reaktive
Sauerstoffspezies (ROS) Spezies ausgeldst werden. Die Nanogele zeigten eine begrenzte Toxizitat
und eine gute Aufnahme in Hela-Zellen. Die in (Abschnitt 4.3) gesammelten und erhaltenen
Ergebnisse konnten den Weg fiir den Aufbau gewlinschter, auf mehrere Stimuli ansprechender

Polymer-Nanogele fiir ein spezifisches Tumor-Targeting ebnen
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Introduction

1. Introduction

Health issues, such as cancer, drug-resistant infections, autoimmune and genetic
diseases, still pose a major challenge to humanity. The annual cost tallied millions of lives and
enormous sums of money, but to make the matter worst, conventional therapeutics often fail to
cure.!”> Understanding the nature of these diseases, their causes, and their associated biological
imbalances have pushed research forward, which is now involving increased use of
nanotechnologies. The applications of nanotechnology to medicine, known as nanomedicine, are
among the most promising solutions to treat these diseases, for example, by enhancing the
release of therapeutic agents at the desired site.®® Nanomedicine is a relatively new field
expanding rapidly and is expected to have a revolutionary impact on health care by precisely
engineering materials with a nanoscale dimension used to develop novel therapeutic and

diagnostic tools.” 1©

Different synthetic strategies have been used to prepare novel nanoscale therapeutics,
diagnostic and theranostics technologies. Organic-based compounds such as liposomes, solid
lipid nanoparticles, nanostructured lipid carriers and lipid micelles, polymer nanoparticles,
polymer micelles, polymer-drug conjugates, and dendrimers as well as inorganic-based
nanoscale material like magnetic nanoparticles, gold nanoparticles and carbon nanotubes have
been used in therapeutic, diagnostic and theranostics technologies.’! All this diversity of
nanomedicines provides unparalleled freedom to modify and improve fundamental properties
such as solubility, efficacy, bioavailability, dose-response, targeting, diagnosis of diseases, and

safety in comparison to conventional medicines.'>%>

One common drawback faced in all these approaches is the limitation on the types of
molecules which can be efficiently encapsulated or conjugated to the nanomedicines. For
materials prepared with or used in biological materials, the non-specific reactions in the presence
of nucleophilic—NHR, —=SH and —OH groups in the chemical structure of the molecule targeted for
encapsulation can lead to side-reactions, and the harsh reaction conditions can interfere with the

efficacy of fragile biomolecules. Thus, new reactions, milder and more specific - biorthogonal
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reactions - are in high demand to provide more selective strategies for the formation of

nanocarriers.

In this thesis, the syntheses of nanocarriers from natural polymers by inverse
miniemulsion polymerization using bioorthogonal chemistries and their potential applications
are described. The inverse miniemulsion polymerization process, where nanodroplets are used
as precursors for the nanocarriers, has many advantages. It is an efficient method for the
preparation of nanomedicines with different structures (nanoparticles or nanocapsules) and
offers a large versatility in the type of materials used to build the nanocarrier such as natural and
synthetic polymers or inorganic compounds like silica. Inverse miniemulsion also gives the
possibility to tune the size of the nanocarrier between 50 to 500 nm and provides the opportunity
to load a large amount of mostly hydrophilic, but also lipophilic, therapeutic substances inside
the nanocarriers.'® The main focus of this work was to use a scalable process to prepare new
nanocarriers using biorthogonal chemistry to overcome the drawbacks of classical strategies and
thus allowing the encapsulation of complex and delicate therapeutic agents. Furthermore,
stimuli-responsive moieties have been included in the nanocarrier body to create nanocarriers

with an on-demand release feature.

Biorthogonal chemistry is an alternative strategy for classical reactions in the preparation
of nanocarriers. Through such a strategy, reactions are performed between specific pairs of
chemical groups and they do not yield side products nor interfere with chemical groups typically
found in biological materials. They can proceed under mild conditions without the use of
temperature, radiation or toxic catalysts, which can have hazardous effects on a biological system
or fragile biomolecules. Integrating biorthogonal reactions in the synthesis of nanocarriers

provides a more selective strategy for the encapsulation of delicate biological compounds.t’

The on-demand release of the payloads from the nanocarriers was achieved using the
biorthogonal reaction between a hydrazide and either an aldehyde or ketone to form a network
of hydrazone to build the nanocarriers. The hydrazone network is pH-responsive, and

additionally, chemical functionalities such as thioketal or disulfide were introduced in the
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polymer network to form multi-stimuli-responsive networks. In such nanocarriers, the release
can be tuned by controlling the crosslinking density of the network, either by tuning the chemical
composition or by tuning the stability of the crosslinking points. In this way, versatile nanocarriers
able to target specific biological conditions or specific sites, such as tumor tissue, can be
developed and the release could be triggered by controlling the diffusion coefficient of the

payload out of the nanocarrier in distinct chemical environments acting as a stimuli.'82?

Two different techniques were used to build the nanocarriers, both using nanodroplets
produced by miniemulsion as the reaction locus; the nanocarriers were formed either by
polycondensation at nanodroplet interface or by co-emulsification. The influence of
emulsification techniques (ultrasonication or microfluidization) on nanocarrier preparation by
polycondensation at the nanodroplet interface in an inverse emulsion was also studied to
develop a platform to efficiently scale up the production of nanocarriers in a controllable and

reproducible manner.

To understand the viability of such nanocarriers for potential applications in treatment
and diagnosis, the encapsulation of model payloads, different dyes with defined sizes, was
realized, and the release was triggered by changing the pH value, the concentration of reactive
oxygen species or the reductive potential of the media. Furthermore, the uptake and toxicity in

Hela cells were analyzed.
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2. State of the art

2.1 Bioorthogonal chemistry

Over the centuries, chemists have tried to mimic Nature, which has developed
sophisticated and very efficient pathways to carry out specific and complex chemistries under
difficult reaction conditions. In Nature, biochemical reactions proceed in an aqueous
environment under physiological conditions that, for most organisms, are at near-neutral pH,
moderate temperature, atmospheric pressure, and in the presence of oxygen and many chemical
functionalities. While organic chemistry relies on anhydrous conditions, high temperatures, toxic
catalysts, and other harsh conditions. To realize this feat, Nature uses enzymes as fantastic
instruments to achieve and control the chemical reaction in a selective, specific and efficient

manner.

The growing desire to understand Nature and living organisms prompted the
development of new strategies enabling new possibilities and opportunities to understand the
function and structure of various biomolecules in their native environment. With this inspiration
in mind, scientists have developed a range of reactions referred to as “click chemistry” to
enhance the possibility to label, study and manipulate biomolecules without the loss of their
activity nor any toxic effects. A click reaction should occur with a reasonable kinetic, under the
mild conditions of temperature and pH value that are characteristic of a physiological
environment, with high selectivity and without undergoing side-reactions with compounds
usually present in a physiological medium. The sub-class of click reactions that meet all these
criteria are “bioorthogonal reactions”. The term bioorthogonal reaction was coined by Bertozzi
in 2003, but the concept builds on much older methodologies.?® In other words, most of today’s
biorthogonal reactions have been used by organic chemists for decades. However, it was only
recently that the power of these chemical reactions attracted the interest of chemical biologists
who rediscovered and optimized the immense potential of those chemistries for biological

systems.
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Bioorthogonal reactions now designate a set of selective chemical reactions occuring
between special functional group of synthetic origins, or with a low prevalence in natural
organisms, which lead to the formation of linkages that are uncommon in a biologic environment,
that can proceed under physiological conditions with reasonable kinetic without interfering with

the activity of other biomolecules or biological compounds (Figure 2.1).

Figure 2.1. Bioorthogonal chemistry: fishing for selectivity in a sea of functionality. 2* (adapted

from ref. 24 with copyright 2009 John Wiley and Sons)

The inherent features of these reactions, which include fast kinetics, high vyields,
selectivity, and excellent biocompatibility, make them perfectly suited to label, study and
manipulate biomolecules in order to extend our understanding of biological processes. Scientists
are now equipped with those unique chemical tools that extend our ability to solve current

problems encountered in nanomedicine. Bioorthogonal chemical reactions, mainly
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cycloaddition reactions and Schiff bases reactions, have been used or could be used in the

design of drug delivery systems.

2.1.1 1,3-Dipolar cycloadditions

1,3-Dipolar cycloadditions are well-known and established chemical reactions. They have
the potential to proceed selectively and efficiently in a biological system as part of a biorthogonal
chemistry approach. The origin of this reaction dates back to Rolf Huisgen,? the principle is
based on the reaction of a 1,3-dipolar compound (azide, diazo, nitro, and so on ) with a multiple
bond (rt bond), alkene or alkyne referred to dipolarophillic compound, which converts to two

o- bonds and forms a new five-membered ring( Figure 2.2).2°

Dipole ® P b
fpole @~ @ PN

Y

d e
Dipolarophile d—e

Figure 2.2. Principle of 1, 3-dipolar cycloadditions, a dipole reacts with a dipolarophile giving rise

to a new five-membered ring system.

The kinetics and reactivity of the 1,3-dipolar cycloaddition reaction are controlled by
the frontier molecular energy gap between the two reactants and the energy needed to deform
the 1,3-dipole and dipolarophile to the transition state geometry,?’ it also can be modulated
by changing the structure or the substituents on 1,3-dipolar compounds or dipolarophillic
compound (Figure 2.3). 22 Figure 2.3 shows the main types of dipoles that could contribute

toward 1,3—dipolar cycloaddition for bio-conjugation and biological application.




State of the art

) ® © _® © @
Azides N=N—N—Q == N=N—N—Q Nitrile ylides —C=N—é—0‘—" —czﬁ—é—o
) @ 9 @ _
Nitrile oxides 0—N=C—o - O—N=C—<> o ® ®
Sydnones O—(\N—( ) ~— o=\/\N—()
1/ /
© | @ ) | O—N O—N
Nitrones O—N—T_O - O—N—(lz—o ©
@
o) ® o ® Diazoalkanes (3=N_(!-;_o..... NE%—(':—O
Nitrile imines —N—N=C—Q) =~ —N—N=Cc—Q) e e

Figure 2.3. Examples of 1,3-dipoles used for biomolecule labeling.

One of the major drawbacks of 1,3-dipolar additions, when azides are used as dipole,
comes from the toxicity of Cu(l) in biological systems; Cu(l) is widely used as a catalyst to promote
the reaction.?® Two main strategies have been developed to overcome this problem and improve
the biocompatibility of the azide-alkyne cycloaddition, the first uses Cu(l)-stabilizing ligands and
the second one uses the cyclooctyne derivatives as dipolarophile to facilitate the reaction
without the need for a catalyst.3® 3! Diazoalkanes can also be generated from azide by using
activated a phosphinoester to offer a mild and efficient biorthogonal reaction.3? 1,3-Dipolar
cycloaddition has been used as bioorthogonal reaction such as the reaction between diazo
compounds with strained dibenzocyclooctyne derivative containing a cyclopropenone to form
fluorescent aromatic 1H-pyrazoles which were used for fluorogenic protein labeling.3% 33 Many
1,3-dipoles compounds were generated from suitable precursors in situ, like nitrile oxides,

nitrones, nitrile imines, and nitrile ylides, and successfully used for the labeling of biomolecules.3*

38

2.1.2 Diels—Alder Reactions

The Diels—Alder (DA) reaction, is an example of carbon-carbon bond-forming or concerted
pericyclic reactions, it is a chemical reaction between a conjugated diene and a dienophile (an
alkene or alkyne), yielding a new six-membered ring product (substituted cyclohexene
derivative). The reaction has a high degree of regio- and stereo- selectivity. The reaction is usually

thermodynamically favorable due to the conversion of 2 m-bonds into 2 new stronger and more
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stable o-bonds and is controlled by the frontier molecular energy gap between diene and
dienophile. Diels—Alder reaction could either have a normal or an inverse electron demand. In
Diels—Alder reaction with ‘normal’ electron demand, the dienophile typically has an electron-
withdrawing substituent, while the diene is electron-rich. In contract, Diels—Alder reaction with
inverse electron demand occurs between an electron-poor diene and an electron-rich dienophile

bearing an electron-donating substituent (Figure 2. 4).2°

Normal Demand Inverse Demand
EWG EDG
=z =z
+ + |
A
EDG EWG
Diene Dienophile Diene Dienophile

—imo MO __{_L
HOMO J—I’— _u_ HOMO
A s i

Figure 2. 4. Diels-Alder reactions are controlled by the energy gap between the frontier molecular

orbitals.

Maleimide derivatives are one of the most common dienophiles in DA reactions with

‘normal’ electron demand. But their ability to react with natural nucleophiles (like thiol involved
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in Michael reaction) limits their applications in biorthogonal chemistry. Nonetheless, maleimide
derivatives have been used in the labeling of biomolecules.?**! Additionally, click-hetero-Diels—
Alder (HDA) cycloadditions, like the reaction between o-quinolinone quinone methides and vinyl
thioethers, are highly selective and have been successfully used as biorthogonal reactions for

many biological applications.*?

Azadienes have been used in DA reactions with inverse electron demand. 1,2,4,5-
tetrazines or 1,2,4-triazines are the most common dienes in biorthogonal applications.*® 1,2,4,5-
tetrazines react with strained olefins (trans-cyclooctene or norbornene ) and other dienophiles
(cyclooctynes, cyclopropenes and N-acetylazetines) and have found its way in many biological

utilizations.444°

1,2,4-triazines are considered more stable under physiological conditions and easier to
synthesize than 1,2,4,5-tetrazines,”® but 1,2,4-triazines do not react with strained olefins such as
norbornene or cyclopropane. However, they show high reactivity toward other strained olefins
(trans-cyclooctene) and strained alkynes,>* and DA reactions with 1,2,4-triazines have been used

to functionalized biomolecules.>?

2.1.3 Schiff bases reaction

In a Schiff base reaction, the mild electrophilic carbonyl group in aldehydes or ketones
can react with amines and the C=0 double bond is then converted to C=N double bond. The
resulting compound is known as a Schiff base. When Schiff bases are formed with the reaction of
C=0 with a primary amine (imine) dissolved in water, the equilibrium favors the starting
materials. By contrast, stabilized Schiff bases formed by the reaction with hydrazide and
aminooxy groups (hydrazones and oximes) are thermodynamically favored in water and are quite

stable under physiological conditions (Figure 2.5).>3

Schiff base reactions are not purely biorthogonal, keto and aldehydic metabolites are
present within cells and in biological fluids but their low prevalence in natural organisms limits

the opportunity for side-reactions to occur in biological environments. Despite some limitations,
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Schiff bases reactions have been successfully applied to prepare chemo-selective drug assembly
and disassembly in the presence of living cells, to produce hydrazone-linked detergent able of
lysing cultured erythrocytes, to generate inhibitors of protein kinase C, to modify mammalian cell

surfaces, to label bacterial cell with a hydrazide-based fluorophore, and so on.>*®2
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Figure 2.5. Schiff base reactions.

Moreover, the hydrolytic stability of the hydrazones and oximes depends on the pH value
of the environment. In physiological pH the equilibrium favors the formation of the product, but
an increase in the acidity of the medium pushes the equilibrium toward the reactants.>3
Therefore, Schiff base reactions are finding applications in nanomedicine because of both their

selectivity and their pH-responsive behavior.53-6>
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2.2 Stimuli-responsive materials

Stimuli-responsive materials (SRMs) have the particularity to change one or more of their
properties when the surrounding conditions are varied. They can be classified according to the
stimuli that can trigger the change into either physical, chemical, or biological stimuli (Figure

2.6).55

4 / s . . . N
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Figure 2.6.Classification of responsive materials.

2.2.1 Physical stimulus

2.2.1.1 Temperature as a stimuli

Materials that possess reversible and controllable thermo-responsive properties are in
high-demand and have attracted increasing attention whether for industrial or biological
applications.®’”””! Temperature change is an attractive trigger because this stimulus can easily be

applied and monitored remotely.”?

For thermo-responsive polymers, the thermal response is expressed by a solubility
transition upon changes in temperature and lead to a miscibility gap in their temperature-
composition diagram.”® Depending on whether the miscibility gap is found at high or low
temperatures, two types of thermos-responsive polymer can exist, lower critical solution
temperature (LCST) type and upper critical solution temperature (UCST) type. In a typical thermo-

responsive material exhibiting a lower critical temperature (LCST), the solution exists as a
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monophasic solution below the LCST, and, above this temperature, phase separation occurs. On
the contrary, materials with an upper critical temperature (UCST) are monophasic above a

specific temperature and turn into a bi-phasic system below that temperature. 74

Several thermo-responsive materials are widely used in the biomedical field because of
their lower critical solution temperature (LCST) close to body temperature. Poly(N-
isopropylacrylamide) (PNIPAM) and poly (N-vinyl caprolactam) are the most common thermo-
responsive materials for biomedical applications because their LCST are about 32°C.”>78 |n
addition, other synthetic polymers such as polyvinyl ethers, polyoxazolines, as well as
poly(oligoethylene oxide) methacrylate have also been investigated for their thermos-responsive

activities.”?-81

2.2.1.2 Field responsive materials

The application of an external field, such as magnetic, electric, light irradiation, and
ultrasounds, has recently attracted much attention since their use makes it possible to control the
properties in a localized manner in both time and space. Furthermore, the intensity of the field can
also be controlled and triggered from outside the system. Moreover, most of these processes do not

require additional chemicals, and by-products are limited in most of the cases.8>%

When using light as a stimulus, both the intensity and the wavelength of the light can easily be
modulated to ensure the accuracy and compliance with the system. In some of the most common
types of light-responsive materials, light exposure will trigger either photo-isomerization,
photochromism, or the formation/cleavage of chemical bonds, all of which lead to the
modification of the physicochemical properties of the material.8>%8 The way, materials will respond
to light, can take different forms, self-assembly, surface modification, change in swelling behavior
or shape change, which paves the way for diverse applications in the nanomedicine and biological
fields.®-°1 These transitions can be reversible or irreversible. For example, azobenzene (trans/cis-
isomerization), spiropyran (conversion from spiro to merocyanine form), spirooxazine
(conversion from spiro to merocyanine form) and fulgide and their derivatives display a reversible

photoisomerization reaction upon ultraviolet (UV) and visible light absorption.??8 In contrast,

12
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diazonaphthoquinone (DNQ), o-nitrobenzyl esters, truxillic acid (photodimerization of cinnamic

esters), and coumarinyl ester displays a photo-induced irreversible reaction.88 99-101

Magnetic field responsive materials generally include chemically anchored or physically
adsorbed metal particles to form magnetically activated materials that respond to changes in
magnetic fields. Elastomers or gels filled with small magnetic particles (metal particles, iron (lll)
oxide particles, ferromagnetic particles, NdFeB particles and nickel powders) and organometallic
(co)polymers considered as magnetic responsive materials have gained attention due to their

ability to combine the valuable properties of metals and organic materials

Electric field responsive materials are subject to changes in their size or shape when an
electric field is applied. The fields of their applications are almost infinite in sensors and actuators,
robotics and artificial organs, optical, drug delivery, space, and energy applications. Two main
types of electric field responsive materials can be found, either ionic or non-ionic materials. lonic
electric field responsive materials generally consist of polymers with groups like carboxylate,
sulfonate ammonium ionic, fluorine groups distributed along the polymer chain.0?
Poly(vinylidene fluoride), polyacrylates and silicone are examples of non-ionic electric field
responsive materials.1% Prussian blue or ferrocene, oxidized by mild potentials, were used in

nanocarriers formation for remote drug delivery.104-107

Ultrasound waves have imposed themselves in advanced medical procedures as a very
interesting external trigger for tumoral ablation through either direct application (heat
production and enhancement of the cell permeability) or via the controlled release of anticancer
drugs from nanocarriers made of ultrasound-responsive polymer. Ultrasonic waves can induce
gel-to-sol transformations or can cleave chemical bonds, or can transform a gel into a soluble
polymer.1% Furthermore, ultrasound waves have been used to induce isomerization of
conjugated polymers with alternating spiropyran and fluorene units to modulate the electronic
properties of the polymer in a remote manner.'% High-intensity focused ultrasounds were
employed to release entrapped drugs form micelles. The degradation of the polymer chains or

the destabilization of the polymer assembly occurred by the transient cavitation effect. This can,
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for example, produce local heating to improve the solubility of a polymer or induce the cleavage

of chemical bonds, which lead to the change of physical properties like the LCST of a polymer.110-113

2.2.2 Chemical stimulus

A material is considered as pH-responsive when it can respond to change in surrounding
pH value by undergoing structural and property changes such as surface activity, chain
conformation, solubility, and configuration.''* The term “pH-responsive” is commonly used to
describe materials having moieties that are capable of donating or accepting protons depending
on the pH value of the medium or when their reversible equilibrium constant of formation is
influenced by the pH value of the solution.®® 15117 Typijcally, when pH-responsive materials
having acidic or basic groups like carboxyl, pyridine, sulfonic, phosphate, and tertiary amines are
exposed to a change in the pH value of the environment, they undergo an ionization which
triggers a change in the structure and in the self-assembly behavior of the material. In general, pH-
responsive polymers containing basic monomers act as cationic polymers under acidic environment
and polymers containing acidic monomers act as anionic polymers under basic conditions. pH-
responsive polymers include natural ones such as chitosan, albumin, and gelatin or synthetic one such

as poly(acrylic acid), poly(ethylene imine), and poly(lysine).17-122

Another chemical stimulus is based on reversible redox reactions. A redox stimulus occurs due
to a change of oxidation state of integrated redox-responsive moieties in materials. In the past
decade, various redox-responsive polymers have been developed as potential biomedical
applications.’® The most important moieties giving redox sensitivity to materials include
poly(propylene sulfide), selenium, aryl oxalate, phenylboronic ester, disulfide, dithienylethenes,
bipyridinium and ferrocene.'?*32 Furthermore, acid-labile moieties in polyanhydrides, poly
(lactic/glycolic) acid are not stable in reducing environments and respond to electron-transfer
(redox) stimuli.’3313* Paramagnetic organic molecules, such as tetramethylpiperidine-1-oxyl (TEMPO)

derivatives, can be oxidized or reduced in a reversible manner.13> 136
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2.2.3 Biological stimulus
Physiological environments contain various biomolecules and enzymes. The variation in
the concentration and the types of the specific biomolecules and enzymes present in different

tissues, organs or under biological abnormalities can be used as stimuli.

Enzymes control nearly all activities and chemical reactions inside living organisms, and
because of the specificity and selectivity for the substrates, the use of enzymes as the stimulus
to change the properties of polymers have got growing interest. Enzyme-responsive materials
provide additional advantages over other responsive materials using chemical or physical stimuli,*3”
139 they typically do not require any external trigger for transformations and transitions of the
polymers or polymer assemblies; they are highly selective and have high catalytic efficiency even
under the mild conditions present in vivo.}*% 141 Overexpression of specific enzymes like protease,
phospholipases, oxidoreductase or changes in the activity of enzymes, are associated with multiple
diseases.’*> 143 Also, enzymes produced only by microorganisms could potentially be exploited to
allow for selective activation of advanced drug delivery platforms.1#> 143 Therefore enzyme responsive
materials are important for potential biological applications especially in control the release and drug

delivery.144147

Inbalances in small biomolecules present in vivo could also potentially be used in drug delivery
applications. For example, glutathione (GSH) is a redox-active biosignal in cells, which can be used
as the trigger to change the properties of polymers for biomedical applications.'*® Also, materials
that respond to glucose have been used for their potential applications in both glucose sensing

and insulin delivery and are heavily involved in the development of treatments for diabetes.
2.3 Miniemulsion: preparation and stability

2.3.1 Types of emulsions
An emulsion is a colloid of two or more immiscible liquids where one liquid contains a
dispersion of the other liquids (water-in-oil or oil-in-water). Typical emulsions contain oil, water

and an emulsifier. Emulsions can be classified according to the underlying principle of formation
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as macroemulsion, miniemulsion (sometimes also referred to as nanoemulsion), and

microemulsion (Table 2.1).

The type of emulsifier (nonionic, anionic, cationic, amphoteric) and concentration is critical
for the determination of the droplet size because the emulsifier decreases the interfacial tension
between the oil and water phases.*® Also, it plays a role in the stability of the emulsions through
repulsive electrostatic interactions and steric hindrance.®® The emulsifiers used are generally

surfactants, but proteins and lipids are also effective to prepare emulsions.*>1-1>°

Table 2.1.Comparison of macroemulsion, miniemulsion and microemulsion.

Macroemulsion Miniemulsion Microemulsion
Size 1-100 pm 50-500 nm 10-100 nm
Shape Spherical Spherical Spherical, lamellar
Stability Thermodynamically Thermodynamically Thermodynamically
unstable, weakly metastable, stable
kinetically stable kinetically stable
Method of preparation High and low High and low Low energy
energy method energy method method
Polydispersity Often high(>40%)  Typically low (<10- Typically low (<10)
20%

2.3.2 Miniemulsion preparation

Miniemulsion is typically prepared in a two-step process where a macroemulsion is first
prepared and then convert to a miniemulsion in a second step. A miniemulsion is a transparent,
translucent, or milky system containing droplets in the size range of 50-200 nm.®° There are two
categories of techniques for the preparation of miniemulsions: high energy methods and low
energy methods.1®%-162 The required input energy density (€) is higher in high energy methods (=10°

W/kg) compare to low energy methods (=10* W /kg).163-165
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Low energy methods employ intrinsic physical properties to prepare nano-droplets without
using significant energy to form the miniemulsion. Phase inversion temperature (PIT), emulsion
inversion point (EIP) use low input energy density for the preparation of the miniemulsion. The
preparation of miniemulsion by EIP or PIT is based on the phase transition following changes either
in composition in case of EIP or temperature in case of PIT during the emulsification process. In EIP,
a water in oil macroemulsion water-in-oil is prepared with a surfactant (such as sodium dodecyl
sulfate or Tween® 80) at room temperature and then water is added slowly; the system passes
through an inversion point during dilution and the water-in-oil macroemulsion becomes an oil-in-
water miniemulsion.'®> In PIT, at constant composition, a highly unstable water-in-oil
macroemulsion is prepared (using polyethoxylated surfactant or nonionic surfactants (such as Brij®
30)) at a temperature higher than the phase inversion temperature (This) of the mixture. During the
cooling to room temperature, the macroemulsion passes through the inversion temperature and
changes from a water-in-oil macroemulsion to an oil-in-water miniemulsion.'®® In both methods, at
the inversion point, the interfacial tension of the oil-water interface is very low, and thus small droplets
can be formed without applying significant energy. There are also other less common methods like
bubble bursting, spontaneous emulsification, solvent displacement, and evaporative ripening for

miniemulsion preparation with low energy requirement.167-16°

High energy methods are based on a two-step technique; first, the macroemulsion is
prepared using stirrer for an adequate period of time. Then, the macroemulsion is converted into a
miniemulsion by apply large disruptive forces. High-energy methods are more common to prepare
miniemulsion on a large scale. The energy is used to break the large droplets of the
macroemulsion into the smaller droplets of the miniemulsion. This energy is usually applied using

either ultrasonicators, microfluidizers, or high-pressure homogenizers.

In a homogenizer, a pump accelerates the flow of a macroemulsion and pushes it through a
narrow gap (gap diameter of a few microns) where the large droplets break into smaller droplets as

they are exposed to extreme elongation and shear stress.®® 170 The homogenization process is
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typically repeated multiple times (referred to as the number of passes) until the droplet size becomes

constant.>1

Ultrasonicator applies high sound energy shock waves when propagating through
macroemulsion to create turbulence (attribute to cavitation), which ruptures the droplets and
minimizes the size of the droplets. As with homogenization, ultrasonication is pursued until the droplet

size becomes constant.’®!

Microfluidization shares similarities with high-pressure homogenization. The microfluidizer
allows the preparation of miniemulsion in a continuous manner. The main parts in the design of a
microfluidizer are the interaction chamber and the pump. The microfluidizer uses a high-pressure
positive displacement pump operating at pressures up to thousands of atmosphere, which accelerates
the flow of the macroemulsion. The macroemulsion is then propelled into the interaction chamber.
The chamber contains a well-defined axially-varying microchannel geometry, and most microchannels
configuration are either Y- or Z- shape, with channel diameters between 50 to 200 pm(Figure 2.7). 171
In the Y-type interaction chamber, the stream is divided into two microstreams at the entrance of the
chamber and the fluid speed is accelerated due to the sudden decrease in the diameter of the
channel(s), the two microstreams of macroemulsion are then recombined in an impinging
configuration. The impact zone, the impingement area, is a zone of high energy impact and shear
forces where all of the suspension must flow through, the collisions lead to droplets disruption (Figure
2.7 )and formation of the miniemulsion.'’? The exact nature of the forces at play in the impingement
area is complex, the collision of the two high-speed microstreams result in droplet implosion, shear
force, and turbulence and to a lesser extent cavitation. In a Z-type interaction chamber, an inward fluid
stream under high pressure is forced to pass through one or more tortuous microchannel design with
several changes in the direction of the flow, this leads to droplets disruption through the increased
shear forces present (Figure 2.7).17% 173 By using microfluidization and tuning the pressure and the
chamber geometry, it is possible to produce submicron droplet sizes in a continuous approach with

very narrow particle size distribution.’%17>
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Figure 2.7. Microfluidization process for the preparation of miniemulsion.'’® (adapted from ref.
176 with copyright 2018 International Journal of Nanomedicine) , B: Schematic representation of

the interaction chambers.'”( adapted from ref. 171 with copyright 2015 Springer Nature)

2.3.3 Stability of miniemulsion

Miniemulsions are kinetically stable. A typical emulsion can be destabilized by
flocculation, coalescence, Ostwald ripening and creaming/sedimentation. However, in the case
of miniemulsions, the system is relavely insensitive to flocculation and creaming when the
particle size is small enough (smaller than a few microns). Furthermore, the miniemulsion are by
design stabilized against Ostwald ripening by the addition of osmotic pressure agent and against

coalescence by the addition of a surface active agent.'”’

To create a stable miniemulsion, the droplets must be stabilized against Ostwald ripening
and against coalescence (Figure 2.8). Coalescence is mostly caused by collisions between droplets
either due to Brownian motion or applied flow. Stabilization against coalescence is obtained by
adding an appropriate type and a large enough concentration of surfactant to form adsorbed
layer of surfactant on the surface of the nanodroplet, steric interactions increase the repulsive
maximum preventing coalescence after collisions or preventing collisions; in addition, the

addition of surfactant increases the stability of the miniemulsions against coalescence.®°
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Figure 2.8. Two possible mechanisms for the growth of emulsion droplets.’® (This figure was
modified from lecture material of the “Principles of miniemulsion” course from Prof. Dr.
Katharina Landfester).

Ostwald ripening occurs due to the diffusion of molecules under the diving force created
by a difference in the chemical potential of material encapsulated in droplets of different sizes.
The chemical potential is proportional to the Laplace pressure and is influenced by the droplet
size, the Laplace pressure of a droplet is inversely proportional to its size, and thus the chemical
potential is higher in smaller droplets than in larger ones. The Ostwald ripening is the
thermodynamically-driven spontaneous process leading to the mass transfer from smaller

droplets to larger droplets to minimize the average energy of the system.'”®

Diffusional stabilization of the miniemulsion against Ostwald ripening can be achieved by
preparing a miniemulsion with a low polydispersity index and by adding an osmotic pressure

agent. In a perfectly homogenous system, there is no difference in Laplace pressure between the
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droplets and thus no gradient of chemical potential to drive the diffusion process. However,
perfectly homogenous systems are not realistic and osmotic pressure agents are usually required
to stabilize a miniemulsion. The osmotic pressure agent is an additive with extremely low
solubility in the continuous phase, much lower than the solubility of the dispersed phase in the
continuous phase, but fully soluble in the dispersed phase of the miniemulsion. If the small
droplets were to shrink and the large ones to grow because of Ostwald ripening, then the
concentration of this additive in the small droplets would increase, and the osmotic pressure in
that droplet would increase. The gain in energy due to the difference in the Laplace pressure
would be counter-acted by the variation in the average osmotic pressure of the system. At the
equilibrium, the average Laplace pressure and average osmotic pressure are constant, but not

equal, and Ostwald ripening becomes negligible.'&

2.4 Formation of polymer nanocarriers via miniemulsion

Polymer nanocarriers have attracted the interest of many research groups and have been
utilized in an increasing number of fields during the last decades. Polymer nanocarriers (PNC) are
frequently defined as solid, colloidal particles with dimensions measured in nanometers (range
< 500nm).’®! Nanospheres are monolithic-type structure (matrix) particles, i.e., particles whose
entire mass is solid and active molecules may be adsorbed at the sphere surface or encapsulated
within the particle.’® In general, they are spherical, but also could take other shapes.'®3
Nanocapsules are nano-vesicular systems, acting as a kind of reservoir, in which the entrapped
substances are confined to a cavity consisting of a liquid core (either oil or water) surrounded by
a solid shell.'82 The polymers used for the preparation of PNC can be either natural polymers or
synthetic polymers.’® PNCs can be conveniently prepared by miniemulsion either from
preformed polymers or by direct polymerization of monomers using various techniques.®
Generally, nanocarriers are prepared in a two-step process. The preparation of emulsified
droplets corresponds to the first step while the conversion of the nanodroplets in nanoparticles

or nanocapsules occured during the second step. This second step is achieved either by the

precipitation, gelation, crosslinking of a polymer or by the polymerization of monomers.
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Occasionally, the nanocarriers formation is synchronous with the formation of the emulsified

system.

2.4.1 Formation of polymer nanocarriers by polymer precipitation

Polymer precipitation in miniemulsion can be used to prepare nanoparticles. It is a two-
step process where emulsification is followed by solvent removal to provoke the polymer
precipitation in the droplets of the emulsion. Alternatively, the nanoparticles can be formed by
the fast diffusion of the solvent after dilution using an excess of water (continuous phase) as in
emulsification—solvent displacement and salting-out method. During that, the precipitation

process of the polymer starts by nucleation at the interfacial region of the droplets.186 187

This process can be easily combined with the miniemulsion technique and the particle
size is intimately linked to the size of the droplet which it is originating from, and therefore all
the parameters discussed about the stability of a miniemulsion system will influence on the final
size and size distribution of the nanoparticles (type and concentration of surfactant,
emulsification technique, etc).'®1% When using a oil-in-water type of emulsion, lipophilic

payloads can be encapsulated inside the nanocarriers with this method.*!

2.4.2 Formation of polymer nanocarriers by gelation of the emulsion droplets

Another method to produce polymer nanocarriers from the emulsion is by inducing the
gelation of polymer dissolved in the emulsion droplets. This method can be used with polymers
able to form gel such as gelatin, agarose and so on. Some polymers show solubility transition
upon changes in temperature, for example, agarose is fully water-soluble at high temperature;
however, when the temperature is decreased below 4 °C the agarose chains interact strongly
through intermolecular interaction to form a gel. In this case, the emulsion can be prepared at a
high temperature, and then, the nanogels can be formed by cooling down the emulsion. With
other polymers like alginate and pectin, gels can be formed by adding a chemical inducing
gelation (calcium ion for alginate) or by modifying the pH of the polymer solution. To do so, an
efficiently changing the chemical composition in the emulsified droplets, co-emulsification

technique can be used to form nanogels. In this method, two different emulsions are prepared,
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one containing the gelling polymer in the dispersed phase and the other containing the gelling
agent or the pH controlling agent in the dispersed phase. The two emulsions are then mixed
together under strong agitation by ultrasonication or homogenization to enhance collisions and
fusion between droplets leading to the mixing of the individual reactants and the formation of
the resulting nanogels. Often, this type of nanogels cannot be prepared in a single emulsion
technique since the reaction time between the polymer and the gelling agent is often too fast in

comparison to the time needed to prepare the emulsion.

High-energy methods are a very efficient method to prepare the precursor nanodoplets
with low polydispersity and reduced size needed.'®> Two miniemulsion, one containing droplets
of polymer and on containing droplets of the gelling agent can be prepared separately and then
combined under strong agitation using the same high-energy emulsification device (Figure 2.9)
193 This method allows to form nanohydrogel and encapsulate hydrophilic drugs such as insulin

when water-soluble polymers use.*?*
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Figure 2.9. Co-emulsified nanocarriers formation by co-emulsification.'®® (adapted from ref. 193

with copyright 2015 Elsevier)
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2.4.3 Formation of polymer nanocarriers by polymerization in dispersed media

“In situ” polymerization of monomers contained in the droplets can also be used to
prepare nanocarriers.'® 1% Typically for this type of application, a miniemulsion formed with a
high energy method consists of pure monomer nanodroplets surrounded by the adsorbed
emulsifier. Miniemulsion polymerization starts in the droplets themselves by the addition or the
in situ formation (with temperature, UV, ultrasonically, or even enzyme) of the polymerization
initiator either in the continuous or the dispersed phase.'’-?%! Droplet nucleation mechanism
suggests that the radicals enter each one of the nanodroplets, which can be taken as individual
reaction sites (nanoreactor), and initiate the monomers inside it to start polymerization and form
nanoparticles, in that way the particle number and size is closely related to size and number of
nanodroplets. This method can be used to prepare core-shell polymer nanoparticles and is able

to encapsulate hydrophilic or hydrophobic payloads.20203

The most commonly used polymerization reaction in miniemulsion polymerization is the
free-radical polymerization, which can be aggressive for the potentially encapsulated fragile
molecules. However, miniemulsion polymerization is compatible with a wide array of chemical
process and polyaddition, anionic polymerization, or metal-catalyzed polymerization reactions
are also being used.?%42% The miniemulsion polymerization is also adaptable to low-energy

methods or solvent diffusion.2%7- 208

2.4.4 Formation of polymer nanocarriers by “in situ” polymerizations at the droplet interface
Polymerizations at the droplet interface is one of the firmly established methods used for
the preparation of polymer nanoparticles. Its efficiency, versatility and relative ease of
implementation has made it a preferred manner in many domains, ranging from drug and gene
delivery to electrochemistry applications and biocatalysis. It involves step polymerization of two
reactive monomers or agents, which are respectively dissolved in the continuous and in the
dispersed-phase and the reaction takes place at the interface between the two liquids. The use
of the interfacial polymerization in combination with miniemulsions is a valuable and effective

tool in the preparation of nanocarriers aiming at the encapsulation of different materials. Many
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types of polymerization reactions also contribute to the formation of polymer nanocarriers by

interfacial polymerization.

Interfacial polycondensation and polyaddition (step-growth) polymerization is one of the
most used approaches in the preparation of micro- and nanocapsules by interfacial
polymerization. The first use of this technique for the formation of nanocapsules goes back as far
as 1964.%%° polycondensation and polyaddition occur between two monomers for the formation
of the capsules shell, each only soluble in one phase of the emulsion. The solubility of monomers
forces them to react together at the droplet interface of the emulsion and when the nascent
polymer is insoluble in either phase, precipitating at the interface, the capsule is formed.
Whereas, when the locus of the reaction is shifted to the droplet core, particles will form instead
of capsules. The properties of the resulting nanocarriers can be influenced by various parameters
such as solubility and amount of monomers, diffusion of at least one of the monomers to the
other, swelling ability of the solvents for the resulting polymer, rate of polycondensation and rate

of addition of the second monomer.210-212

Some drawbacks are faced in this approach, mainly due to the limitation on the types of
molecules able to be efficiently encapsulated through this strategy. One of the most widely used
chemical reaction use to prepare the nanocapsule is the step-growth formation of polyurethane
or polyuria network using multifunctional isocyanate as crosslinker. However, the competitive
reactions in case of the presence of nucleophilic -NHR, —=SH and —OH groups in the chemical
structure of the molecule targeted for encapsulation, and the difficult control between the
formation of polyurethane (some of the most frequently used chemicals) and polyurea shell at
the interface can decrease the efficiency of the encapsulated molecules. The integration of
biorthogonal reactions in the formation of the polymer shell would provide more selective

strategies for nanocapsules formation.

To improve the tolerance of biological payloads to the chemical reaction used to build the
nanocarriers, biorthogonal reactions such as polyaddition by copper-catalyzed azide-alkyne

(CuAAC) interfacial click approach at miniemulsion droplet interface has been used for the
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preparation of glyco-nanocapsules.?'?® Such nanocarriers were able to encapsulate hydrophilic

cargos.

Although such an approach is a step forward, using copper catalysts still restricts its use
for the preparation of biomaterials.?**Thus, copper-free alkyne-azide click polyaddition was
applied for the preparation of nanocapsules using electron-deficient alkynes.?'> Copper-free
alkyne-azide click reactions are generally temperature-dependent and relatively high
temperatures can be needed for satisfactory kinetics. This can be problematic when sensitive
compounds such as proteins or siRNA are to be encapsulated. Nevertheless, it was proved that
the use of the miniemulsion approach leads to an acceleration of the kinetics involving this click
reaction, probably due to the increase of local concentrations, making it possible to use this

approach for reaction at temperatures as low as 25 °C.%16

Additionally, the bioorthogonal 1,3-dipolar tetrazole—ene photo-click cycloaddition was used
to crosslinked the molecules present at the interface of nanodroplets in miniemulsion to generate
crosslinked protein nanocarriers using low-intensity UV-light under relatively mild conditions and led

to high drug encapsulation efficacy.?!’

Furthermore, other bio-orthogonal strategies have been used to prepare a new
generation of nanocarriers. The photo-click addition between thiol and ene was used to prepare
glutathione-responsive DNA-based nanocapsules for theranostic therapy.?® Biorthogonal
interfacial olefin crossmetathesis was used for the preparation of dextran-alkyl phosphate hollow
nanocapsules.?'? Metathesis is a reaction that can be performed at mild conditions and the use
of phosphate-based crosslinkers also offered the possibility of further addition of functionalities
to the polymeric shell, as for example, the addition of fluorescent units. Also, ring-opening
crossmetathesis at the oil-water interface was used to synthesize microcapsules from

amphiphilic graft copolymers. 22°

26



Experimental section

3. Experimental section

3.1 Materials

All chemicals and materials were used as received, if not otherwise mentioned.
Polyglycerol polyricinoleate (PGPR) was provided from Danisco and was purified first by
dissolution in hexane followed by centrifugation (2000 rpm) to precipitate solid particles, then
the supernatant was recover and the purified PGPR was dried by rotary evaporation. Styrene and
2-(diisopropylamino) ethyl methacrylate were passed through a column containing basic
aluminum oxide to remove the inhibitor. 2,2’-Azobis(2-methylbutyronitrile) was recrystallized by
recrystallization. A supersaturated solution of AIBN was prepared in hot methanol (50 °C),
filtered, and then cooled down; the resulting crystals were recovered and dried under vacuum

and stored in the freezer.

3.2 Instrumentation

Pre-emulsions were prepared by T 18 digital ULTRA-TURRAX®, usually operating at 10000
rom. Miniemulsions were usually prepared by microfluidization (LV1 or LM 10 Microfluidics
Corporation) using a Y-shape interaction chamber with 75 um channels. The average size and size
distribution of the polymer nanocarriers (PNCs) were measured via dynamic light scattering (DLS)
at 25 °C using a Nicomp 380 submicron particle sizer or a Malvern NanoS90 both working at an
angle of 90°. Morphological studies were performed by scanning electron microscopy (SEM) or
transmission electron microscopy (TEM). For the sample preparation, one drop of diluted PNC
dispersion was placed onto a silica wafer (for SEM) or a carbon-coated grid (for TEM) and allowed
to dry under ambient conditions. The SEM measurements were performed with a 1530 Gemini
LEO field emission microscope (Zeiss), with an accelerating voltage of 170 V. For TEM
measurements, Jeol 1400 transmission electron microscope was used with an accelerating
voltage of 120 Kv. FT-IR measurements were performed with the Perkin ElImer Spectrum BX FT-
IR spectrometer and the spectra were recorded between 4000 and 600 cm™. Fluorescence

intensity measurements were performed on an Infinite M1000 plate reader from Tecan using 96-
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well plates. The molecular weight of the polymers were measured by gel permeation
chromatography (Agilent Technologies 1260 Infinity) equipped with a UV and Rl detectors
(1260VWD and 1260 RID) and calibrated by polystyrene for samples in THF or dextran for samples
in water. Flow cytometry was performed by Attune NxT Flow Cytometer. Confocal laser scanning
microscopy (Zeiss LSM 710 NLO) (CLSM) was performed in order to visualize intracellular uptake
of nanocarriers. Nuclear magnetic resonance (NMR) analysis were performed on a Bruker Avance

spectrometers operating at a frequency for *H of either 250 or 300 MHz.
3.3 Synthesis of nanocapsule precursors

3.3.1 Synthesis of oxidized hydroxyethyl starch (HES-OX)

3.7 g of potassium periodate under stirring to 50 mL of 10 wt% solution of HES in water.
The reaction mixture was strirred for 1 h at room temperature in the dark. Then, the solution was
transferred to a dialysis bag MWCO 12-14,000 Da and dialyzed against water for 3 days (changing
two times per day) and finally lyophilized. The formation of aldehyde groups was confirmed by
the presence of an absorbance peak at 1732 cm™ in the FTIR spectra, which corresponds to C=0

stretching of an aldehyde group (Figure 3.1).
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Figure 3.1. FTIR spectrum of hydroxyl starch (dash line) and 50% oxidized hydroxyl starch (solid

line).

3.3.2 Synthesis of oxidized lignin

Primary and secondary alcohols in lignin were oxidized to ketones using potassium
carbonate and potassium iodide. Lignin sulfonic acid sodium salt (5 g) and potassium carbonate
(8.3 g) were dissolved in 100 mL of water, and the solution stirred in an oil bath at 90 °C. Then 50
mL of an aqueous solution of iodine (7.6 g) and potassium iodide (1.25 g) was added dropwise.
The reaction was carried out at 90 °C for one hour. Then the lignin was precipitated in acetone

filtered, washed and dried.
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Figure 3.2. FTIR spectrum of Lignin sulfonic acid sodium salt (dash line) and oxidized lignin (solid

line).

3.3.3 Synthesis of methacrylate albumin

25 g of albumin was dissolved in 200 mL phosphate buffer (7.4) at 4 °C after that 13 mL
methacrylic anhydride was added. After 2 h of the reaction was stopped, and the resulting
solution was dialyzed for 3 days against water (changing two times per day) using dialysis tube

with a MWCO 12-14,000 Da, and finally lyophilized.
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Figure 3.3. FTIR spectrum of albumin (solid line) and methacrylate albumin (dashed line).

3.3.4 Synthesis of oxidized dextran (OxD)

The oxidation of dextran was carried out by dissolving 5.0 g of dextran (M,: 16 kDa, D: 2.18)
and 1.75 g of KCIO4 in 200 mL of water. The resulting solution was stirred for 24 h at room
temperature and then dialyzed for 3 days against water and finally lyophilized( Figure 3.4).The
resulting oxidized dextran was characterized by NMR spectroscopy, FTIR spectroscopy and GPC.
The resulting oxidized dextran (Mn: 16 kDa, b: 2.07) was characterized by NMR spectroscopy,
FTIR spectroscopy and GPC.

For in vitro cell viability and cell uptake OxD was labeled with cyanine-5. Cy5-OxD was
synthesized by reacting 0.5 g of OxD with 6 mg of Cy5-SE, 0.5 mg of 4-dimethylaminopyridine and
7 uL trimethylamine in 50 mL of DMSO. The solution was reacted for 24 h at 50 °C under a

nitrogen atmosphere. The resulting solution was dialyzed for 3 days against water and finally

lyophilized.
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Figure 3.4. (A) Oxidation of dextran by periodate. (B) *H-NMR spectrum of native dextran (red)
and oxidized dextran (black). (C) FTIR spectrum of native dextran (red) and oxidized dextran

(black).

The degree of oxidation (DO) of the OxD defined as the number of oxidized residues per
100 glucose residues was determined by titration. A sample of 0.1 g of OxD was dissolved in 25
mL of a 0.25 N hydroxylamine hydrochloride solution in water. Each sample was reacted for 2 h
at 50 °C. The solution was then titrated with 0.1 M sodium hydroxide and methyl red. The change
of the pH value with the addition of sodium hydroxide was recorded to determine the equivalent
volume and compared to a blank sample prepared with unreacted dextran. The oxidation ratio

calculated from titration was 24.7 %.
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3.3.5 Synthesis of levulinate-functionalized dextran (keD)
Levulinate dextran was prepared by the reaction of 3 g of dextran (Mn: 16 kDa, D: 2.18) with 4.30
g of levulinic acid, 7.50 g of DCC, 1.60 g of DMAP and 1.50 g of pyridine in 100 mL of dry DMSO (Figure

3.5).
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Figure 3.5. (A) Levulinate dextran prepration. (B) *H-NMR spectrum of native dextran (red) and
Levulinate dextran (black). (C) FTIR spectrum of native dextran (red) and Levulinate dextran

(black).

The solution was reacted for 24 h at 60 °C under a nitrogen atmosphere and then precipitated with
ethanol. Then, the precipitate was dissolved in water, filtered through a 200 nm pore size cellulose
acetate filter, and then dialyzed over seven days, and freeze-dried. The resulting levulinate dextran
(Mn: 18 kDa, D: 2.12) was characterized by NMR spectroscopy, FTIR spectroscopy and GPC. The

degree of functionalization was calculated from the ratio of the NMR peak of the ketone protons
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of the levulinic acid and the proton on the C1 of the dextran, on average, 100% of the glucose
units in KeD were functionalized with one levulinic acid.

For in vitro cell viability and cell uptake study KeD was labeled with cyanine-5. Cy5-KeD was
synthesized by reacting 0.5 g KeD with 6 mg Cy5-SE, 0.5 mg 4-dimethylaminopyridine and 7 pl in
50 mL of dry DMSO. The solution was reacted for 24 h at 50 °C under a nitrogen atmosphere. The

resulting solution was dialyzed for 3 days against water and finally lyophilized.

3.3.6 Synthesis of Oxidized-levulinate functionalized dextran (OxKeD)

The preparation is carried out in two steps, first oxidation by KCIO4 to add aldehyde groups to
dextran backbone and then levulinic acid was conjugated to dextran and to get ketone groups on
dextran backbone (Figure 3.6) .

The oxidation of dextran was carried out by dissolving 5.0 g of dextran (M,: 16 kDa, D: 2.18)
and 2.75 g of KCIO4 in 200 mL of water. The resulting solution was stirred for 24 h at room
temperature and then dialyzed for 3 days against water and finally lyophilized .

Oxidized-levulinate functionalized dextran was prepared by the reaction of 3 g of oxidized dextran
(Mhn: 16 kDa, B: 2.3 ) with 4.30 g of levulinic acid, 7.50 g of DCC, 1.60 g of DMAP and 1.50 g of pyridine
in 100 mL of dry DMSO. The solution was reacted for 24 h at 60 °C under a nitrogen atmosphere and
then dialyzed over seven days, and freeze-dried. The resulting oxidized-levulinate dextran
(Mn: 18 kDa, D: 2.32) was characterized by NMR spectroscopy, FTIR spectroscopy and GPC. The
degree of functionalization was calculated from the ratio of the NMR peak of the ketone protons
of the levulinic acid and the proton on the C1 of the dextran, on average, 60% of the glucose units

in KeD were functionalized with one levulinic acid.
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Figure 3.6. (A) Oxidized-levulinate dextran prepration. (B) 'H-NMR spectrum of native dextran

(black) and Oxidized dextran (rad) Oxidized-levulinate (blue). (C) FTIR spectrum of native dextran

(black) and Oxidized dextran (rad) Oxidized-levulinate (blue).

3.3.7 Synthesis of 3,3'-dithiodipropionic acid dihydrazide (DTPDH)

DTPDH was synthesized according to a previously reported method.??> 222 |n a 250 mL

flask 3, 3'-dithiodipropionic acid (5.00 g, 23.8 mmol) and ethanol (11.5 g, 480 mmol) were mixed

with 50 g toluene containing sulfuric acid (0.6 %). The resulting solution was refluxed for 15 hours

at 110 °C. The reaction mixture was then cooled to room temperature and the ethanol and

toluene were evaporated under reduced pressure. The residue was then diluted with diethyl

ether (60 mL), transferred to an extraction funnel, washed sequentially with saturated NaHCO3
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solution (30 mL) and water (30 mL). The organic phase was dried with MgSO. and evaporated
under reduced pressure to afford crude dimethyl 3,3’-dithiodipropionate as a transparent, pale
amber oil (5.21g, 92 %), which was used without further purification. Diethyl 3,3'-
dithiodipropionate (5.00 g) was dissolved in methanol (100 mL) at room temperature. Hydrazine
monohydrate (6.30 g, 6.0 eq.) was then added and the reaction mixture stirred overnight (ca. 18
h) at room temperature. The resulting suspension was filtered and the white solid washed
sequentially with methanol (50 mL), before being air-dried to constant weight. The desired
product, DTPDH, was obtained as a white solid (3.10 g, 62%). (Figure 3.7) shows the *H NMR
spectra of the resulting DTPDH in DMSO-ds. NMR (300 MHz, DMSO-d6): & = 9.05 (s, 2H; NHNH,),
§=4.20 (s, 4H; NH2NH), & = 2.88 (t, J = 7.2 Hz, 4H; CH,CH2S). & = 2.40 (t, J = 7.2 Hz, 4H; CH2SS).
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Figure 3.7. (A) DTPDH preparation . (B) *H-NMR spectrum of DTPDH (red) and dimethyl 3,3'-
dithiodipropionate (black). (C) FTIR spectrum of DTPDH.

3.3.8 Synthesis of thioketal dipropionic acid dihydrazide
In a 50 mL flask, butyl 3-mercaptopropionate (8.00 g), anhydrous acetone (6.00 g) was

dissolved in a solution of hydrochloric acid in dioxane (HClI 4M, 4 mL). The resulting solution was
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stirred under nitrogen for 15 h at room temperature. The solvent was removed under reduced
pressure. The residue was then diluted with diethyl ether (60 mL), transferred to an extraction
funnel, washed sequentially with saturated NaHCOs solution (30 mL) and water (30 mL). The
organic phase was dried with MgSO4 and evaporated under reduced pressure to afford crude
dibutyl thioketal dipropionate as a transparent, pale amber oil, which was used without further
purification. Dibutyl thioketal dipropionate (5.00 g) was dissolved in methanol (100 mL) at room
temperature. Hydrazine monohydrate (6.30 g) was then added and the reaction mixture stirred
overnight (ca. 18 h) at room temperature. The resulting reaction mixture was evaporated under
reduced pressure. The residue was then diluted with water (60 mL), transferred to an extraction
funnel, washed twice with diethyl ether (30 mL). The aqueous phase was evaporated under
reduced pressure to obtain the desired product as a white solid. Figure 3.8 shows the 'H NMR
spectrum of DTP in DMSO-d6. NMR (300 MHz, DMSO-d6): 6 = 9.05 (s, 2H; NHNH3), 6 = 4.20 (s,
4H; NH2NH), 6 =2.88 (t, ) = 7.2 Hz, 4H; CH2CH,S). 6 = 2.40 (t, J = 7.2 Hz, 4H; CH,S), 6 = 1.5 (s, 6H;
CHsC).
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Figure 3.8. (A) thioketal dipropionic acid dihydrazide preparation .

(B) *H-NMR spectrum of

thioketal dipropionic acid dihydrazide (red) and Dibutyl thioketal dipropionate (black). (C) FTIR

spectrum of Dibutyl thioketal dipropionate.

3.3.9 Synthesis of crosslinker poly (styrene-co-methacryloyl hydrazide) (PSH)

Poly(styrene-co-methacryloyl hydrazide) was prepared via a two-step procedure. First,

methacryloyl hydrazide was synthesized and then copolymerized by free radical polymerization

with styrene to form an oil-soluble hydrazide-containing functional polymer (Figure 3.9).
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Figure 3.9. (A) Synthesis of poly (styrene-co-methacryloyl hydrazide). (B) *H-NMR spectrum of
methacryloyl hydrazide (red) and poly (styrene-co-methacryloyl hydrazide) (black). (C) FTIR

spectrum of methacryloyl hydrazide (red)) and poly (styrene-co-methacryloyl hydrazide) (black).

Methacrylic anhydride (51.75 g) was dissolved in chloroform (250 mL) and added dropwise to
a stirred solution of hydrazine monohydrate (70 mL, 1.44 mol) at 0 °C and then stirred at room
temperature overnight. The organic layer was recovered and the aqueous layer washed three
times with chloroform. The chloroform aliquots were combined and the solvent removed by
rotary evaporation to yield a white crystalline solid. The resulting solid was recrystallized from a
mixture of 10:1 toluene—dichloromethane to yield the pure monomer in the form of fine needle-
like crystals (Figure S3). In the second step, the methacryloyl hydrazide (1 g) was copolymerized
with styrene (2.4 g) by free-radical polymerization in the presence of AIBN (100 mg) in DMSO at
70 °C overnight. For the polymer purification, water was added to the reaction mixture to

precipitate the PSH. The polymer was recovered and dried, redissolved in THF and reprecipitated
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twice, once in water and once in hexane. The resulting polymer was characterized by NMR, FTIR

and GPC (M : 1.8 kDa, D : 1.87).

Titration was used to quantify the hydrazide in PSH. A sample of PSH (50 mg) was dissolved in
20 mL of glacial acetic acid, then one drop of crystal violet indicator was added, and the violet-
colored solution was titrated with standard 0.01 N perchloric acid which was prepared in glacial
acetic acid and compared to a blank sample prepared without PSH. The endpoint was reached
when a definite green coloration was produced. The molar fraction of methacryloyl hydrazide in

the polymer was 20.5 mol%.

3.4 Synthesis of nanocarriers

3.4.1 Synthesis of HES nanocarriers crosslinked with toluene diisocyanate

The dispersed phase was prepared by taking 10 g of hydroxyethyl starch solution (10 wt%)
and adding 160 mg NaCl as lipophobe to the solution. When a payload (rhodamine or rhodamine
derivatives) was used, 10 mg of payload was added to the dispersed phase. The continuous phase
was prepared by dissolving 1 g of PGPR in 60 g of cyclohexane. The continuous phase was added
dropwise to the stirred water phase to form the inverse pre-emulsions. The pre-emulsion was
passed through the microfluidizer two times with a pressure of 896.3 bar. After the preparation
of the miniemulsion, the suspension was diluted with a second oil phase composed of 40 g of
cyclohexane, 0.66 g of PGPR and 1 g of toluene diisocyanate (TDI). After the dropwise addition
(over a period of ca. 5 min) of the second oil phase, the reaction mixture was stirred for 24 h at
room temperature. The resulting nanocarriers were purified by repetitive centrifugation (3 X at
1770 RCF for 30 min, followed by redispersion in fresh cyclohexane) to remove excess surfactant

and crosslinker.

3.4.2 Synthesis of HES nanocarriers crosslinked with phenyl dichlorophosphate
The formation of the HES nanocarriers crosslinked with phenyl dichlorophosphate was

carried out in a similar manner as HES nanocarriers crosslinked with TDI (section 3.4.1). Here, the
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lipophobe used in water phase was 1 g of NaCl and 0.2 g NaHCOs3, and the second continuous

phase contained 1 g of phenyl dichlorophosphate instead of 1 g of toluene diisocyanate(TDI).

3.4.3 Synthesis of HES nanocarriers crosslinked with adipic acid dihydrazide

The formation of the HES nanocarriers crosslinked with adipic acid dihydrazide was
carried out in similar manner as HES nanocarriers crosslinked with toluene diisocyanate(TDI)
(section 3.4.1). Here the water phase contained oxidized HES (section 3.3.4) instead of HES, and
toluene instead of cyclohexene the miniemulsion was crosslinked with 1 g of adipic acid

dihydrazide instead of toluene diisocyanate(TDI).

3.4.4 Synthesis of lignin nanocarriers using TDI

The formation of the lignin nanocarriers was carried out in a similar manner as HES
nanocarriers crosslinked with TDI (section 3.4.1). Here, HES in the water phase was replace with
lignin sulfuric acid sodium salt. Alternatively, the dispersed phase was also prepared using DMSO

instead of water as solvent.

3.4.5 Synthesis of Lignin nanocarriers using adipic acid dihydrazide
The formation of the lignin nanocarriers crosslinked with adipic acid dihydrazide was
carried out in similar manner as HES nanocarriers crosslinked with adipic acid dihydrazide

(section 3.4.3). Here, HES in the water phase was replaced with oxidized lignin (section 3.3.2).

3.4.6 Synthesis of bovine serum albumin (BSA) nanocarriers cosslinked with toluene
diisocyanate

The formation of the bovine serum albumin (BSA) nanocarriers was carried out in a similar
manner as HES nanocarriers crosslinked with TDI (section 3.4.1). Here, HES in the water phase
was replaced by BSA and the second continuous phase was prepared by dissolving 0.66 g of PGPR

and 0.2 g of TDI in 40 g of cyclohexane.

3.3.7 Synthesis of dextran nanocarriers crosslinked with hydrazide-containing polymers
The formation of the nanocarriers was carried out by the reaction between hydrazide in

PSH (section 3.3.8) and the aldehyde or ketone in oxidized dextran (section 3.3.4) or keto-dextran
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(section 3.3.5) at the interface of droplets in an inverse miniemulsion. The water phase was
prepared by dissolving 100 mg of functionalized dextran and 16 mg NaCl in 1 g of phosphate
buffer solution (20 mM). When a payload (rhodamine or rhodamine derivatives) was used, 5 mg
of payload was added to the dispersed phase. The continuous phase was prepared by adding
160 mg of PGPR to 10 g of toluene. The oil phase was added dropwise to the stirred water phase
to form the inverse pre-emulsion. Then, the pre-emulsion was passed through the
microfluidizer (LV1) two times (896.3 bar) to prepare miniemulsion. A second oil phase was
prepared by dissolving 90 mg of PGPR and 75 mg of the hydrazide-containing polymer in 4 g
toluene. After the dropwise addition of the second oil phase to the stirred miniemulsion, the
reaction mixture was stirred for 24 h at room temperature. The nanocarriers were purified by
3 cycles of centrifugation (17, 30 min) followed by redispersion in pure toluene. To transfer the
nanocarriers to water, 1 g of the toluene dispersion were added dropwise, under gentle
sonication, to 3 g of a 0.1 wt% solution of SDS in PBS buffer. After the addition, the samples were
stirred in open vials for 5 to 6 h at room temperature to evaporate the toluene. Then, the excess

SDS was removed using centrifugal concentrators follow by redispersion in fresh PBS buffer.

3.4.5 Synthesis of nanogels via co-emulsification

Dextran nanogels were prepared by in an inverse miniemulsion. The procedure involves
preparation of two separate emulsions A and B, where A contains levulinate dextran or oxidized
dextran in the droplets, while B contains the dihydrazide crosslinker (disulfopropionic acid

hydrazide, adipic acid dihydrazide or thioketal propionic acid dihydrazide) in the droplets.

The same continuous phase was used for both emulsions, 70 mg of PGBR was dissolved
in 5 g of cyclohexane. The first dispersed phase (A) was prepared by dissolving 100mg of
functionalized dextran in 50 g of PBS buffer (20 mM) followed by the addition of 10 mg NaCl. The
second dispersed phase (B) was prepared by dissolving either 25 mg adipic acid dihydrazide or
40 mg thioketal propionic acid dihydrazide) was dissolved in PBS buffer (20 mM, 0.5 mL) by
heating at 40 °C. When a payload (rhodamine or rhodamine derivatives) was used, 5 mg of

payload was added to the dispersed phase A.
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Both dispersed phases were individually added to separate continuous phases and
preemulsified by ultraturrax for 30 s. Both A and B were emulsified by two cycles through
microfluidizer at 896.3 bar. The emulsion A and B were combined and passed through
microfluidizer at 896.3 bar for two cycles. The resulting suspension was stirred for 24 h at room
temperature. The nanogels purified by 2 cycles of centrifugation (1200 RCF) to remove unreacted
chemicals and excess of surfactant. The nanogels were transferred to water by the addition of 1
mL of the organic dispersion to 3 g of a 0.1 wt% aqueous solution of SDS in PBS under mild
sonication. Then, the samples were stirred in open vials for 24 h at room temperature to
evaporate the cyclohexane. Then, the excess SDS was removed using centrifugal concentrators

follow by redispersion in fresh PBS buffer.

3.5 Release profiles

The release of the payload was measured by fluorescence spectroscopy. After the transfer
of the NCs to water, 10 mL of the suspension was centrifuged at 1770 RCF using Vivaspin 1000K
centrifugal concentrators. The NCs collected on the filter were redispersed in 4 mL of phosphate
buffer pH=7.4, yielding a suspension of NCs of ca. 3 mg/mL. Then, after appropriate time intervals
(0, 0.5, 1, 3 h), 250 uL of the suspension was taken out and centrifuged at 1770 RCF for 15 min
using a spin filter (vivaspin 500 pL 100K) and the fluorescence of the filtrate was measured at
Aex=548 nm and Aem = 576 nm.

After 3 h, the sample was split in three aliquots of 1 mL and each aliquot was diluted by
the addition of 2 mL of a solution at the appropriate pH value to yield final suspensions of a
concentration of ca. 1 mg/mL at pH 7.4, 6 or 5.2. Then, at appropriate time intervals (0, 1, 3, 6,
24,48, 72,96, 112, 136, and 168 h), 250 uL of the suspension was taken out and centrifuged at
1770 RCF for 15 min using a spin filter (vivaspin 500 uL 1000K). The concentration of the payload
released was measured from the fluorescence intensity of the filtrate.

When thioketal propionic acid dihydrazide was used as crosslinker, the nanogels were
loaded with poly(styrene sulfonate). After transferred to PBS from the organic medium and
purified to remove the excess SDS. the sample will be divided and diluted into three parts as was

done when measuring pH-sensitive release. 3 samples with a concentration of ca. 1 mg/mL
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having a pH value of ca. 1X 5 and 2X7.4. In the one sample with a pH value of 7.4 the oxidizing
agent was added at a concentrations of 0.1% when. The thioketal bond can be degraded by
superoxide and acetone was produced as by-product.??® Here, Fenton’s reagent, formed by the
combination of hydrogen peroxide (0.1% H,0;) and iron chloride (1 mg/mL), was used as the
source of superoxide. The release was monitored by NMR spectroscopy. At appropriate time
intervals (0, 2, 4, 24 h), 750 uL of the solution was taken of each part and centrifuged at 1000 rcf
for 15 min using spin filter (vivaspin 500 ul, 1000k), the 'H NMR spectra of the filtrates were
measured. 0.1 vol% of THF was added to compare THF peak with the PSS peak and the by-product

(acetone) peak.

In the case of nanogels prepared with disulfopropionic acid dihydrazide as crosslinker, the
reducing agent, either glutathione 50 mM or dithiothreitol 50 mM was added to study the
release. After transferred to PBS from the organic medium and purification to remove the excess
SDS, the sample was divided and diluted into four parts as was done when measuring pH-
sensitive release. The samples were prepared with a concentration of nanogels of ca. 1 mg/mL
at a pH value of ca. 1X5 and 3X7.4. In two aliquots at a pH value of 7.4, the reducing agent
(glutathione or dithiothreitol) was added at a concentration of 50 mM. At appropriate time
intervals (0, 0.5, 1, 3, 6, 12, 24, 48 h), 250 uL of the solution was taken of each aliquots and
centrifuged at 1000 rcf for 15 min using spin filter (vivaspin 500 ul, 1000k). The fluorescence
intensity of the dye in the filtrate was measured (using standard calibration curves obtained

under the same conditions) by fluorescence spectroscopy
3.6 Cell uptake and toxicity

3.6.1 Hela cell culture

The human epithelial cell line Hela was cultivated with Dulbecco’s Modified Eagle
Medium (DMEM, Gibco/Thermo Fisher, Germany), supplemented with 10% FBS, 100 U/mL
penicillin, and 100 mg/mL streptomycin (all Gibco/Thermo Fisher, Germany). The cells were kept
in an incubator at 37 °C, 5% CO;, and 95% relative humidity (CO2 Incubator C200, Labotect,

Germany) for cultivation.
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3.6.2 Cell passaging and harvesting for viability and uptake experiments

The Hela cells were briefly washed with 7 mL PBS, followed by cell detachment with 7 mL
0.25% Trypsin-EDTA (Gibco/Thermo Fisher, Germany) for 5 min at 37 °C, 5% CO>, and 95% relative
humidity. The cell suspension was transferred with 7 mL FBS supplemented medium and
centrifuged at 300 g for 5 min (5810R, Eppendorf, Germany). The supernatant was discarded and
the cell pellet resuspended in FBS supplemented medium. Cell viability and cell count were
determined by equally mixing 20 uL of cell suspension and trypan blue and measuring by an

automated cell counter (TC10, Bio-Rad, Germany).

3.6.3 Cell Viability Assay

After cell harvesting, Hela cells were seeded in a 96-well plate (Iltem No.: 655083,
Greiner Bio-One, Austria) with a cell number of 5000 cells per well. Following overnight
incubation at 37 °C and 5% CO;, the medium was removed. Nanocarrier dilutions in FBS
supplemented DMEM were prepared and added in a volume of 100 uL to the cells. Samples were
processed in triplicates. Hela cells were incubated at 37 °C and 5% CO; for 2 h, 24 h, and 48 h
before conducting the viability assay. CellTiter-Glo® Luminescent Cell Viability Assay (Promega,
Germany) or Zombie Aqua Luminescent Cell Viability Assay was performed according to the
instructions of the manufacturer. The luminescence was measured with an Infinite M1000 plate

reader (Tecan, Switzerland).

3.6.4 Cell Uptake Experiment by Flow Cytometry

For cell uptake experiments, Hela cells were seeded in a 24-well plate after harvesting
with a cell number of 150 000 cells per well. Cells were incubated at 37 °C and 5% CO: overnight
to achieve attachment. On the next day, the medium was removed and the cells washed once
with 1 mL of PBS. The nanocarriers were diluted to a concentration of 75 ug/mL and added in a
volume of 200 uL to the washed cells. Samples were processed in triplicates. Hela cells were
incubated at 37 °C and 5% CO; for 2 h, 24 h, and 48 h before measuring cell uptake.

Cellular uptake of the nanocarriers was quantified by flow cytometry analysis. After the

incubation of the cells with the nanocarriers, the nanocarrier suspension was removed and the
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cells were washed once with 1 mL of PBS. Then, the cells were detached by adding 250 uL
0.25% Trypsin-EDTA per well, and incubated for 5 min at 37 °C and 5% CO,. After incubation,
250 uL DMEM with FBS was added and the detached cells were collected in 1.5 mL tubes. The
cells were centrifuged at 300 g for 5 min. After centrifugation, the supernatant was discarded
and the cell pellet was resuspended in 1 mL of PBS. Flow cytometry measurements were
conducted with an Attune™ NxT (Thermo Fisher, Germany). For Cy5 detection, a 638 nm
excitation laser was employed with a 670/14 nm band-pass filter. For the detection of the
rhodamine-labeled dextran used as the payload a 501 nm excitation laser was used with a
585/16 nm band-pass filter. First, cells were analyzed with FSC/SSC to discriminate cell debris.
Subsequently, the gated events of viable cells were analyzed by the fluorescent signal expressed
as the median fluorescence intensity (MFI) or as the percentage of gated events. Flow cytometry

data analysis was conducted with Attune™ NxT Software (Thermo Fisher, U.S.A).

3.6.5 Visualization of Intracellular Localization by Confocal Laser Scanning Microscopy

For verification of the intracellular localization of nanocarriers, confocal laser scanning
microscopy (cLSM) was employed. After harvesting, Hela cells were seeded in 15 p-Slide 8 well
glass bottom (ibidi) with a cell number of 5000 cells per well. The cells were incubated at 37 °C
and 5% CO; overnight to achieve attachment. On the next day, the medium was removed and
the cells washed once with 200 uL of PBS. The nanocarriers were diluted to a concentration of
75 ug/mL and added in a volume of 200 uL to the washed cells. The cells were incubated with
this suspension of nanocarriers at 37°C and 5% CO; for 48 h.

Image acquisition was executed on an LSM SP5 STED Leica Laser Scanning Confocal
Microscope (Leica, Germany), composed of an inverse fluorescence microscope DMI 6000CS
equipped with a multi-laser combination using an HCA PL APO CS2 63 x 1.2 water objective. The
Cy5functionalized nanocarriers were excited with a 633 nm laser and detected at 650-750 nm.
The rhodamine-labeled payload was excited at 561 nm and detected at 570-620 nm. Lysosomes
were stained with LysoTracker Green™ DND-26 (75 nM final concentration, Thermo Fisher,
Germany) for 30 min at 37 °C and 5% CO; prior to microscopy. Stained lysosomes were excited

with a 496 nm excitation laser and detected at 505-550 nm. Plasma membranes were stained
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with CellMask Green™ (1:1000 diluted, Thermo Fisher, Germany) shortly before microscopy for

5 min in the dark and then imaged using excitation at 514 nm and detection at 525-550 nm.
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4. Results and Discussions

This thesis focusses on the synthesis of nanocapsules for drug delivery, and address
challenges faced in the production of new nanocarriers. First, a versatile and scalable approach
for the large-scale synthesis of polymer nanocarriers from water-in-oil miniemulsions by using
microfluidization technique was developed (section 4.1). The versatility of the microfluidization
method was also demonstrated by using different precursor polymers such as polysaccharide,

proteins, and lignin, and by using different crosslinking strategies.

Then, this preparation method was combined with new crosslinking strategies to
synthesize different responsive nanocarriers. An alternative nanocarrier synthesis pathway,
based on the bio-orthogonal and responsive formation of a hydrazone crosslinked network,
having the potential to encapsulate cargos and the ability to release the cargo by changing the

acidity of the environment was developed (section 4.2).

Finally, the same chemistry was used to prepared multifunctional nanogels responsive to
pH, oxidative stress and to the presence of glutathione (section 4.3). The responsive hydrazone
network was combined with the use of crosslinking molecules able to be degraded by the
presence of ox reactive oxygen species or the presence of reducing agents. The resulting nanogels
successfully encapsulated large payloads, and the release of the payload could be triggered by
changes in acidity, the addition of dithiothreitol or glutathione as a reducing agent or by the

addition of superoxide as ROS species.
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4.1. Large-scale preparation of polymer nanocarriers by high-pressure microfluidization”

Our ability to precisely control and reproduce nanocarriers synthesis on a large scale is
one of the main factors impeding the successful translation of nanocarrier prepared by interfacial
polyaddition in inverse miniemulsion process from the laboratory to the wider application,
because their properties and performances are strongly dependent on their size and shape.
Fundamental studies and practical applications of polymer nanocarriers are hampered by the
difficulty of using the current methods to produce monodispersed nanocarriers in large
guantities and with high reproducibility. Here, a versatile and scalable approach is reported for
the large-scale synthesis of polymer nanocarriers from water-in-oil miniemulsions. This method
uses microfluidization to perform a controlled emulsification and is proven to be effective to
prepare nanocarriers of different biopolymers (polysaccharides, lignin, and proteins) up to

43 g min~! with reproducible size and distribution.

4.1.1 Introduction

Nanocarriers, colloids used as transport modules, have been gaining scientific and
industrial importance over the past decades.??* They are being used in a variety of applications,
from the biomedical??>??’ to the agricultural fields.??823% Nanocarriers are used to deliver
payloads and can target specific cells and organs,?®! while improving the bioavailability,

232 and efficiency of the payloads.?33

stability,

Many factors influence the performances of a nanocarrier in a bio-environment. The
behavior of a nanocarrier is not only affected by its chemical composition and functionalization,
but also its size and shape will also affect bioavailability, biodistribution, kinetic of release, and

cellular uptake.?3* Polymer nanocarriers have imposed themselves as front-runners in the

development of new technologies due to their versatility in terms of composition,

* This chapter is based on the article: "Large-Scale Preparation of Polymer Nanocarriers by High-Pressure
Microfluidization" by Alkanawati et al., Macromolecular Materials and Engineering, DOI:10.1002/mame.201700505.
Reproduced permission from copyright 2017 Macromolecular Materials & Engineering

Author contributions: M.S.A., F.R.W., H.T.-A. designed the experiments. M.S.A. performed the experiments. M.S.A.
and H.T.-A. analyzed the data M.S.A. H.T.-A,, and K.L. discussed the results. H.T.-A. and K.L. supervised the project.
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functionalization, and size—control.'8> Polymer nanocarriers can be prepared by a variety of
methods whether it is by the dispersion of pre-made polymers or by the dispersion of polymer
precursors. Polymer nanocarriers prepared from monomers are usually synthesized by
dispersion, suspension emulsion or miniemulsion polymerization, while the preparation of
polymer nanocarriers made from preformed polymers usually occurs by coacervation methods
such as salting out,?® emulsification-diffusion,?3® nanoprecipitation and supercritical fluid
technology.?3” 238 Among those different preparation techniques, miniemulsion is particularly
attractive due to its ability to prepare nanocarriers from either monomer or polymer while
allowing for the efficient loading of large doses of therapeutic agents, which can be lipophilic
and/or hydrophilic compounds?3®: Furthermore, miniemulsion provides the opportunity to finely
tune particle size distribution while preparing emulsion with a high solid content of polymers.?4%-
242

The crosslinking of polymer-containing nanodroplets formed by miniemulsion is a
particularly attractive method to produce nanocarriers (Figure 4.1). Hollow nanocapsules can be
prepared by a polyaddition or polycondensation reaction occurring at the interface of the
droplets.?*3 In order to prepare nanocarriers, the polymer is dissolved in a good solvent and
emulsified with an immiscible non-solvent forming the continuous phase. After the
emulsification, the crosslinking agent, soluble in the continuous phase, is added to the emulsion
and the polyaddition or polycondensation reaction between the polymer and crosslinking agent
occurs at the surface of the droplet. When the reaction kinetic is fast enough, a shell insoluble in

both phases is formed at the interface.?!?

To control the size and size distribution of the nanocapsules prepared by the
polyaddition/polycondensation reaction at the droplet interface, it is critical to control the
preparation of the miniemulsion used as a precursor. Many factors are influencing the
preparation of a miniemulsion by microfluidization such as: pressure, type of solvent, amount
and structure of surfactant, temperature and number of passes through the microfluidizer.

Typically, miniemulsions are prepared by making a coarse pre-emulsion by simple stirring

followed by ultrasonication in order to break down the large and dispersed droplets of the pre-
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emulsion into the final well-controlled miniemulsion.?*! The ultrasound waves are converted into
the shear forces required to break down the large droplets. Alternative techniques might be used
to break down the pre-emulsion, such as rotor-stator dispersion with special rotor geometries,

high-pressure homogenization, and microfluidization.?*!

Figure 4.1. Synthesis of nanocarriers by polyaddition/polycondensation at the droplet interface
in miniemulsion. (A) Preparation of the inverse pre-emulsion, (B) preparation of the inverse
miniemulsion by ultrasonication or microfluidization, (C) addition of the crosslinking agent, (D)

polyaddition/polycondensation at the interface of the droplets, (E) transfer to water.

The ultrasound waves are converted to energy by cavitation in the entire sample; the
ultrasound waves form bubbles in the liquid, those bubbles are implosive and during their

collapse, energy is produced, leading to a reduction in the size of the droplets in the
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miniemulsion.’® 241 In order to generate sufficient energy to break down the pre-emulsified
droplets, the ultrasounds need to be applied to the system for a long duration. The unevenly
distributed events of cavitation-induced droplet disruption and the long duration of ultrasound
application lead to an inherent size distribution of the droplets formed during miniemulsion.
Due to the limitation of the ultrasonication step - mainly production of limited quantities
and a poor batch-to-batch reproducibility - it is critical to develop alternative methods to scale-
up the preparation of nanocapsules by miniemulsion.?** Here, microfluidization was used to
produce the precursor droplets used in the preparation of polymer nanocapsules. During
microfluidization, a large pressure produces a flow of the pre-emulsified mixture at high velocity
through an interaction chamber. This interaction chamber consists of microchannels having
diameters between 50 to 200 um. The flow is divided into separated microstreams by the
microchannels inside the chamber. The microstreams are brought together in an impinging
geometry creating high impact energy and shear stresses on the droplets. Consequently, a high
mechanical stress is applied on the droplet in a localized area for a very short time; this produces
a well-controlled emulsion.?*> Furthermore, the size and size distribution of the resulting
nanocapsules was controlled by tuning the processing conditions. The efficiency of
microfluidization was compared to state-of-the-art technology used in the preparation of
polymer nanocapsules and demonstrate the advantages of this approach. The versatility of the
preparation process was also demonstrated by employing different biopolymers:
polysaccharides, proteins, or lignin were used as models for enzymatically degradable drug

carriers and their upscaling procedure.

4.1.2 Optimization of nanocapsules formation by microfluidization

In order to optimize the preparation of polymer nanocarriers by microfluidization, and
test the different factors influencing the formation of nanocapsules, the formation of
nanocarriers made of hydroxyethyl starch (HES) crosslinked with toluene diisocyanate (TDI) was
used as a model system (Figure 4.2). The reaction between HES and TDI happened at the interface

of agueous HES nanodroplets in an immiscible organic solvent to which a TDI solution was added
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after emulsification. Upon the reaction between the isocyanate groups of TDI and the alcohol

groups of HES, new urethane linkages formed.
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Figure 4.2. Formation of HES nanocarriers.

The first step in the formation of HES nanocarriers is the preparation of a stable
miniemulsion of an aqueous solution of HES (10 wt %) in an immiscible organic solvent (such as
cyclohexane or toluene) containing a surfactant. Here, polyglycerol polyricinoleate (PGPR) was
used. PGPR is a polymeric hydrophilic emulsifier with an HLB value of 1.5 + 0.5 and was used here
to stabilize the miniemulsion by preventing the coalescence of the nanodroplets through steric
repulsion.?4®

The quality of the nanocarriers prepared was evaluated by dynamic light scattering (DLS).
The quality was defined by three parameters: the average diameter (D) of the nanocarriers, the

reproducibility or batch-to-batch variation (R) defined as:

Z%\Izl(Di_]j)Z
N-1

R =

where D; is the average diameter of a given batch and N the number of batches (N > 3). Finally,

the broadness of the size distribution was defined as the polydispersity index:
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PDI = (;—)2

where o; is the width of the size distribution.

To investigate and optimize the formation of HES nanocarriers, the parameters affecting
the formation of and stability of the emulsion were varied. This includes the choice of the
continuous phase, the concentration of surfactant, and the energy used to produce the
miniemulsion by tuning the pressure of the microfluidizer and the number of cycles through the

microfluidizer

4.1.2.1 Choice of the continuous phase for the formation of the miniemulsion

Choosing the right continuous phase is one of the most important prerequisites for the
preparation of nanocarriers by interfacial polymerization. The dispersed phase (water) has to be
completely insoluble in the continuous phase to allow efficient emulsification and to reduce the
impact of Ostwald ripening, despite the high Laplace pressures of the droplets. Furthermore, the
continuous phase should be inert towards the crosslinking reaction and should dissolve the
crosslinker and the surfactant efficiently. In addition, there are other parameters to be
considered for the continuous phase when microfluidization is used. To dissipated the heat
produced during the emulsification and prevent any side-reactions from occurring, the chamber
of the microfluidizer is kept in an ice bath; it is thus essential to use a continuous phase that is
still liquid at 0 °C. The ideal continuous phase should also have a high vapor pressure and
relatively low boiling point because after synthesis, it is often essential to transfer the
nanocapsule to a different solvent and the success of this step requires the evaporation of the

original continuous phase.

Different organic solvents were screened as potential continuous phase (Table 4.1). The
current state-of-the-art for the preparation of nanocarriers by interfacial polymerization in
miniemulsions relies on miniemulsion produced by ultrasonication. In these cases, cyclohexane

is often the solvent of choice for the continuous phase. Cyclohexane evaporates at room
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temperature, and it is very insoluble in water, it has a viscosity similar to water, and it is inert
toward most chemical reactions. However, when cyclohexane was used in the microfluidizer, the

blocking of the interaction chamber was observed.

Table 4.1. Comparison of different continuous phases and their performance in the preparation
of miniemulsion with the microfluidizer. (W: working conditions, NW: not working conditions,
W : inneficient working conditions where the microfluidizer performances decrease leading to

the blocking of the interaction chamber)

Solvent < Pressure in Microfluidizer
< & o < .
% 3 > =3 o (psi)
2 5 = 5 s
4] 8 . 5 & 9 o
- s T ®@®@ [/ o o
= 2 2 = ENE 3 B " " o
S T o <& g S 5 wu
3 o 2 =~ Z 2 g 8 & 8
& = = S s © 8 8 8
L v ) —_ o
3 —
Cyclohexane  1.02 10.3 251 0.778 80.74 6.47 W WJ¢ NW NW

(25°C) (20°C)

Chloroform | 0.56 | 22.8 5531 1.489 61 -63 W w w w
(20°Cc  (20°C

Hexane 0.3 17.6 11700 0.645 68.8 -96 W W W W
(20°C) (25°C)

Water 1 2.3 — 1 100 0 wWow w W
(20 °C)
Benzene 060 112 518 0879 8.1 55 W W W W

3 (20°C) (20°C)
Toluene 0.59 2.8 8600 0.87 110 -95 W W W W
0 (20°C) (25°QC)

55



Large-scale preparation of polymer nanocarriers by high-pressure microfluidization

However, the addition of surfactants, such as PGPR, limited the blockage of the
microchannel by the cyclohexane, and varying the amount of PGPR from 11.5 g/L to 28 g/L
resulted in stable miniemulsions. When the pressure of the microfluidizer was decreased to 896
bar with cyclohexane containing 1 wt% of PGPR, nanocarriers with a diameter of about 180 nm

were prepared( Figure 4.3)

Intensity (%)

T T M T M T M T
50 100 150 200 250
Diameter (nm)

Figure 4.3. Particle size distribution (A) of HES nanocarriers prepared by microfluidization using
cyclohexane or toluene as the continuous phase, cyclohexane (solid line) and toluene (dashed
line). SEM images of the resulting capsules prepared in cyclohexane (B) and toluene (C). The scale

bars are 400 nm.

An alternative solution consists in replacing cyclohexane with toluene as the continuous
phase. Toluene has almost the same density as water, its viscosity does not change dramatically
when pressure is applied. Toluene maintains its liquid behavior when cooled down to 0 °C or
under pressure, which is an essential requirement for the microfluidizer performance. Figure 4.2
shows the SEM image and particle size distribution of HES nanocarriers that prepared by the
microfluidizer with toluene. Thus, both cyclohexane and toluene are suitable solvents to produce
inverse miniemulsion via microfluidization. However, using toluene offers more flexibility in

terms of surfactant concentration and operating pressure.
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4.1.2.2 Effect of the concentration of surfactant

In this work PGPR (polyglycerol polyricinoleate) was used as surfactant to prepare
miniemulsions. PGPR is a polymeric hydrophilic emulsifier with a HLB of 1.5 (Figure 4.4).24¢ During
miniemulsion, the presence of the surfactant is essential to provide colloidal stability to the
system, by reducing the interfacial tension between the droplets formed and the continuous

phase.

Figure 4.4.Chemical structure of PGPR.

To prepare a homogenous and well-controlled miniemulsion, a variety of factors can be
tuned to influence the quality and size of the final nanocarriers. The PGPR concentration is one
of them. The coalescence of the nanodroplets formed during miniemulsion could be delayed and
prevented by using a sufficient amount of surfactant. (Figure 4.5)shows the size and size
distribution of HES nanocarriers prepared using an oil phase containing an increasing amount
(0.5 to 4 wt%) of PGPR. The critical amount of surfactant needed to stabilize the HES droplets
was determined to be 1 wt% of PGPR. When the PGPR was present in a concentration above 1
wt%, the nanocarriers size and size distribution were similar in every case, indicating that a
sufficient amount of surfactant was present to stabilize the new interface created during the

microfluidization. However, at a concentration of PGPR of 0.5 wt% or lower, aggregation was
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observed. The concentration of PGPR played a significant role in the formation of homogeneously

distributed nanodroplets and thus homogeneous nanocarriers.
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Figure 4.5. Effect of processing parameter during emulsification by microfluidization on the final
particle size and polydispersity of HES nanocarriers, effect of the concentration of surfactant in

the oil phase.

4.1.2.3 Effect of the internal pressure of the microfluidizer on the nanocarrier size and
distribution

The size of the nanodroplets formed during miniemulsion strongly depends on the energy
given to the system to break down the pre-emulsion.?*! During microfluidization, this can be
controlled through two parameters, the pressure used to propel the stream of pre-emulsion in
the interaction chamber and the number of times the emulsion is passed through the interaction
chamber. (Figure 4.6) shows the effect of the operating pressure on the size and size distribution
of the HES nanocarriers. The results show that increasing the pressure from 5000 to 15000 PSI
(345 to 1034 bar) led to a reduction in size of 40% with no significant change in the sample
polydispersity. By increasing the pressure in the microfluidizer, the velocity of the fluid inside the
microchannel was increased and is transformed into shear and impact forces inside the chamber.

These disruptive forces play a key role in overcoming both the surface energy and the viscoelastic
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energy of the droplet resulting in smaller average particle size after a cycle through the

microfluidizer.
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Figure 4.6. Effect of processing parameter during emulsification by microfluidization on the final

particle size and polydispersity of HES nanocarriers, effect of the operating pressure.

4.1.2.4 Effect of number of passes through the microfluidizer on the nanocarrier size and
distribution

An alternative way to increase the energy given to break down the pre-emulsion into a
well-controlled miniemulsion is to pass the emulsified suspension multiple times through the
microfluidizer. (Figure 4.7) shows the effect of increasing the number of passes through the
microfluidizer on the size and size distribution of the HES nanocarriers formed. Narrow and
homogeneous particle size distributions were obtained already after two and three emulsion
cycles. During the preparation of a miniemulsion, the total force applied to the system will
influence the final droplet size. Generally, increasing the microfluidization pressure and the
number of cycles should result in a decrease in the size of the droplets. However, in the present
case, above 68.9476 or after more than 3 cycles through microfluidizer, no significant decrease

in nanodroplet size was observed, while both the polydispersity index and the batch-to-batch
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variability increased. This phenomenon is referred to as over-processing.?*’ It could be partially
attributed to the efficiency of the emulsifier (the speed at which the emulsifying molecules
absorbed on the newly created surfaces), and to an increase in the Brownian motion, hence
increasing the probability of collision and coalescence at higher energy input. During over-
processing, two opposite processes compete: the breakdown of the existing droplets and the
droplet-droplet coalescence. Once new droplets are formed by breaking down an initial bigger
droplet, new interfaces are created and the surfactant molecules need to adsorb onto these fresh
interfaces. If the timescale of collision is shorter than the timescale of adsorption, the fresh
interfaces of the newly formed droplets will not be fully covered by surfactant molecules and
those interfaces will not be fully stabilized, leading to an increased droplet-droplet coalescence

evidenced by a broader size distribution.®?
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Figure 4.7. Effect of processing parameter during emulsification by microfluidization on the final

particle size and polydispersity of HES nanocarriers, effect of the number of emulsion cycles.

4.1.3 Comparison between HES nanocarriers prepared by microfluidization and ultrasonication.
The general method for the preparation of nanocarriers by the miniemulsion process

depends on the use of ultrasound to create the disruptive shear forces via the bursting of
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cavitation bubbles leading to the formation of the final nanodroplets. HES nanocarriers were

prepared by ultrasonicator and microfluidizer (Figure 4.8).
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Figure 4.8. (A) Particle size distribution of HES nanocarriers prepared by microfluidization (solid
line) and by ultrasonication (dashed line). (B) SEM image of HES nanocarriers prepared by
microfluidization. (C) SEM image of HES nanocarriers prepared by ultrasonication. The scale bars

are 400 nm.

Particle size and size distribution, as well as batch-to-batch variability, of the resulting
nanocarriers were compared. As seen in Table 4.2 the average size of the nanocarriers formed
was smaller by microfluidization. This can be attributed to the fact that the energy applied to the
emulsion was higher during microfluidization than during ultrasonication. Rather interestingly,
both the polydispersity index (PDI) and the batch-to-batch variability decreased when using
microfluidization in comparison to ultrasonication. The narrow size distribution observed, when
microfluidization was used, could be explained by the fact that the energy applied during
microfluidization is uniformly and homogeneously distributed to the sample as it passes through
the interaction chamber in comparison to the energy produced by the cavitation-induced
ultrasounds. Furthermore, the reduced batch-to-batch variability observed with the use of the
microfluidizer could be ascribed to the precise control over the experimental conditions when

compared to ultrasonication.
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Table 4.2. Comparison between HES nanocarriers prepared by microfluidization and

ultrasonication.

Microfluidizer Ultrasound
Production 430 g /10 min 150 mg /10min
Avrage size (nm) 185 230
Batch-to-batch variation 9 27
(nm)
Average PDI 0.05 0.09

4.1.4 Versatility of the method.

To demonstrate the universality of using microfluidization in the production of
nanocarriers, alternative precursors and crosslinking chemistries were used. In the first case, the
polysaccharide HES was substituted by the well-defined protein bovine serum albumin and the
very ill-defined, aromatic lignin, while the same crosslinking agent (TDI), operating pressure, and
surfactant concentration were used. These biopolymers were chosen in order to generate
nanocarriers that might be used in drug delivery for vertebrates (HES, albumin) or plants (lignin),
depending on the enzymes, present in the respective organisms. In the second case, to further
demonstrate the generality and compatibility of the microfluidizer process with a variety of
chemical compounds and conditions, the crosslinking mechanism leading to the formation of the

nanocarrier shell was modified.

4.1.4.1 Synthesis of protein nanocarriers crosslinked with toluene diisocyanate

Like HES nanocarriers, protein nanocarriers can be synthesized by a polyaddition reaction
at the interface of precursor nanodroplets in an inverse water-in-oil minemulsion. The isocyanate
groups in TDI react with nucleophilic groups (hydroxyl and amines) of the protein, which results
in the formation of water-insoluble nanocarriers with a dense and crosslinked shell of

polyurethane and polyurea.
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Albumin nanocarriers were prepared by the crosslinking of bovine serum albumin (BSA)
with TDI, BSA was used as a readily available protein. BSA contains 583 amino acids and the outer
surface of BSA contains between 30-35 lysine amino acids, which play the most important role in
the polymerization to form the nanocarrier shell. Figure 4.9 shows the nanocarriers produced by
the reaction of BSA with TDI. Those nanocarriers have homogeneous size, size distribution and
the desired capsule morphology. Additionally, they have a smaller size and better size distribution
than those prepared by the conventional ultrasonication techniques.??> 248 Large quantities (up
43 g/batch) of albumin nanocarriers could be conveniently produced in one batch and highly
reproducible production can be achieved with a batch-to-batch variation of 7 nm and an average

polydispersity of 0.03.
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Figure 4.9. Particle size distribution (A) and SEM image (B) of albumin nanocarriers prepared by

crosslinking with TDI. The scale bar is 400 nm.

4.1.5.2 Synthesis of lignin nanocarriers crosslinked with toluene diisocyanate

Similarly to HES and BSA, other biomacromolecules process nucleophilic groups able to
react with the TDI. For example, lignin, a major polymer component in plants, is a promising
candidate for some applications due to its chemical versatility. Lignin is one of the most abundant
natural polymers, together with cellulose and hemicellulose, and it is a consequence of the

randomly crosslinked polymerization of phenolic moieties, originating from radical-coupling
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reactions between phenolic radicals.it have multiple reactive hydroxyl groups. Lignin
nanocarriers were prepared by the polyaddition reaction the hydroxyl groups of lignosulfonic
acid salt and the isocyanate groups of TDI at the interface of nanodroplets formed in an inverse
water-in-oil miniemulsion (Figure 4.10) and preserved the low batch-to-batch variation and size

distribution observed for HES and BSA nanocarriers.
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Figure 4.10. Particle size distribution (A) of lignin nanocarriers crosslinked with TDI using water
as the dispersed phase (solid line) and using DMSO as the dispersed phase (dashed line). SEM

image of ligning nanocarriers prepared with water (B) and DMSO (C). The scale bars are 400 nm

Lignin nanocarriers are especially interesting for the delivery of fungicides in plants due
to the biodegradation in the presence of certain pathogens. However, the limited solubility of
the potential payloads in water remains a problem. In order to encapsulate the targeted
fungicides in the lignin nanocarriers and increase the loading efficiency, the water phase in
inverse miniemulsions could to be replaced with a solvent able to dissolve both the lignin and the
fungicide. With this goal in mind, the aqueous dispersed phase was replaced with a DMSO
solution of lignin and fungicides. The size distribution and SEM image of lignin nanocarriers obtain

in the DMSO/toluene emulsion are shown in Figure 4.10 The nanocarriers produced in the DMSO-
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in-oil miniemulsion were similar in size and in quality to those obtained by using water-in-oil

miniemulsions.

4.1.5.3 Synthesis of HES nanocarriers with phenyl dichlorophosphate as crosslinker.

Phenyl dichlorophosphate reacts with nucleophilic groups like hydroxyl groups or amine
in polysaccharides or other polymers to form phosphoester or phosphoamide linkages leading
to the formation of a degradable network of polyphospoether (Figure 4.11).Here, the phenoxy
substituted dichlorophosphate was used to make the crosslinker more hydrophobic, so that the
reaction would happen preferentially at the surface of the aqueous nanodroplets rather than

inside the nanodroplets.

dispersed phase continuous phase droplet interface
C|)
O——P——0ClI o
+
HO o %%, / 2 HCl
cl d \R/ P /R\ //
R—OH — we // ~ 0

0 n

R= polysaccharide or organic polymers or protein
Figure 4.11. Crosslinking mechanism of HES by phenyl dichlorophosphate.

Figure 4.12 shows the nanocarriers prepared by the crosslinking with phenyl
dichlorophosphate. DLS was used to measure the particle size distributions; the average size of
HES crosslinked with TDI was smaller than the average size obtained for nanocapsules obtained
after the crosslinking of HES with phenyl dichlorophosphate (185 + 10 and 230 + 25 nm,
respectively). However, the size of the dry nanocapsules measured from the SEM images was
similar (100 + 30 nm for TDI and 100 + 20 nm for phenyl dichlorophosphate). The difference in
dry and hydrated diameter could be ascribed to differences in crosslinking densities and

hydrophilicity between the HES nanocapsules prepared after crosslinking with TDI and phenyl
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dichlorophosphate. The hydrodynamic diameter of the swollen nanocapsules measured by DLS
reflected the larger swelling of the HES nanocapsules crosslinked with phenyl dichlorophosphate

when compared to the nanocapsules prepared with TDI.
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Figure 4.12. SEM image and particle size distribution of HES nanocarriers prepared by the

crosslinking with phenyl dichlorophosphate. The scale bar is 400 nm.

4.1.5.4 Synthesis nanocarriers with adipic acid dihydrazide as crosslinker.
Adipic acid dihydrazide can be used to crosslink molecules containing two or more
aldehyde or ketone groups (Figure 4.13). When this polycondensation happened at the interface,

it should to the formation of a nanocarrier shell built out of a polyhydrazone network
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Figure 4.13. Polycondensation mechanism of lignin with adipic acid dihydrazide.

i

Lignin and HES were oxidized to produce aldehyde functionalized derivatives. The
aqueous solution of the aldehyde derivatives of either lignin or HES were emulsified with
cyclohexane. After the addition of the adipic acid dihydrazide to the continuous phase

nanocarriers were obtained. In the case of oxidized lignin, nanocapsules were obtained, whereas
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the crosslinking of the oxidized HES nanodroplets led to the formation of nanoparticles (Figure
4.14). The formation of nanocapsule or nanoparticles is controlled by several factors, including
the solubility of the crosslinker in the dispersed phase, the speed of the reaction at the interface
and the solubility of the resulting crosslinked network in the dispersed phase. Adipic acid
dihydrazide is not very soluble in cyclohexane and can be partitioned in the dispersed phase.
However, the difference in the morphology obtained with the crosslinking of oxidized HES and
oxidized lignin is attributed to the difference in the solubility of the polymer precursor. The
functionalized lignin being less water-soluble than the modified HES likely leading to the

formation of a more collapsed and hydrophobic crosslinked network.
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Figure 4.14. Particle size distribution (A) of nanocarriers crosslinked with adipic acid dihydrazide.
HES nanocarriers (solid line) and lignin nanocarriers (dashed line). SEM images of HES

nanocarriers (B) and lignin nanocarriers (C). The scale bars are 400 nm.

4.1.6 Synthesis albumin nanocarriers with 1,3-propanedithiol as crosslinker.
Albumin was conjugated with methacrylate groups to give it an opportunity to react with
dithiol crosslinker and form the nanocarrier body. The albumin nanocarriers were prepared by

an interfacial crosslinking reaction in a water-in-oil miniemulsion. The nanocarriers in SEM (Figure
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4.15) appear smaller compared to the values from DLS, which can be attributed to their soft shell,

leading to shrinkage upon drying and under high-vacuum conditions.
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Figure 4.15. Particle size distribution (A) and SEM image (B) of albumin nanocarriers prepared by

crosslinking with 1,3-propanedithiol. The scale bar is 400 nm.

4.1.6 Summary

Nanocarriers have been prepared on a large scale (43 g min™) by using a microfluidizer to
generate the precursor nanodroplets. The use of microfluidization allowed to overcome inherent
problems typically associated with the scaling up of the preparation of nanocapsules, i.e.,
increase in reaction volume (larger PDI) or numbering-up (larger batch-to-batch variability). Using
microfluidization, higher quality nanocapsules (low PDI and batch variability) and a 300-fold
increase in the production output in comparison to sonication was observed. The size and size
distribution of the nanocarriers produced were easily tuned by the variation of the operating
conditions. To demonstrate the versatility of the technique, different precursors, building blocks
of the nanocapsules, were used: polysaccharide, protein, and functional molecules and used in
the presence of different crosslinking chemistries. These results, coupling with the fact that
microfluidization could be implemented in-line, paves the way to the production of nanocapsules

for drug delivery on an industrial scale.
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4.2 Polysaccharide-based pH-responsive nanocapsules prepared with bio-orthogonal chemistry
and their use as responsive delivery systems”

The previous section showed how microfluidization can be used to produce high-quality
nanocarriers. The process was optimized using the reaction between HES and TDI, forming a
polyurethane network. TDI is an efficient and versatile crosslinking agent for the preparation
nanocarriers, but its usage raises some questions. Although TDI is toxic, the main challenge is
that it is too reactive and not specific enough. TDI will react with any nucleophilic groups, but
such groups can be found in many molecules, including drugs or biomolecules that might be
considered as potential payloads for the nanocarriers. Such side-reaction between the payload
and the crosslinking agent can lead to two main challenges. If the payload is crosslinked in the
polymer network, its release will be difficult to control. Additionally, biomolecules such as
enzymes or siRNA can react with the crosslinker and lose their bioactivity. To address the
problems related to the encapsulation of biomolecules as pharmaceuticals and their control

release a new toolbox of chemical reactions need to be developed.

Here, to move away from the non-specific reaction of TDI, biorthogonal reactions (section 2.1), a
mild alternative to isocyanates chemistry, was used for the preparation of nanocarriers. Bio-
orthogonal reactions have become an essential tool to prepare biomaterials, for example, in the
synthesis of nanocarriers bio-orthogonal chemistry allows circumventing common obstacles
related to the encapsulation of delicate payload or the occurrence of uncontrolled side reactions,
which significantly limit the range of potential payloads to encapsulate. Here, we report a new
approach to prepare pH-responsive nanocarriers using dynamic bio-orthogonal chemistry. The

reaction between a poly(hydrazide) crosslinker and functionalized polysaccharides was used to

* This chapter is based on the article: " Polysaccharide-based pH-responsive nanocapsules prepared with bio-
orthogonal chemistry and their use as responsive delivery systems" by Alkanawati et al., Biomacromolecules,
DO0I:10.1002/mame.201700505. Reproduced permission from copyright 2020 Biomacromolecules

Contributions: M.S.A., H.T.-A. designed the experiments. M.S.A.and R.D.C.M. performed the experiments, M.S.A.
prepared and characterized the nanocapsule, R.D.C.M. performed cell uptake and viability studies. M.S.A. and H.T.-
A. analyzed the data. H.T.-A. and K.L. supervised the project.
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form a pH-responsive hydrazone network. The network formation occurred at the interface of
aqueous nanodroplets in miniemulsion and led to the production of nanocapsules able to
encapsulate payloads of different molecular weights. The resulting nanocapsules displayed low
cytotoxicity and were able to release the encapsulated payload, in a controlled manner, under

mildly acidic conditions.

4.2.1 Introduction

The lack of selectivity during the preparation of biomaterials is a significant obstacle in the
development of new functional materials for biomedical applications such as nanocarriers (NCs).
Bio-orthogonal chemistry, reactions occurring uniquely, or at least preferentially, between
functional groups of synthetic origin that can proceed under physiological conditions without
interfering with the activity of other functional groups of the biomolecules, is an attractive
solution to this lack of selectivity.!” Those reactions have become an essential tool for the
labeling, conjugation, and surface modification of biomolecules because of their chemical
selectivity and biocompatibility.?* 249 250 |mplementing such chemistries in the design of new

polymer NCs can potentially allow for the encapsulation of delicate payloads.?>12%3

Polymer NCs prepared by polycondensation at the interface of a water-in-oil miniemulsion, are
promising candidates for gene and drug delivery.?*® 2>* The advantages of these NCs in
comparison to other nano-vehicles are their relatively low polymer content for the formation of
a capsule shell and high loading capacity.?>>2>’ The interfacial crosslinking reaction of inverse-
miniemulsion droplets is an ideal technique to encapsulate a variety of hydrophilic payloads.?>”
253 However, in the past, their preparation usually relies on non-selective reactions, which are
detrimental to the final behavior of the NCs, such as the efficacy of the release of the payload or
to the biodegradability of the carriers. For example, the reaction between multifunctional
alcohol, amines, or thiol and diisocyanate compounds has shown the efficient encapsulation of a
variety of payloads in polyurea, polyurethane, or polythiourea nanocapsules.?'¥ 260 However,

such reaction involving nucleophiles like alcohols and amines that are also present in sensitive
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biomolecules used as payloads could lead to side reactions and caused a partial or total decrease

in efficacy of the payload.

A method to avoid unwanted side-reactions consists in integrating bio-orthogonal chemistry to
the interfacial synthesis of NCs, and this approach would be beneficial to the development of
new and more efficient NCs for drug release or gene therapy.?®! Bio-orthogonal reactions such
as olefin metathesis and copper-catalyzed azide-alkyne click reaction have been successfully used
to prepare nanocarriers.?!3 219,220 Whijle these chemistries displayed the desired selectivity, they
still required the use of catalysts, this led to the implementation of catalyst-free reactions in the
development of nanocapsules, for example, the copper-free click-reaction between a tetrazole
functionalized protein and crosslinker functionalized with cyclic alkenes was successfully used to
prepare NCs.?>3 These reactions are attractive strategies for the successful encapsulation of
biomolecules and therapeutic substances. However, milder alternatives and more compliant bio-
orthogonal chemistries still need to be implemented in the production of NCs to offer the broad
range of reactions conditions needed to satisfy the requirements for the encapsulation of
different complex and sensitive payloads. One of such chemistry would be to use the reaction
between hydrazide and ketone to form the crosslinked NC shell. This reaction occurs in aqueous
media, at physiological pH value and room temperature without the addition of any chemical,
leads to the formation of a hydrazone ligation, and has been used for the labeling of protein?2?
DNA, RNA,?%3 and cells.?®* Furthermore, interestingly for the design of drug delivery devices, the

hydrazone bond has a limited hydrolytic stability and can dissociate under acidic conditions.?%>

267

Here, to prepare NCs compliant with the delivery of active molecules within weak acidic
environments such as tumor sites, inflammatory tissues, or intracellular compartments like
endosomes and lysosomes, the interfacial reaction between a poly(aldehyde) or poly(ketone),
derived from polysaccharides, dissolved in water nanodroplets and an oil-soluble poly(hydrazide)

was used to create the shell of responsive NCs by interfacial polycondensation (Figure 4.16)
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Furthermore, since the pH value of the environment can influence the hydrazone network
created, it was used, as a result, for the controlled release of the payload.?%8 The bio-orthogonal
reaction between reactive carbonyl and acyl hydrazine led to the synthesis of pH-responsive NCs
based on functionalized dextran. Additionally, the release from the resulting NCs was controlled,
under physiologically relevant conditions, by the degree of crosslinking of the hydrazone network
tuned by the pH-responsive nature of equilibrium between hydrazide and hydrazone.

{ Crosslinker

Polysaccharide nanodroplet ¢ ¢y addition

Bioorthogonal reaction

IYJ[ P

Figure 4.16. Synthesis of dextran-based pH-responsive and bio-orthogonal hydrazone

nanocarriers.

4.2.2 Results and discussion
The NCs were prepared by the crosslinking of functionalized dextran, either aldehyde-
functionalized dextran (OxD) or ketone-functionalized dextran (KeD) with poly(styrene-co-

methacryloyl hydrazide) (PSH) (Figure 4.17).
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The reaction of the functionalized dextran with the PSH resulted in the formation of a network

of hydrazone linkages. To prepare the NCs,

the dextran derivatives were dissolved in water and

the PSH was dissolved in toluene. Then the crosslinking reaction between the dextran derivatives

and the PSH occurred at the interface of the stable aqueous nanodroplets in miniemulsion. This

resulted in the formation of nanocapsules of uniform size and limited size distribution Figure 4.18

and Table 4.3 summarizes the properties of

the resulting nanocapsules .
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Table 4.3. Characteristics of crosslinked dextran nanocarriers.

Nanocarrier Dextran = Hydrazide Average size PDI Zeta
/ reactive (nm) potential

carbonyl | Toluene Water Toluene Water (mV)

ratio

OxDNCo.25 OxD 100 0.25 190 270 0.16 0.29 -8.8
OxDNCos wt% 0.5 230 294 0.19 0.20 -7.25
OXxDNC: 1 200 260 0.15 0.13 -3.66
OXxDNCaus 1.5 211 250 0.17 0.20 -1.55
KeDNCo.2s KeD 100 0.25 200 320 0.21 0.20 -18.4
KeDNCos wit% 0.5 208 250 0.20 0.15 -15.2
KeDNC1 1 210 290 0.20 0.17 -11.3
KeDNCus 15 226 260 0.22 0.23 -1.14
OxDsoKeDsoNCos  OxD 50 0.5 190 250 0.19 0.25 -21.4

wt% +

KeD 50

wit%
OxD2sKeD7sNCos | OxD 25 0.5 201 280 0.21 0.26 -20.0

wt% +

KeD 75

wit%

74



Polysaccharide-based pH-responsive nanocapsules prepared with bio-orthogonal chemistry
and their use as responsive delivery systems

KeDNC, 5 OxDNC, 5

¥ ?

10 100 1000
Diameter (nm)

Figure 4.18.Particle size distribution of dextran NCs, OxDNCO.5 (red line), KeDNCO.5 (blue line).
TEM (A,B) and SEM (C,D) images of the KeDNCo.s and OXxDNCo s nanocarriers. The scale bars are
200 nm

The size of the NCs was controlled by the size of the parent precursor droplets (Figure 4.19),

itself tunable by controlling the emulsification conditions.® 26°
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Figure 4.19 .Particle size distribution of the dextran precursor nanodroplets in toluene (black line),
of the dextran NCs after crosslinking in toluene (red line), and of the dextran NCs after transfer to
water (blue line) for (A) OXDNCos5 (B) KeDNCos.

The nanocapsules prepared with the aldehyde-functionalized dextran (OxD) were labeled
OxDNC, the nanocapsules prepared with the ketone-functionalized dextran (KeD) were labeled
KeDNC and nanocapsules prepared with a mixture of OxD and KeD were labeled OxDxKeDyNC
where “x” and “y” are the weight fraction of OxD and KeD respectively. Furthermore,
nanocarriers were prepared by the addition of different molar ratios of hydrazide and reactive

“un
z

carbonyls, during the preparation of OxDNC, molar equivalents of hydrazide groups were
added to the continuous phase in comparison to the water phase containing 1 molar equivalent
of aldehydes.

Independently of the dextran derivative used, the size of the NCs in toluene was ca. 200 nm
(Table 4.3). The size of the NCs was not significantly affected by the ratio of crosslinker molecules

in the feed; similarly, the dry thickness of the shell of the NCs remained constant (Figure 4.20).
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Figure 4.20.TEM image of the NCs. Scale bars are 200 nm. The thickness of the NCs shell was

ca. 10 nmin every case.

After transfer to water, the NCs systematically swelled. As the molar ratio of crosslinker to
reactive groups on the dextran increased, a moderate decrease in the swelling was observed (Table
4.3), likely caused by the increase in the hydrophobic nature of the crosslinked network induced
by the incorporation of more polystyrene-based crosslinker and the increased in the crosslinking
density of the shell. After transfer to water, the NCs also displayed a negative zeta potential
attributed to remaining traces of surfactant (SDS) used during the transfer of the NCs to water.
Furthermore, those NCs showed excellent stability in aqueous media, and no significant change in
size and size distribution were observed even 6 months after their transfer to PBS buffer (Figure
4.21).
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Figure 4.21.Long term stability of the NCs. Evolution of the particle size distribution of the NCs
(A) OXDNCos and (B) KeDNCos, directly after transfer to water (black line) and after 6 months

in water (red line).

The preparation of the NCs was adjusted to yield the highest apparent encapsulation efficiency
of model payloads. The apparent encapsulation efficiency was measured by the fraction of the
payload used in the preparation of the dispersed phase present in the NCs after their transfer and
equilibration in PBS buffer and account for both the payloads molecules that were not encapsulated
and those released in the first 6 hours following the transfer to water (corresponding to the time

needed to complete the water transfer process). First, a series of dextrans of different molecular
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weights functionalized with rhodamine was used to determine the molecular weight cut-off for the
successful encapsulation in the OXDNCo s and KeDNCos (Figure 4.22).
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Figure 4.22. Encapsulation efficiency of the payloads in nanocarriers prepared under different

conditions: Influence of the size of the payload

Only macromolecular payloads could efficiently be loaded in the nanocapsules, in addition
to the model dextran with different molecular weight, other molecules such as albumin (M, : 67
kDa) were also encapsulated in both OXDNC and KeDNC.

The apparent encapsulation of payloads was systematically more efficient in the aldehyde-
functionalized OXDNCoss than in the ketone-functionalized KeDNCoss, likely because the
equilibrium constant for the reaction of an acyl hydrazide with an aldehyde is typically larger than
for the reaction with a ketone,?’° thus the reaction of the polyaldehyde precursor with the
polyhydrazide crosslinker formed a denser and more heavily crosslinked network in comparison
to the reaction of the polyketone in the same conditions.?”* This led to the more efficient

encapsulation of smaller payloads in the OXDNCs than in the KeDNCs.
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Because of the existence of this dynamic equilibrium between reacted and unreacted hydrazine
and reactive carbonyl moieties, the stoichiometry of the reactant present during the reaction also
affects the formation of a dense crosslinked network.?®® The results show (Figure 4.23) that having
an equimolar amount of ketone and hydrazide led to the highest encapsulation efficiency of the
payloads .
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Figure 4.23. Encapsulation efficiency of the payloads in nanocarriers prepared under different
conditions: Influence of stoichiometry of hydrazide and reactive carbonyl used during the

synthesis of the nanocarriers.

Furthermore, the ionic strength of the environment also influenced the encapsulation
efficiency (Figure 4.24), an increase in the concentration of the phosphate buffer used during the
preparation of the OXDNCps and KeDNCos resulted in an improved encapsulation efficiency of

the payloads, likely because of the accelerated reaction kinetic of hydrazone formation in the

presence of ions.2’% 273

80



Polysaccharide-based pH-responsive nanocapsules prepared with bio-orthogonal chemistry
and their use as responsive delivery systems

100

90

80 ____.._-—i

§ T{]—- %—' — - : - -
o | _ _
>
2 04 W -
o i ~
2 )
&= 50
7} | 7
& 40- +
=
® i
3 304
= |
8 20
Lu -
10 S
0 - , . : - . : : : -
0 20 40 60 80 100

Concentration of phosphate buffer (mM)

Figure 4.24. Encapsulation efficiency of the payloads in nanocarriers prepared under different
conditions: Influence of the concentration of the phosphate buffer used in the precursor

nanodroplets.

The acylhydrazone crosslinking points formed by the reaction of the functionalized dextran and
the PSH are dynamic covalent bonds which can undergo a reversible disassembly when the
environment is changed.?”* The assembly and disassembly of the acylhydrazone bonds in the
network can be controlled by changing the pH value of the environment and can be used to trigger
the release of the cargo. The release of the payload from the NCs was the result of the diffusion of
the payload through the semi-permeable shell of the NCs. The permeability of the membrane was
mostly affected by the crosslinking density, which can be tuned by the amount of crosslinking
agent used but also by the pH value of the environment because of the dynamic nature of the
hydrazine network. To study the stability of the NCs at different pH values and to study the effect
of the acidity of the stability of the acylhydrazone network, NCs were prepared with either
aldehyde-functionalized dextran (OxDNCos) or with ketone-functionalized dextran (KeDNCos)

and the resulting NCs were transferred to PBS buffer pH = 7.4 at a concentration of ca. 3 mg/mL.
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The release from those NCs was studied over 3 h, and for all NCs no or very limited release of the
encapsulated payload was measured. Then, the suspension of NCs was diluted by the addition of
2-folds of acidic buffer and the final pH value of the suspension was either 5.2, 6 or 7.4 at a

concentration of ca. 1 mg/mL of NCs in suspension.

The type of reactive carbonyl groups used, ketone or aldehyde, influenced the release kinetic as
much as the pH value of the environment. NCs prepared with the OxD displayed minimal release
of the cargos at every pH value studied (Figure 4.3B) . Inversely, the NCs prepared with KeD,
displayed a release of 5 to 10 % of the cargo after 24 hours in suspensions at a pH value of 7.4,
and between 45 and 60% of cargo released when in suspensions at a pH value of 5.2. The increased
release of the payload observed under acidic conditions was ascribed to the disassembly of the
acylhydrazone crosslinking points and an effective decrease in the crosslinking density of the
network in acidic media leading to an increased permeability of the shell of the NCs.

The cumulative release of cargo from KeDNCos was slow at neutral pH but increased
significantly as the pH value of the suspension decreased(Figure 4.25A). At a pH value of 5.2 the
cumulative release increased faster than at a pH value of 6. This phenomenon occurred due to an
increased dissociation of the acid-sensitive acylhydrazone bonds when the pH value decreased.
The release from OXxDNCos (Figure 4.25B) was only slightly responsive to changes in the acidity
of the suspension. These results can be attributed to the higher thermodynamic stability of the
acylhydrazone bonds formed between aldehyde and hydrazide in comparison to those formed
between ketone and hydrazide.?’> 27> (Figure 4.25) also highlights the effect of size on the release
of the payload from the NCs. When the NCs were in an equilibrated state, for the first 3 hours of
the release experiment, both the rhodamine-functionalized dextran with a molecular of 150 kDa
and the rhodamine-functionalized dextran with a molecular of 500 kDa were efficiently entrapped
inside the NCs.
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Figure 4.25 Effect of the pH value of the environment on the release of payloads from NCs
prepared with ketone-functionalized dextran (KeDNCos) (A) and aldehyde-functionalized dextran
(OXDNCo35) (B). Using rhodamine-functionalized dextran as payload with a molecular weight M
=150 kDa (1) and M = 500 kDa (2). Measured at a pH value of 7.4 (m), 6.0 (®) and 5.2 (A).

Once the system was diluted and acidified, both diffusion probes were release. Still, the

release rate of the smaller probe was significantly higher because the crosslinked network
obstructed more efficiently the mass transport of the largest probes(Figure 4.26).27
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Figure 4.26 . Influence of the payload size and of the pH value of the environment on the release
rate of the payloads from (A) OXDNC and (B) KeDNC. For rhodamine-functionalized dextran 150

kDa (A) and 500 kDa (m) at a pH value of 7.4 (close symbols, dashed lines) and 5.2 (open symbols,
dotted lines).

While the presence of the hydrazone network enables the release triggered by an increase in the
acidity of the NCs environment, the release also occurred in the presence of dextranase an enzyme
able to degrade the functionalized-dextran backbone and destroy the NCs (Figure 4.27)

84



Polysaccharide-based pH-responsive nanocapsules prepared with bio-orthogonal chemistry
and their use as responsive delivery systems

Release (%)
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Figure 4.27. Release of FTIC-albumin triggered by the degradation of the nanocapsule in the
presence of dextranase. Release of albumin after incubation for 24 h in suspension with (blue) and
without (grey) dextranase.

The cumulative release of payloads from the NCs prepared using a mixture of OxD and KeD
with different mass ratios of the two polymers was also studied. Similarly to the encapsulation in
OXDNCs, in the mixed system of OxDKeDNC an increased in the apparent encapsulation
efficiency of smaller payloads was observed in comparison to the encapsulation in KeDNCo s due
to the presence of the polyaldehyde precursor. The results of the release from those OxDKeDNCs
showed (Figure 4.28) that increasing the ratio of OxD in the mixture of functionalized dextran led
to the synthesis of more stable NCs in neutral pH value. However, those NCs were also less pH-
responsive than those prepared with more KeD. The NCs OxD2sKeD7sNCos displayed the best
combination of long term stability at a pH value of 7.4 and response to variations of the pH value

of the environment.
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Figure 4.28. Effect of the composition of the dextran nanocarriers on the release of the

encapsulated payload (Mn = 500 kDa). For OxDsoKeDsoNCos (®), OxD2sKeD7sNCos (%),
KeDNos (@) and OXxDNos (V) at a pH value of 7.4 (open symbols, dashed lines) and 5.2 (filled

symbols, solid lines).

The cytotoxicity of ODNCos and KDNCo s was evaluated in HeLa cells using a luminescent cell
viability assay( Figure 4.29). Both the OXDNCo.s and KeDNCos did not display any cytotoxicity
after 2 days of incubation even at concentrations as high as 300 pug/mL. The cellular uptake of the
NCs by HeLa cells was measured using NCs functionalized with cyanine-5 (Cy5) a fluorescent
tag. Those NCs also encapsulated another fluorescent molecule, rhodamine-functionalized dextran
(Mn =500 kDa). The resulting fluorescent NCs were incubated for 2, 24, or 48 h with HeLa cells
and, after washing off the free NCs, the fluorescence of the cells was quantified by flow cytometry.
Flow cytometry showed that both OXDNCos and KeDNCos were uptaken by the cells (Figure
4.29B). Finally, confocal fluorescence microscopy was used to analyze the localization of the NCs
in the cells to understand the fate of the OXDNCos and KeDNCo.s during their coincubation with
the cells. The colocalization studies in the HeLa cells were performed with CellMask ™ to identify
the cellular membrane and LysoTracker™ to identify the lysosomes (Figure 4.29C). For most NCs
uptaken by the cells, both the rhodamine (from the cargo) and the CY-5 (from the NC shell) were
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present at the same location. Although the fluorescence signal from the NC shells coming from
the NCs contained within the more acidic lysosomes seemed to overpower the signal from the
cargo, to ascertain the release of the encapsulated payload from the NCs once in the lysosome,
complementary release studies with payloads having a specific effect on the cellular function

would be required.
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Figure 4.29. (A) Cell viabilities of Hela cells after incubation with KeDNCps and OxDNCops
measured after the incubation in cell media containing 37.5 to 300 ug/mL of nanocarriers. (B)
Cellular uptake of KeDNCo.sand OxDNCos in Hela cells after incubation of 2, 24 and 48 h in media
containing 75 pug/mL of nanocarriers. (C) Confocal fluorescence images of Hela cells after 48 h of

incubation with media containing 75ug/mL of nanocarriers. The scale bars are 20 um.
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The fluorescence intensity inside the cells increased with the coincubation time in keeping with
the continuous uptake of the NCs during incubation. After 24 h of coincubation, ca. 60% of the
HeLa cells had internalized OXDNCo s and ca. 45% of the cells contained KeDNCo s (Figure 4.30).

» 100- [] 2 h Nanocapsule (Cy5)
8 s0- 2 h Payload (TMRD)
§ B 24 h Nanocapsule (Cy5)
@ B 24 h Payload (TMRD)
S
[
S
& < & 75ug/mL
S

Figure 4.30. The cellular uptake of the NCs by Hela cells. The NCs were functionalized with the
fluorescent tag cyanine-5 (Cy5) and the payload encapsulated in the NCs (tetramethylrhodamine

isothiocyanate-dextran 500 kDa) was labeled with a rhodamine derivative (TMRD).
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Similar results were also observed with the mixed dextran NCs (Figure 4.31).
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Figure 4.31. Cellular uptake and cytotoxicity of the mixed functionalized dextran NCs. (A) Cell
viability after incubation of HeLa cells with NCs at a concentration ranging from 37.5 to 300
pug/mL for 2, 24 and 48 h. (B) Study of cellular uptake by confocal microscopy after incubation of
the HeLa cells for 48 h in media containing 75ug/mL of NCs. The scale bars are 20 um.

4.2.3 Summary

In summary, we developed a robust and selective synthetic method for the preparation of pH-
responsive NCs. The use of the bio-orthogonal reaction between reactive carbonyl and hydrazide
groups was used to generate the crosslinked hydrazone shell of the NCs, and the reaction occurred
under biologically relevant conditions. The resulting NCs were successfully uptaken by human
HeLa cells without displaying any toxicity toward the cells. Additionally, encapsulated payloads
were released by a variation in the pH value of the surrounding environment. The release was
ascribed to the variation of the effective crosslinking density of the hydrazone network due to the
dynamic equilibrium of the reaction between the reactive carbonyl and the hydrazide. The
hydrazone crosslinking points dissociated in mildly acidic environments and this pH-triggered
change allowed for the controlled release of the payloads. The synthetic bio-orthogonal strategy
used here can be expanded to other precursors and is an appealing tool to design controllable
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releases drug delivery vehicles for the encapsulation of sensitive drugs. Because the new
nanocarriers synthesized here were build using a bio-orthogonal reaction and were able to
encapsulate macromolecular payloads successfully, they are ideal candidates for the delivery of
sensitive biomacromolecular therapeutic agents such as protein, DNA or RNA and they could find

applications in gene therapy, enzyme replacement therapy, vaccination or cancer therapy.
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4.3 Using bio-orthogonal chemistry to prepare multi-responsive nanogels’

The same chemistry developed in the previous section can be used as a stepping stone to
design more complex systems such as multi-responsive nanogels. Multi-stimuli-responsive
nanogel systems are interesting for the delivery of bioactive molecules due to their high stability
for prolonged circulation in the bloodstream. Here, multi-stimuli-responsive nanogels were
synthesized using bio-orthogonal and reversible reactions and were designed for the selective
release of encapsulated cargos in a spatiotemporally controlled manner. The nanogels were
composed of functionalized polysaccharide crosslinked by pH-responsive hydrazone linkages. In
addition to the pH-sensitive nature of the hydrazone network, the crosslinkers were designed to
be responsive to oxydoreductive cues. Thioketal groups, responsive to the presence of reactive
oxygen species (ROS). and disulfide groups, responsive to reducing environments, were
integrated into the nanogel network. The release of the payload was investigated in response to
changes in the pH of the environment or to the presence of different concentrations of reducing
agents and ROS species. In addition, the resulting nanogels displayed low cytotoxicity and high

cell uptake after incubated with Hela cells.

4.3.1 Introduction.

In recent years, stimuli-responsive nanogels have emerged as a class of efficient
nanocarriers for drug and gene therapy.?’” 28 Stimuli-responsive nanogels combine the
properties of other nanocarriers, such as high drug loading, extended biodistribution and large
surface area allowing for the efficient surface functionalization, and the properties of smart-
hydrogels, most interestingly their ability to respond to environmental factors like temperature,
pH, light, magnetic fields, or the presence of certain analytes.!®-21 279281 |n these systems, the
application of the stimulus induces modifications in the polymer network through

decomposition, isomerization, or supramolecular assembly/disassembly and leads to volume

" This section is based on unpublished work.

Contributions: M.S.A., H.T.-A. designed the experiments. M.S.A. prepared and characterized the nanocapsule, The
contribution of Jorge Pereira who performed cell uptake and viability studies is acknowledged. H.T.-A. and K.L.
supervised the research.
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changes between collapsed and swollen states.?®> 283 Furthermore, the response to those
physico-chemical cues can be used to promote the release of active agents encapsulated in a
nanogels, which make stimuli-responsive nanogels a versatile and adaptable class of delivery
device to target specific biological abnormalities such as tumor sites where the distinct chemical

environment could be used as stimuli.28*

Stimuli-responsive nanogels are especially well suited to develop new chemotherapy. The
tumor environment is unique; its characteristic vasculature determines the cellular micro-
environment and gives rise to multiple chemical singularities that can be used as stimuli to trigger
drug release. For example, in solid tumors, the extracellular pH value can be significantly more
acidic (=5 to 6) than the systemic pH value (7.4) because of the poor vasculature and the resulting
anaerobic conditions prevailing in the malignant cells.?®> Also, the concentration of reactive
oxygen species (ROS) and the glutathione level are specific to the cancerous environment.
Furthermore, tumor cells produce reactive oxygen species, including H.0;, hydroxyl radical, and
superoxide, at a higher concentration than healthy cells.?86-288 Similarly, the concentration of
glutathione in the blood plasma is of 2 uM, and the intracellular glutathione (GSH) level ranges
from 1 to 10 mM in normal tissues; in comparison, the GSH level in tumor cells is 7-10 folds

la rger 289, 290

Stimuli-responsive nanogels can be designed to take advantage of those intrinsic and
distinctive properties of the malignant cells to enhance intracellular therapeutic delivery in the
tumoral environment. The nonspecific action and poor tumor selectivity sometime associated
with other therapy leading to severe side effects and resistance to chemotherapy could be
avoided using carefully designed stimuli-responsive nanogels.?®* For example, the addition of
degradable thioketal units that are responsive to the oxidative conditions of the environment, of
disulfide linkages responding to reducing environment or pH-responsive units can be used in the

design of stimuli-responsive nanogels to target cancerous tumoral environment.>-2!

Among the methods used to prepare nanogels, the gelation of microemulsion precursor

droplets is particularly interesting.?°?2% The main problem with this method is manifested by the
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use reactions such as heterogeneous free radical polymerization and unselective chemical
crosslinking, to form nanogel network but these methods often fail to encapsulate their payload
efficiently and can involve harsh chemical conditions. 2%2°> To palliate to some of those drawbacks,
nanogels prepared by the self-assembly of polymers through hydrophobic, electrostatic
interactions or hydrogen bonding, have been developed, but their lack of stability after systemic
injection can result in their dissociation leading to the premature release of the payload and
causing adverse side effects.??® 2°7 Nanogels prepared via the crosslinking of miniemulsion
droplets can potentially circumvent all those pitfalls. Using miniemulsion to prepare nanogels
allowed to tune the size of the resulting colloids from nanometers to micrometers and to load
large amounts of hydrophilic therapeutic agents.'® Additionally, miniemulsion is compatible with

a wide variety of chemistries allowing to use robust bio-orthogonal gelation process.2%8-301

The gelation reaction leads to the formation of a highly swollen network and can occur
through physical or chemical crosslinking. The use of bio-orthogonal chemistry to produce
chemically crosslinked hydrogel is becoming an attractive method to produce new material for
the biomedical field. A bio-orthogonal reaction is a reaction that proceeds under normal
physiological conditions, doesn’t requires the use of toxic catalysts of radiation, has a fast kinetic,
doesn’t yield side-products, nor could undergo side-reactions with molecules and functional
groups present in biological environments.3%? Such bio-orthogonal chemistries have been used
as the crosslinking strategies in the design of new hydrogels. 303 3% For example, gelatin polymers
with pendant tetrazine or norbornene are a pair that when mixed spontaneously undergo bio-
orthogonal crosslinking to form hydrogels that are injectable and maintain the cell-responsive

properties of native gelatin.3%°

Here, stimuli-responsive nanogels were prepared by combing the advantages of the
gelation of miniemulsion droplets with robust bio-orthogonal chemistry. The crosslinking of a
solution of dextran functionalized with reactive carbonyls containing a model payload was
emulsified and then combined with nanodroplets of a solution of responsive hydrazine-

functionalized crosslinker (Figure 4.32).
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Figure 4.32. Synthesis of nanogels through co-emulsification by microfluidization.

The reaction between the hydrazide and the carbonyl resulted in the formation of a
hydrazone network, which stability is influenced by the pH of the environment. This reaction, in
addition to its selectivity, does not need catalysts or harsh conditions and the liquid precursor
droplets are converted in nanogels without interfering with the payload and produce no side
products that could have a deleterious effect on any biological systems.'” Additionally, thioketal
or disulfide linkages were built in the crosslinker leading to the formation of multi-responsive
networks. In such systems, the release is controlled by the crosslinking density of the network,
which can in the present system be controlled by the chemical composition but also changes in
pH, the presence of reactive oxygen species, or the presence of glutathione or other reductive
molecules. The nanogels were prepared by the emulsification or the modified dextran and the
crosslinker in separated droplets followed by the controlled coalescence of the complementary
nanodroplets. First, stable emulsions of the individual components were prepared and then

mechanically combined using microfluidization. The effect of the pH value, oxidative stresses and
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reducing stresses on the release of the encapsulated species were studied, and the uptake and

toxicity of the preliminary model system in Hela cells were analyzed.

4.3.2 Results and discussion

The formation of the nanogels resulted from the reaction between aqueous emulsion
droplets containing the functionalized dextran and other aqueous emulsion droplets containing
the water-soluble crosslinker. To accelerate the mixing between the two populations of droplets,
an equivalent amount of the two emulsions were combined and passed through the
microfluidizer to provoke and facilitate the collision and combination between complementary

droplets (Figure 4.33).
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Figure 4.33. Using different functionalized dextran and crosslinker to form the hydrazone or

oxime network of nanogel.
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The efficient mixing between the two droplet populations was verified using the pH-responsive
fluorescence emission from fluorescine. The droplet population A was composed of a water
solution of 0.2 mg/mL of rhodamine and 0.2 mg/mL fluorescine in 0.01 M of HCI. The droplet
population B contained a 0.01 M solution of NaOH. The ratio of fluorescence of the fluorescine
and rhodamine mixture was affected by the local pH value within the droplet since the fluoresce
of fluorescine is quenched in acidic environments, while the fluorescence intensity of rhodamine
remains unchanged across a broad pH range. Thus, as B was added to A, the resulting titration of
HCI by NaOH lead to an increase in the fluorescence of the fluorescine in comparison to the
fluorescence of the rhodamine (Figure 34A ). The two emulsions were mixed inside microfluidizer
for 10 circles after every cycle the sample was taken, and the fluorescence intensity of rhodamine
B and fluorescein was measured. The results show that complete mixing between the acidic
droplets containing the dye and the droplets containing the sodium hydroxide solution occurred
after 3 or 4 cycles through the microfluidizer (Figure 34B).
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Figure 4.34. A) Variation of the ratio of the fluorescence intensity of fluorescine and rhodamine B
during the titration of the HCI by the addition of NaOH. B) fluorescence intensity ratio between
fluorescein and rhodamine B after mixing the acidic emulsion of dyes with an emulsion of NaOH

solution in the microfluidizer
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Four different crosslinkers were used to prepare the nanogels. The first two crosslinkers
0,0’-1,3-propanediylbishydroxylamine (RON) and adipic acid dihydrazide (RNN) were used to
investigate the reactivity of different nucleophiles in the formation of the crosslinked network.
Two other crosslinker were synthesized to bring more functionality to the crosslinked network.
Thioketal dipropionic acid dihydrazide (TKNN) was synthesized (section 3.3.6) to introduce
chemicals groups responsive to the presence of reactive oxygen species and 3,3'-
dithiodipropionic acid dihydrazide (DSNN) was prepared (section 3.3.7) to introduce chemical

groups sensitive to the presence of reducing agent.

The resulting hydrazone or oxime network was formed by the reaction between hose
crosslinkers and different functionalized dextran. Two dextrans functionalized with aldehyde
groups were used. The first one bored one aldehyde per glucose unit (OxDa), and the second one
had 0.5 aldehydes per glucose unit (OxDg). Additionally, two dextrans functionalized with ketone
groups were also used. The first one had one ketones per glucose unit (KeDa) and the other one
0.25 ketones per glucose unit (KeDg). Finally, a dextran precursor was also functionalized with
both aldehyde and ketone, and the degree of functionalization was 0.75 aldehydes and 0.6

ketones per glucose unit (OxKeD).

The resulting nanogels (Table 4.4) were labeled XyDNG,, where XyD was the type of
functionalized dextran used, and z the crosslinker. Independently of the dextran derivative used,

and the type of crosslinker used, the size of the NGs in cyclohexane was ca. 200 nm.
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Table 4.4. Characteristics of the nanogels prepared.

Nanogel Dextran Crosslinker Average size
(nm)
OxDaNGRgnN OxDa Adipic acid dihydrazide 195
OXxDaNGrknn 3,3'-dithiodipropionic acid dihydrazide 200
OxDaNGpsnn 3,3'-thioketaldipropionicacid dihydrazide 202
OxDgNGgron OxDg 0,0'-1,3-propanediyl bishydroxylamine 185
KeDaNGRgnn KeDa Adipic acid dihydrazide 192
KeDaNGRron 0,0'-1,3-propanediyl bishydroxylamine 198
KeDgNGRron KeDs 0,0’-1,3-propanediyl bishydroxylamine 205
OxKeDNCgnn OxKeD Adipic acid dihydrazide 175

The formation of nanogel based on the creation of an hydrazone network was the first
target. Therefore the nanogels were prepared by the crosslinking of aldehyde-functionalized
dextran (OxD) by adipic acid dihydrazide, thioketal dipropionic dihydrazide or 3,3'-
dithiodipropionic acid dihydrazide (Figure 4.35). This resulted in the formation of nanogels of
uniform size and limited size distribution. The expected nanogels were prepared with when using
the adipic acid dihydrazide as the crosslinker, but, surprisingly, nanocapsules were obtained
when 3,3'-thioketal dipropionic acid dihydrazide or 3,3'-dithiodipropionic acid dihydrazide were
used as crosslinkers. Typically, nanocapsules are formed by miniemulsion by interfacial
crosslinking or when the controlled precipitation of the polymer in the miniemulsion droplet
occurs. Here, when the crosslinking reaction is performed in bulk, all the crosslinkers lead to the
formation of stable gels without any significant gelation shrinkage. The morphological differences
in the resulting nanocontainer formed could potentially be attributed to the limited differences
in solubility of the different crosslinkers or to the differences in the reaction speed. All the
crosslinkers are preferentially soluble in the dispersed phase, but the 3,3'-dithiodipropionic acid

dihydrazide and the 3,3'-thioketal dipropionic acid dihydrazide are moderately more soluble in
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the continuous phase than adipic acid dihidrazide and the interfacial crosslinking occurring
through Ostwald ripening is not impossible, it is unlikely to be the main driving force due to the
rapid mixing of the crosslinker and polymer precursor droplets during microfluidization. The
reaction speed was observed, in bulk, to be significantly slower for the adipic acid dihydrazide in
comparison to the other two crosslinkers and might also play a role in the formation of
nanocapsule as is the limited water solubility of the functionalized dextran which can potentially

act as an inneficient co-surfactant.
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Figure 4.35. A) Particle size distribution of oxidized dextran nanogel crosslinking by adipic acid
dihydrazide OxDaNGgnn (solid line), 3,3'-dithiodipropionic acid dihydrazide OxDaNGpsnn (dashed
line) and 3,3'-thioketal dipropionic acid dihydrazide OxDaNGrknn (dotted line). SEM image of B)
OxDaNGgrnn C) OXDaNGpsnn s D) OxDaNGrinn. The scale bars are 200 nm.
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Figure 4.36. The release of tetramethylrhodamine-dextran from OxDaNGgnn at pH 7.4 (black) and
pH 5.2 (red).

The release from the nanogels form by the crosslinking of oxidized dextran OxDa with the
different hydrazide-based crosslinkers was used to demonstrate the versatility of the chemical
cues that can be used to trigger the release of the payload. The type of crosslinker used,
influenced the release kinetic as much as the acidity of the environment, the presence of
reducing agent, or of free radical. In general, NGs prepared with the OxD and crosslinking by
hydraozne bonds displayed minimal release of the cargos at every pH studied (Figure 4.36). These
results are in keeping with the results obtained with the hydrazone nanocapsules (Section 4.2.2),
where network formed by the crosslinking of dextran functionalized with aldehyde were not

significantly affected by variation in the acidity of the environment.

In the case of OxDaNGpsnn, the release of the payload was insensitive to the acidity of the
environment but significantly affected by the addition of a reducing agent (Figure 4.37). When
either glutathione or dithiothreitol was added to the suspension of OxDaNGpsnn, the disulfide
bond in the crosslinker was degraded, and this led to an effective decrease in the crosslinking

density of the network. The OxDaNGpsnn , displayed a release of 100% of the encapsulated
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payload after 10 h of incubation with dithiothreitol (50 mM), and between 45 and 50% after

incubation with glutathione (50 mM).
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Figure 4.37. The release of tetramethylrhodamine-dextran from OxDaNGpsnn at pH 7.4 (black),
with the addition of 50 mM of glutathione (green) or the addition of 50 mM or dithiothreitol
(pink).

Similarly to the degradation of the disulfide bond in OxDaNGpsnn it should be possible to
trigger the degradation of the thioketal bond in OxDaNGrknn to initiate the release of the payload
by the addition of reactive oxygen species. The thioketal bond can be degraded by superoxide.??3
Here, Fenton’s reagent, formed by the combination of hydrogen peroxide and iron chloride, was
used as the source of superoxide. Unfortunately, the superoxide also reacted with the rhodamine
and other fluorescent probes to decrease their fluorescence.3% To circumvent this challenge, the
nanogels were loaded with poly(styrene sulfonate), and the release was monitored by NMR
spectroscopy (Figure 4.38). The results show that after only two hours of incubation of the
nanogels with 0.1 mM of Fenton’s reagent 100% of the payload was released. Furthermore, as

the reaction proceeded, a peak ascribed to acetone (2.15 ppm) appeared which is the side-

product of the degradation of the thioketal. No release, as measured by NMR spectroscopy, was
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visible, even after 12 h, when the Fenton’s reagent was absent, and the nanogels were only
dispersed in PBS. Such results indicated that the OxDaNGrknn Were relatively stable in a normal
environment without ROS, but the presence of ROS triggered a rapid release of the payload in a

short time.

Nanocarrier suspension
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Figure 4.38. The 'H NMR spectra of OXDNGrknn and its filtrate after degradation of the thioketal
group of the crosslinker by the addition of superoxide. 0.1 vol% of THF was added to the aqueous

dispersion in D20 to act as an external standard for the quantification of release.

The cytotoxicity of OxDaNGgnn , OXDaNGpsnn and OxDaNGrknn Was evaluated in Hela cells
using a luminescent cell viability assay (Zombie Aqua) (Figure 4.39). The NGs did not display any
cytotoxicity after 24 h of incubation even at high concentrations. The cellular uptake of the
OxDaNCgnn ,O0xDaNCpsyn and OxDaNCrknn by Hela cells was measured using NGs functionalized
with rhodamine a fluorescent tag. Those NGs also encapsulated another fluorescent molecule,
cyanine-5 (Cy5). The resulting fluorescent NGs were incubated for 24 h with Hela cells and, after
washing off the free NGs, the fluorescence of the cells was quantified by flow cytometry. Flow

cytometry showed that both OxDaNGgnn , DaNGpsnn and OxDaNGrknn were uptaken by the cells
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(Figure 4.38). Concerning the nanogels internalization by the cells, it was found that 100 %, 95 %
and 65 % of the cells contained NGs after 24 h incubation with OxDaNGgrnn, DaNGpsyy and

OxDaNGrknn, respectively.
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Figure 4.39. (A) Cell viabilities of HeLa cells after incubation with OXDNCa ,0xDNCps and OxDNCrk
measured after the incubation for 24 h in cell media containing 75 pug/mL of nanocarriers. (B and
C) Cellular uptake of OXDaNGgrnn, OXDaNGpsnn and OxDaNGrinn in Hela cells after incubation of
24 h in cell media containing 75 pug/mL of nanocarriers. Rhodamine (red) and cyanine-5 (Cy5)

(blue).

The next challenge to tackle was the poor pH-responsive behavior demonstrated by the
nanogels prepared with the oxidized dextran. The type of reactive carbonyl groups used, ketone
or aldehyde, influenced the release kinetic as much as the acidity of the environment. The
hydrazone network formed by ketone-functionalized dextran were more responsive to changes
in acidity than aldehyde-functionalized dextran (Section 4.2.2). Unfortunately, although the NCs
prepared with KeD (KeDaNGgnn)( Figure 4.40 ) displayed a good morphology, and that DLS suggest
that the NGs were totally destroyed when the pH value of the environment was changed from
7.4 to 5, the encapsulation efficiency was problematic, even using a large payload like
tetramethylrhodamine-dextran 500 kDa the encapsulation efficiency was lower than 5%. Thus

studying the release from such a system was difficult.
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Figure 4.40. A) Particle size distribution of KeDaNGrnn B) SEM image of KeDaNGgnn the scale bar

is 200 nm.

To improve the encapsulation efficiency but preserved the pH-responsive behavior
associated with the nanogels prepared with KeD, a new dextran precursor was prepared. This
precursor was first oxidized to create some aldehyde groups, and then the oxidized dextran was
reacted with levulinic acid to introduce ketone groups. The resulting OxKeD was a polymer
bearing both aldehyde and ketone groups. The hydrazone bonds, which formed between
aldehyde and hydrazide, should guarantee the formation of the stable structure of the nanogels
body, and those formed between ketone and hydrazide should provide the pH-responsive
behavior. The resulting nanocarriers OxKeDNCrnn displayed a uniform size and limited size
distribution (Figure 4.41). The encapsulation efficiency for tetramethylrhodamine-dextran 500
kDa was also improved to ca. 60 %. The cumulative release of the cargo from OxKeDNCrnn Was
slow at neutral pH but increased significantly as the acidity of the suspension increased(Figure
4.41). This phenomenon occurred due to the dissociation of the acid-sensitive acylhydrazone
bonds when the pH value decreased. These results, as discussed in (Section 4.2.2), can be
attributed to the higher stability of the acylhydrazone bonds formed between aldehyde and

hydrazide in comparison to those formed between ketone and hydrazide.?’% 27>
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Figure 4.41. A) TEM image of OxKeDNCa B) The release of tetramethylrhodamine-dextran from
OxKeDNCain pH 7.4 (black), pH 6.2 (blue) and pH 5.2 (red). The scale bar is 200 nm.

The stability of the crosslinking point in the nanogel is not only a function of the type of
carbonyl group used but also the kind of nucleophile groups used in the reaction. Thus, another
strategy was also tested by replacing the hydrazide groups in crosslinker with hydroxylamine. The
resulting oxime bond, formed by the reaction between hydroxylamine and the carbonyl, should
be more stable in neutral conditions and could potentially improve the efficiency of
encapsulation. The NGs prepared with the OxD (OXDsNGron) and crosslinked with oxime bonds
displayed a very limited release of the cargos at neutral pH studied with good efficiency of
encapsulation ca. 65% for tetramethylrhodamine-dextran 500 kDa. The release from OXDgNGron
(Figure 4.41) was only slightly responsive to changes in the acidity of the suspension. The
cumulative release from NGs prepared with the KeD was also study. The encapsulation efficiency
of the payload was ca. 55%. The cumulative release of cargo from KeDgNGron Was slow at neutral
pH but increased significantly as the acidity of the suspension increased (Figure 4.42). These
results confirmed the possibility of building nanogel using an oxime-based crosslinked network.

Such a network showed an increased stability in comparison to the hydrazone network and
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allowed to encapsulate the payload more efficiently while preserving the pH-responsive

behavior.
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Figure 4.42. The release of tetramethylrhodamine dextran from OXDsNGgon in pH 7.4 (black)and
pH 5.2 (red).

The cumulative release of the cargo from KeDgNGgron Was slow at neutral pH but increased
significantly as the acidity of the suspension increased (Figure 4.43). These results confirmed the
possibility of building nanogel using an oxime-based crosslinked network. Such a network
showed an increased stability in comparison to the hydrazone network and allowed to

encapsulate the payload more efficiently while preserving the pH-responsive behavior.
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Figure 4.43. The release of tetramethylrhodamine-dextran from KeDNGgon in pH 7.4 (black) and
pH5.2.

4.3.3 Summary

In summary, the foundations for the development, and the preparation of multi-stimuli
responsive NGs was layed down. The use of the bio-orthogonal reaction between reactive
carbonyl and hydrazide or hydroxylamine groups was used to generate the crosslinked hydrazone

or oxime network of the NGs, and the reaction occurred under biologically relevant conditions.

The crosslinkers used in the study show the potential to respond to variation in the acidity
of the environment, to the presence of reducing species or to the presence of ROS. The result
showed that the integration of thioketal groups or disulfide linkages to the nanogel network held
the potential to prepare multi-functional nanocarriers. These nanogels displayed a responsive
behavior toward stimuli in the surrounding environment, whether the addition reducing agent in

case of disulfide or ROS in case of thioketal.

Importantly for the development of future therapy, the resulting NGs were successfully

uptaken by human Hela cells without displaying any toxicity toward the cells.
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The remaining challenge for the use of such nanogels is to improve the encapsulation
efficiency in the pH-responsive systems. To enhance the encapsulation of the payload, different
strategies were investigated. Since aldehyde-functionalized dextran led to good encapsulation
but poor pH-responsive behavior and that ketone-functionalized dextran led to poor
encapsulation but excellent pH-responsive behavior, a new dextran precursor functionalized with
both aldehydes and ketone groups on the same polymer chain was developed. The resulting
polymer was used to prepared nanogel by crosslinking with adipic acid dihydrazide. These
nanogels showed good stability in neutral pH because of hydrazone bonds formed between
aldehyde and hydrazide and still have pH-sensitive release behavior because of hydrazone bonds
formed between ketone and hydrazide. However, only large molecules were successfully
encapsulated (ca. 500 kDa). A different strategy consisted in replacing the hydrazide groups in
crosslinker with hydroxylamine. The resulting oxime crosslinking points are more stable than
hydrazone at pH 7.4, allowing to build more stable networks, which in turn leads to an improved
encapsulation efficiency of cargos of different sizes. The hydrazone or oxime crosslinking points

dissociated in mild acidic pH, which allowed for the controlled release of the payloads.

Finally, those multi-stimuli responsive nanogels prepared using selective bio-orthogonal
crosslinking reaction offered unprecedented control over the controlled release of the payloads.
With further improvement of the encapsulation efficiency, such nanogels could be the
cornerstone for building desired multi-stimuli responsive polymer drug delivery vehicle for

cancer therapy.
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5. Summary and Perspectives

5.1 summary

This thesis highlights promising strategies to overcome some of the challenges that are
currently accompanying the preparation of nanocarriers for drug delivery technologies. By
focussing on the formation of nanocarriers formed by the crosslinking of polymer precursors in
miniemulsion droplets, challenges regarding stability and the use of specific selective chemistries
have been tackled, and the solutions found could find applications in the design of other

nanocarriers based on miniemulsion.

One of these challenges is the inability to prepare large quantities of nanocarriers in high
quality and large quantity in a reproducible manner. The use of microfluidization led to the
formation of nanocarriers with low polydispersity index, low batch-to-batch variability, large
batch scale, and can even be implemented in a continuous in-line production setup if very large
production batches are required (Section 4.1). The utilization of microfluidization (Figure 5.1)
enabled the production of well-controlled precursor nanodroplets, which, in turn, lead to the
synthesis of well-controlled nanocarriers in comparison to the commonly used ultrasonication
method. The resulting nanocarriers were prepared large scale (43 g/min), a 300-fold increase in
the production output in comparison to sonication, in addition to the final nanocarriers were of
high quality, very low PDI (0.05) and limited batch-to-batch variability (+ 9 nm), with the
possibility to tune the size of the nanocarriers produced by tunning the biphasic mixture used to
prepared the precursor nanodroplets (amount of surfactant, ratio of dispersed-to-continuous
phases) or by tunning the operation conditions of the microfluidizer (pressure, number of cycles).
This versatility of the microfluidization method was also demonstrated by using different
precursor polymers such as polysaccharide, proteins, lignin and different crosslinking strategies.
These findings showed that microfluidization can lead to the production of nanocarriers with
high-quality standards and takes the nanocarrier production procedure takes a step closer to the

implementation of good manufacturing practice (GMP).
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Figure 5.1. Preparation of polymer nanocapsule by microfluidization.

Another challenge faced in the production of nanocarriers is the development of new
crosslinking chemistries that are not interfering with a variety of potential biologically relevant
payloads containing a range of functional groups such as alcohol, acid, amine and so on. Typically,
robust crosslinking strategies such as the one based on the use of very reactive crosslinkers like
toluene diisocyanate are used to prepared nanocarriers. However, many of those crosslinking
strategies will interfere with functional groups naturally present in biological environments. This
can have adverse effects when trying to encapsulate delicate payloads like enzymes or other
biomolecules. Here, instead of an unselective crosslinking reaction, a selective bio-orthogonal
reaction was developed (section 4.2) and can be used for the potential encapsulation and release
of sensitive cargo (Figure 5.2). The condensation between hydrazide and reactive carbonyl was
used to crosslink the nanocarriers by the formation of a hydrazone network. This reaction is
highly suitable because it has a sufficiently high reaction rate and can be used for the interfacial
crosslinking of inverse miniemulsion droplets. The coupling between dextran functionalized with
aldehyde groups or terminal ketones with multifunctional hydrazide derivatives yielded
nanocarriers able to encapsulate payloads. Furthermore, the stability of the hydrazone linkages
being pH-sensitive, those new nanocarriers enabled the release of the payloads in a

spatiotemporally controlled manner. The dissociation of the hydrazone crosslinking points in
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acidic conditions was responsible for the controlled release of the cargos. The degradation of the
crosslinked network in acidic conditions led to an increase in the pores size in the nanocarrier
shell and facilitated the diffusion of the payloads out of the nanocarrier. Furthermore, these
nanocarriers were efficiently uptaken by Hela cells without any noticeable cytotoxic effects even
in high concentrations. The low toxicity, high uptake, and pH-responsive nature of those
nanocarriers make them an interesting delivery vehicle for the targeting of many pathological

environments and specific intercellular compartments.

Bioorthogonal
crosslinking

Nanodroplet Nanocarriers

Figure 5.2. Synthesis of responsive bio-orthogonal nanocapsules.

The crosslinking strategy developed using the formation of a hydrazone network was also
extended to the formation of nanogels (section 4.3). Here, water-soluble crosslinkers were
prepared. In addition to bearing two hydrazide groups able to create the pH-responsive network,
the new crosslinkers also bear other functionality. They were responsive to either the presence
of a reducing environment by the introduction of a disulfide bond or responsive to the presence
of reactive oxygen species by the inclusion of a thioketal group. The nanogels were prepared by
the mixing of two emulsions (Figure 5.3), one containing the functionalized dextran precursor
and the other one the crosslinker. The resulting nanogels successfully encapsulated large
payloads and their release could be trigger by changes in pH, the addition of dithiothreitol or
glutathione as a reducing agent or by the addition of superoxide as ROS species. The nanogels
displayed limited toxicity and good uptake in Hela cells. Those multi-stimuli responsive nanogels

prepared using selective bio-orthogonal crosslinking reaction offered unprecedented control
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over the controlled release of the payloads. The results gathered and obtained in this chapter
could be the cornerstone for building desired multi-stimuli responsive polymer nanogels for

cancer therapy.
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Figure 5.3. Preparation of multi-responsive bio-orthogonal nanogels

In summary, the results contained in this thesis demonstrate that nanocapsules can be
prepared in high quality and in a large scale using bio-orthogonal chemistry to build responsive
nanocarriers. These developments can help in the successful translation of nanocarriers prepared

by the crosslinking of miniemulsion droplets from the laboratory to applications on a larger scale.

5.2 perspectives

The next step for this project would be to optimize the crosslinking reaction to
accommodate payloads of different (smaller) sizes. Currently, the system developed in this thesis
shows high encapsulation efficiency for macromolecular payloads but were almost incapable of
encapsulating small molecules. This is related to the position of the equilibrium between the
hydrazide and the hydrazone. One the one hand, using aldehyde-functionalized network yielded
dense network able to encapsulate smaller payloads, but the influence of the acidity of the
environment on the release was minimal. On the other hand, using ketone-functionalized
dextran yielded less dense network and the encapsulation of small payloads was more difficult,
but the final network was very responsive to the acidity of the environment. This behavior is
caused by the stability of the different hydrazones formed. Still, a different manner to control
this stability, instead of using different reactive carbonyls, would be to use different reactive

amines. For example, primary amines can also react in the type of Schiff reaction involved in the
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crosslinking, but the stability of the resulting imine is so limited that the formation of a stable
network is hindered. However, when hydroxylamine is used as the nucleophile in this reaction,
the oxime network formed is very stable, even more so than the hydrazone network. Preliminary
results for the crosslinking of ketone-functionalized dextran with 0,0'-1,3-
propanediylbishydroxylamine lead to the formation of a stable network, able to encapsulate
small molecules such as Rhodamine B Dextran (10k) with excellent encapsulation efficiency.
Furthermore, the resulting hydrogels were completely reversible when immersed in a buffer at
pH 3. The development of multifunctional hydroxylamine would provide more control over the

encapsulation and release of payloads.

Additionally, other natural biopolymers, rather than dextran, could be used to prepare
new nanocarriers with additional benefits, more biocompatible and biodegradable. For example,
using protein instead of dextran as the precursor polymer would lead to the synthesis of

nanocapsules that are biodegradable in the body under the effect of enzymes such as trypsin.

Furthermore, conducting more in vitro studies and moving forward in the way of in vivo
studies would also bring new valuable information. For example, the nanocarriers could be
loaded with molecules having a specific biological activity or multiple therapeutic drugs in the
same carrier could allow a combination therapy but also demonstrate practically the bio-
orthogonality of the reaction and its compatibility with more delicate payloads. Such
nanocarriers could be used to design treatment with enhanced efficacy or to overcome multidrug

resistance.

In addition, if systematic in vitro and in vivo studies of multi stimuli-responsive
nanocarrier were to be performed to obtain insights into underlying drug release and anti-
tumoral activity, it would be of high interest to functionalized the surface of the nanocarriers.
Targeting ligands such as peptides, aptamers, antibodies and antibody fragments could be
grafted to the surface of the multi-stimuli responsive nanocarriers to achieve tumor-specific
delivery for the optimized release of anti-cancer drugs. Another option would be the PEGylation

of the surface to improve the circulation time of the nanocarriers in vivo. The resulting
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nanocarriers will be highly appealing for the treatment of various cancers, including multidrug-
resistant cancers, and the development of such multi-stimuli responsive nanocarrier

formulations will play a significant role in future cancer therapies.
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