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Summary

Microgels are very attractive materials which hdeen employed for a wide range of
applications and in particular for the detectioetrieval and elimination of bacteria. The current
microgels however present some major limitatiomeesithey are most often not biocompatible and
show low performance due to their restricted logdoapacity. Therefore a novel platform of
microgels based on functional porous PEG hydrogetaparticles is presented in this thesis and
evaluated for both the removal of bacteria andmi@tkdelivery of drugs. These microgels are based
on a biocompatible PEG scaffold which reduces utifipeinteractions and allows for surface
functionalization. In addition, they feature intakmpores of a few tens of nhanometers allowing for a
more efficient loading of drugs and nanoparticlesweell as larger pores of a few microns on the

surface of the particles for the binding of a highember of bacteria.

Such porous PEG microgels are prepared by a hanglaéng method based on porous
CaCQ microparticles. This strategy allows for an exaeerse replication of CaGQnicroparticles
into PEG microgels and provides the expected piyroBhese microgels are thereafter functionalized
via benzophenone-based radical surface chemisttyaemde bond formation. Mannose ligands are
thereby introduced for bacteria targeting and catiamines are incorporated for the loading of nhode

drugs and nanoparticles via electrostatic inteoasti

For the retrieval of bacteria, these microgels #ren made magnetic by loading with
superparamagnetic nanoparticles. The resulting etagmorous, sugar-functionalized (MaPoS) PEG
microgels are able to selectively bind strains aftbriak. coli via carbohydrate-protein interactions
and remove them by simply using a magnet. Comptarélie standard microparticles, these microgels
allow for the binding of two to three times morectsaia and higher yields of removal at high
concentrations of bacteria. For the potential @elivof drugs, the porous PEG microgels are made
pH-sensitive by functionalization with ammoniumi{gamate moieties via the reaction of O@ith
amines. The resulting microgels are able to switelir charge from negative at pH 10 to positive at
pH 5 and therefore can be loaded with both catianit anionic model drugs under these conditions
and release them at pH values between 5 and 7.élecdrostatic interactions. Compared to PEG
microgels purely functionalized with carboxylate ammonium groups, the PEG-ammonium-
carbamate microgels lead to a release up to eigigst more efficient under physiological pH

conditions.

Overall, the presented functional porous PEG migloghow great potential for the treatment
of bacteria but also for a wider range of biotedbgimal and biomedical applications, such as the

bioseparation of cells, detection of viruses, fcaifon of proteins or catalysis.



Zusammenfassung

Mikrogele gehodren zu einer sehr interessanten Klagsn Materialien, die in vielen
verschiedenen Bereichen der Wissenschaft und Tefieohre Anwendung finden, insbesondere fiir
die Detektion, Isolierung und Eliminierung von Baden. Die Anwendung etablierter
Mikrogel-Systeme ist allerdings eingeschrankt, vaed meisten dieser Systeme haufig eine geringe
oder keine Biokompatibilitdt aufweisen und ihre &kingskapazitat begrenzt ist. Im Rahmen dieser
Doktorarbeit wurden daher neuartige Mikrogele wueht, welche aus pordosen PEG-Hydrogelen
bestehen. Diese sind sowohl fir die Isolierung Bakterien als auch flr weitere potenzielle
Anwendungen im Bereich des Drug Delivery interess@as PEG-Grundgerist dieser Mikrogele
erlaubt eine einfache chemische Funktionalisiemumd vermeidet unspezifische Wechselwirkung mit
dem Zielobjekt. AuRerdem verfligen diese PEG-Miklegm Inneren Gber Nanometer kleine Poren,
die fur eine effiziente Beladung mit kleinen Wirkdmolekilen geeignet sind, und auf der
Partikeloberflache tber wesentlich groRere (Mikrtar)ePoren, die eine erhdhte Anbindung etwa von

Bakterien erlauben.

Zur Herstellung dieser pordésen PEG Mikrogele wergenise CaC@ Mikropartikeln als
harte Template genutzt, wodurch eine exakte inv&msgie der CaCg@ Mikrostruktur samt ihrer
Porositat auf dem PEG-Gel abgebildet werden kamre Eunktionalisierung der PEG Mikrogele mit
Mannose-Liganden oder Amingruppen kann anschlief3mitd Hilfe der Benzophenon-Radikal-
Chemie unter Bildung von Amidbindungen realisiedrden. Die Mannose-Funktionalitaten werden
fur die Anbindung der Bakterien verwendet und dimiAFunktionalititen fur die Beladung der
Mikrogele mit Modell-Wirkstoffmolekilen und/oder Napartikeln, die auf elektrostatischen

Wechselwirkungen beruht.

Durch eingelagerte Eisenoxid-Nanopartikel werdea Mikrogele magnetisch, was eine
einfache Isolierung/Entfernung der Bakterien ernoigl Die porésen, magnetischen und mit Zucker
funktionalisierten PEG Mikrogele (MaPoS) sind inr deage sehr selektiv bestimmte Stamme der
E.Coli Bakterien zu binden. Mit Hilfe eines Magnetkdnnen die an die Mikrogele gebundenen
Bakterien dann einfach gesammelt oder entfernt evertin Vergleich zu gangigen Mikropartikeln
kénnen die MaPoS Mikrogele die zwei- bis dreifadhenge an Bakterien binden und somit eine
hohere Ausbeute realisieren. Mégliche AnwendungerBereich des Drug Delivery erdffnen sich
durch die Umwandlung der Amingruppen mit £@u Ammonium-Carbamat Funktionalitaten,
wodurch pH-sensitive PEG Mikrogele entstehen. Da@icle Anderung des pH-Wertes von pH 10 auf
pH 5 kann die Oberflachenladung der pH-sensitiveékrddele von negativ auf positiv umgeschaltet
werden, was somit eine Beladung sowohl negativaath positiv-geladener Wirkstoffe ermdglicht.

Eine Freisetzung wird dann zwischen pH 5 und 7rdieht. Bei einem physiologischen pH ist die



Wirkstofffreisetzung dieser Carbamat-funktionalié@ PEG-Mikrogele ca. 8-mal héher als bei den

gangigen Carboxy- oder Ammonium-funktionalisierlEG-Mikrogelen.

Die im Rahmen dieser Doktorarbeit prasentiertenktionalisierten und porésen PEG
Mikrogele stellen eine neue Plattform funktionaléikrogele dar und weisen ein grof3es Potenzial fur

verschiedenste Anwendungen im Bereich der Lebesswsshaften, wie z.B. Biotechnologie und
Biomedizin auf.
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Section 1.1. Microgels

1. General Introduction

1.1. Microgels

Definitions and Properties of Microgels

Microparticles are small, solid particles withirethize range of 100 nm to 100 um. They can
be found in nature.g.in dust, sand or powdered sugar and can be mauorgddrom various natural
and synthetic materials such as glass, metals ahgnprs. Synthetic microparticles offer a large
diversity of chemical composition, size, morphologgnd rigidity. Usually monodisperse
microparticles are preferred in order to obtainfarmi and sharp physico-chemical properties as well
as reliable and reproducible performaftt®ue to their size, microparticles exhibit largeesific
surface areas. Such large surfaces are highly ioetefo obtain a higher capacity for specific
adsorption or chemical reactions such as catalgsismicroparticles. The surface of synthetic
microparticles has therefore been modified withreagyvariety of functionalization and morphology.
Thus, due to their versatility and large surfacaamicroparticles have found many applicatiergs

as additives, pigments, UV-absorbers or catalysts.

One particular class of microparticles encompassesogels. Microgels are usually defined
as microparticles composed of gel and capable efling.” * Gels are soft materials constituted of an
insoluble 3D network resulting from the cross-limiiof polymers. In particular, when the polymer
network consists of hydrophilic polymers, the mgets are called hydrogels due to their ability to

bind water in agueous suspensions.

a. Poly(styrene) b. Poly(N-isopropylacrylamide) C. Poly(ethylene glycol)
(PNIPAAm) (PEG)
o
: 7, £
0% NH
A
d. Poly(divinylbenzene) €. Poly(acrylic acid) f. Poly(D,L-lactic-co-glycolic acid)
(PAA) (PLGA)

z |“ %I)r" ‘(‘]j\"ho}n

\N O*"0OH
m

g. Alginic acid h. Chitosan i. Agarose

oH\ / o BH OH OH omPH o
o] o Q, 0 0
Ofio A °Ho 0= OHo Ofio o— ok‘i’,\_o. £I =
0”0 NH_ NH OH 6H
m n m 0=( n n

Scheme 1.1Structural formulas of some polymers employedianogels.




Chapter 1. General Introduction

One of the most distinctive features of microgas In their stimuli-sensitivity. By definition,
stimuli-sensitive systems are able to change fireiperties as a function of environmental condgion
Microgels are intrinsically stimuli-sensitive sindbey are able to undergo reversible volume
transitions from swelling in good solvents to skége in bad solvents (Scheme 1.2). A good solvent
can be defined as a solvent in which polymer chadept an extended coil conformation in order to
maximize the polymer-solvent interactions. Hydrogacroparticles therefore swell in water but
collapse in organic solvents whereas microgels dasehydrophobic polymers such as polystyrene
(Scheme 1.1) specifically swell in organic solveridgpending on their chemical composition and
functionalization, microgels may also be able tgpnd to other stimuli such as pH or temperature.
For example, microgels of the pH-sensitive polyyacracid) (PAA, Scheme 1.1) swell under basic
pH conditions due to the electrostatic repulsiotwkeen deprotonated acidic groups. As another
example, microgels of the thermosensitive pdligopropylacrylamide) (PNIPAAmM, Scheme 1.1) are
swollen at room temperature but shrink above 384€ to the entropically-driven dehydration of the
polymer. Because of these interesting propertiéstogels based on PNIPAAmM have been the most
extensively studied in the two past decades. Géyettae extent of swelling can be controlled by th
degree of cross-linking. Compared to stimuli-sévsibulk materials, the small volume of microgels

allows for faster response to stimuli.

Changein
—>
<«
Solvent

Temperature
pH...

Scheme 1.2Intrinsic stimuli-sensitivity of microgels.

Colloidal stability is another major attribute ofamogels. In general, the large surface area of
microparticles results in high surface energiesortter to reduce their energy, microparticles tend
aggregate. Aggregation however needs to be avandeier to preserve the potential applications of
microgels. The surface energy is determined bytmribution of three forces: electrostatic repedsi
forces, Van der Waals attractive forces and stegfmulsive forces. For microparticles, colloidal
stability may be obtained by imparting a high scefaharge in order to favor electrostatic repulsion
between particles. For this, microparticles can fbectionalized with acidic or basic groups.
Microgels, however, are intrinsically stable duesteric repulsive interaction between the polymeric
chains pointing out of the particles (so-calledithdayer”). Aggregation of microgels is disfavored

because the interactions between polymeric chdibsmadjacent particles cause a locally increased
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osmotic pressure which tends to push the parteghest. Moreover, the overlap between the polymer

chains decreases their conformational freedom, wipémerates an unfavorable loss of entfdpy.

In addition, microgels present many other attracfaature$’ As microparticles, they exhibit
large specific surface areas and high surfaceivégctThey are soft microparticles which are both
viscous and elastic upon deformation (“viscoelésgtic They can be made biodegradable in order to
slowly dissolve in biological systems. Eventualtyicrogels are extremely versatile and can be easily
synthesized featuring a great variety of chemicamposition, surface chemistry, size and
morphology. Moreover, very uniform microgels cangsepared with a polydispersity index smaller
than 1.01. Eventually, microgels exhibiting sophesied structures such as particles based on
interpenetrated networks (IPN), hollow and corellainécrogels or Janus particles presenting distinct
properties from one side to the other have beethsgized (Scheme 1.8 Such microgels are for

example able to achieve stimuli-sensitivity to bpbhand temperature.

Scheme 1.3A few possible structures of microgels: a. claas®D network from one polymer; b.
interpenetrated network; c. hollow; d. core-shealiid e. Janus microgels.

Applications of Microgels

Because of the plethora of attractive featuresrogels are increasingly used in a wide range
of applicationg® > % % They are already industrially employed as additiiecontrol the properties of
the final composite materials. In particular, thewe found extensive use in the coatings industry i
order to improve the rheological properties andéase the viscosity of paiffs™® Microgels have
also been employed in enhanced oil recovery torabsater and avoid water mixing with &.Due
to their high surface areas and surface functimatidin, microgels are also very useful in sensimdj a
separatione.g via chromatograph{*' For the same reason, microgels have been appdiesbla
support to achieve a wide range of chemical reastisuch as catalysis, solid phase peptide and

9, 12

polymer synthesis as well as nanoparticle prear&ti® *? In addition microgels are widely used in

biotechnology for biosensing or bioseparation anlil lgreat potential for biomedical applications

such as drug delivery, as will be presented irsétation 1.4 of this chapt8r’**?
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Synthesis of Microges

Since the first synthesis of microgels by Staudirayed Husemann almost 80 years &Jo,
many different methods have been developed to sgi®d microgels. There exist two major
strategies, either through physical or chemicaksidinking'® ® In the physical method, existing
polymers are processed into particles by crossAgqkia hydrophobic interactions, for example by
phase separation and spray drying, or via ioneradtions. This last strategy is in particular ufed
the preparation of microgels from bio-polyelecttely such as alginate or chitosan (Scheme 1.1). In
the chemical method, cross-linking arises fromhbterogeneous polymerization of monontérg?
Free radical polymerizations are mostly applied afifferent types of polymerization can be
conducted such as precipitation, suspension orsomupolymerization (Scheme 1.4). By definition,
precipitation polymerization consists of the préeifion of a polymer which is insoluble in the
continuous phase but obtained from soluble monandrinitiator. In suspension polymerization, the
monomer and initiator are stabilized in the draplet an emulsion upon mechanical agitation and
polymerization occurs within the droplets leadingticrogel formation. In emulsion polymerization,
polymerization takes place in particles that foporganeously in the continuous phase, are fed from
the monomer contained in the droplets of an emuil§ieservoir) and are stabilized by a surfactant.
Usually emulsion polymerization very advantageomnsesit yields microgels with narrow particles
size distributions. For example, microgels of PNMPA are typically prepared by precipitation or

emulsion polymerization at high temperatureg@ °C) in the presence of a cross-linking agent.

a. Precipitation b. Suspension C. Emulsion

®_o 3

Monomer

Monomer 1C
+ Initiator - Polymer - : ::I;Icl;[llj;[r?(;r @— Surfactant

Scheme 1.4Principle of a. precipitation; b. suspension; andemulsion polymerizations.

Functionalization of Microgels

Functional groups may already be intrinsically préson microgels, for example in the case
of PAA microgels, or need to be incorporated f@ threseen applications. Different strategies aan b
adopted for the functionalization of microgels (&cte 1.5§?"! Functional groups can be introduced

during polymerization and microgel formation viatdrefunctional initiators or surfactants or, as
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mostly done, by co-polymerization with heterofuanl monomers. PNIPAAmM is very frequently
co-polymerized with other functional monomers sue$ for instance, acrylic acid to obtain
stimuli-sensitivity to both pH and temperature. €tional groups can also be incorporated after
microgel formation. In this case surface modificatcan be conducted via three possible methods:
simple organic reaction, polymerization or layertayer (LbL) assembly. In the first case, functibna
groups which are already present on the microgeth ss for PAA are further functionalized using
standard reactions of organic chemistry. Using thethod, small molecules and polymers can be
“grafted-on” the surface of microgels. Functionatisn can also be achieved by subsequent
polymerization after adsorption of monomer on thefexe of the microgels and lead to core-shell
structures. Polymers are therefore “grafted-fromé tsurface of microgels. In the LbL process,
oppositely charged polymers (polyelectrolytes) anaparticles are stepwise added on the surface of
charged microgels. The polymerization method molsthds to microgels depicting a “hairy layer”
while the two other methods usually result in vahin and dense coatings (except for the

“grafting-on” procedure with polymers).

a. b. c

rE

Scheme 1.5.Different types of functional microgels obtaineg &. co-polymerization; b. post-

functionalization with small molecules; c. postdtianalization with polymers; and d. LbL assembly.

Characterization of Microgels
Microgels can be characterized with a wide rangmethods™ %> ??In the next paragraphs,

some of the techniques also applied in this thegide briefly presented.

Optical Microscopy- This is the most versatile, user-friendly anexpensive method for the

examination of microgels larger than 1 um. Infoiowat about size, shape, morphology and

aggregation can be obtained.

Confocal Laser Scanning Microscopy (CLSMAfter labeling with fluorescent dyes, CLSM eresl

to evidence the presence and distribution of foneti groups. This method is based on the selective
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laser excitation of the fluorophores in the fockng, emission of light from the fluorophore and
point-to-point detection of the fluorescence in foeal plane. The resolution of both optical and

CLSM microscopy is however limited to 1 - 2 pm wattandard microscop&s!

Electron Microscopy- Images of higher resolution allowing for the uatization of detailed

morphology and surface topology are gained by macimicroscopy. The secondary electrons
released upon impact of the electron beam and $eattered electrons reflected from the incoming
electron beam provide detailed information abowt $lirface of the microgels (Scanning electron
microscopy, SEM). The electrons transmitted throagiss-sections of a few tens of nanometers of a
sample enable to visualize the internal structurenimrogels (Transmission electron microscopy,
TEM). The disadvantage of SEM lies in the fact tthat samples are required for observation under
vacuum. Under these conditions, microgels may cetay collapse. For TEM, microgels are
embedded in a resin and may not collapse but arelearly visible due to the low electronic contras
between the polymeric matrix and microgels. In orte avoid drying and still promote a high
contrast, cryogenic electron microscopy has beemldped (cryo-SEM and cryo-TEN}! In this
case, aqueous samples are rapidly frozen and @usender cryogenic temperatures, avoiding water
sublimation under the high vacuum conditions rezplifor electron microscopy. Microgels can
thereby be observed in their original state in wak®r cryo-SEM, microgels however need to be
exposed on the surface of the frozen samples toleoaservation. This is achieved by fracturing the
sample with a knife (freeze-fracture) or shortlgramsing temperature to promote the sublimation of

the superficial layer of water (freeze-etchifg).

{-potential Measurement The presence of ionic groups or adsorbed iomk cafioidal stability of

microgels can be evidenced via the surface chafgbeomicrogels. An evaluation of the surface
charge can be provided by thgotential which roughly corresponds to the elegbotential between
water and the surface of the aqueous layer riébns which is attached to the microgels (Sternrpye
Measurement of thé-potential relies on particle electrophoresis, \higvolves the movement of
charged particles in water under an electric fi¢lke velocity of microgels can be measured and used

for the determination of the surface charge usiagsical models such as the Smoluchowski médel.

UV-Adsorption/Titration- Colorimetric UV titrations using specific dyelfosv for a quantification of

the concentration of functional groups. The accprat this method is however limited if the

concentration of microgels and/or of functionalugre is low.
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1.2. Porous Microgels

Definitions and Properties of Porous Microgels

Porous microgels are solid materials which presentities and channels (so-called pores).
These pores can have different shapes from rounglitedrical, can be closed when not connected to
the surface, open in the opposite case, or inteetird when linked to other pores (Scheme 1.6).
Pores laying on the surface of particles may b&dadxternal in opposition to the internal pores
situated in the core of particlé8.Pores can also have different sizes. By definjtimres of less than
2 nm are referred to as micropores, of 2 - 50 nmesopores and of more than 50 nm as macropores.
Typically, there exist two classes of porosity whidefine porous materials and porous networks
(Scheme 1.7§” Porous materials consist of a continuous solidenelt which surrounds finely
dispersed, well defined pores. In porous netwodigdver, the matrix and pores form interpenetrated,

inseparable continuous phases.

Scheme 1.6Types of pores: a. round; b. cylindrical; c. cldsé. open; e. interconnected,; f. external;
and g. internal.

Basically, microgels can present both types of sityoDue to their nature, they intrinsically
feature a porous network resulting from the crassdg of polymers. The intrinsic porosity of
microgels is stimuli-sensitive since pores becoargdr upon microgel swelling and smaller upon
shrinkage. The size of these pores and extent ref gargement can be fine-tuned by the rigidity of
the microgels which is itself controlled by the ichéength of the macromonomers and degree of
cross-linking. Usually the size of intrinsic porean reach several nanometers. In addition, distinct
larger pores can be incorporated on microgels.eSinrs type of porosity is an additional feature of
microgels, the expression “porous microgels” weller, in the following, to microgels presenting oot
an intrinsic and additional porosity (Scheme 1THe introduction of pores however generates higher
surface tensions which are thermodynamically disfest. Such additional pores may therefore shrink
and close by plastic deformation of the microg®lsre generally, numerous, large pores may also
dramatically alter the mechanical stability of therogels. This is the reason why porous microgels
are stiff and highly cross-linked in order to presemechanical stability® In this case, the intrinsic

porosity is reduced but the additional porositymiaintained. The most common porous microgels
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synthesized so far are based on poly(styrene),(givlgylbenzene) and the biocompatible and

biodegradable polymer poly(lactic-co-glycolic ac{fL. GA) (Scheme 1.1).

Porous microgels are very attractive materialsesithey feature both high specific surface
areas and high specific pore volumes. Large, atdessurfaces are desirable for adsorption and
chemical reactions while large volumes can advauagly be used for the uptake and temporary
confinement of substances. Moreover, micropartideaturing open interconnected pores are

permeable and allow for the diffusion and fastensport of substances.
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Scheme 1.7a. Porous microparticle; b. microgel (porous netigp and c. porous microgel.

Applications of Porous Microgels

Due to these advantageous features, porous misrbgee been employed for a wide range of
applications®® %! These microgels were first commercialized for éxthange, especially in order to
soften water and remove toxic heavy metals. Pomigogels have also found applications in
chromatography, especially in size exclusion chitography (SEC). Small polymers are able to
permeate through the pores of the microgels and $boger retention times than larger polymers
thereby resulting in the separation of polymersetasn their size. The configurable pore size of the
microgels enables to adapt porosity to the polymigture which needs to be separated and allows for
improved separation performance. In addition, psmoicrogels can be used for high-performance and
high-speed affinity chromatography for the purifioa of proteins, showing high column efficiency,
high dynamic capacity and low flow resistance duoetheir porous nature. For both types of
chromatography, porous microgels of agarose (ScHef)eare commonly employéd. *! Eventually
porous microgels are also used in catalysis ancteily developed for biomedical applications such

as drug delivery (see section 11%4j**8
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Synthesis of Porous Microgels

For most of these applications a well-defined pibyas required. Synthetic procedures have
therefore been developed to control the porositytled microgels in terms of size, shape,
interconnectivity and resulting surface areas.dnegal, porous microgels are prepared employing the
same techniques as for microgel synthesis suchspession and precipitation polymerizations but by
additionally introducing porogerS: 2% % 3 pgrogens are pore-forming agents such as solvents,
polymers or solid inorganic particles. The use afrogens leads to phase separation during
polymerization in the microgels. After polymerizatj porogens are removed and leave spaces which
become the pores. For example, porous polystyreiceogels can be synthesized by suspension
polymerization in water using the solvents toluen&-heptane as porogen. Effervescent salts such as
ammonium bicarbonate can also be used as porogengemerate gas which forces the formation of
pores within microgels. Besides the use of porogéhms use of templates also allows for the

preparation of porous microgets>

By definition, templating consists of the inverssplication of one structure into another
(Scheme 1.8¥% 3 I Templates are therefore structure-directing agantsthe generated material is
expected to be a true inverse copy of their teraplakfter synthesis, templates are removed analeav
spaces which become the pores. Templates candheteé considered as porogens but all porogens
are not templates. Compared to the use of porogengplating methods generally allow for the
formation of pores of different sizes, possiblyeimmbnnected, and for an overall improved contr@rov
the morphology and porosity due the inverse reptinaprocess. Generally, two types of templates
can be used, either organic and soft or inorgantt feard. For example, emulsions containing hard
particles can be used as soft templates. In tlsg, cuspension polymerization takes place withen th
droplets in the presence of the hard particles. &vahof both emulsion and particles provide porous
microgels. As hard templates, porous micropartiatesused. The pores of the template microparticles
are first filled with monomer and initiator, theonlpmerization takes place within the template idesr
to form hybrid template-microgel particles and template is finally removed, leaving pores in the
resulting microgels (Scheme 1.8). The use of hamptates usually leads to more successful
replications than that of soft templaf&s®* 3 3"Soft templates are thermodynamically less stafde a
more difficult to remove after synthesis. Hard téaigs in the form of porous inorganic particles are

therefore preferable.

Templatlng "
( L

Scheme 1.8Principle of hard templating with porous micropatés.
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Characterization of Porous Microgels

The porosity of materials can be characterized diffierent method&* % 28

Small Angle X-Ray Scattering (SAXS) Resulting from the interactions between X-raysl dhe
electron shells of atoms in the sample, SAXS isduse evidence the presence of phase
inhomogeneities in the nanometer range and thetkbyporosity of systems. For ordered systems, the

form of the scattering signal also gives informatabout the shape and size of pores.

Electron Microscopy The topology and internal morphology of micrdmdes as well as the shape,

size and interconnection of pores can be visuallzgdSEM and TEM. The observation of pores

smaller than 2 nm is however difficult, especialiyhout high resolution TEM.

Gas Adsorption/Desorption The surface area, total pore volume and pore digtribution can be

measured by gas adsorption/desorption rfidinly). With this method, the volume of gas whish
adsorbed by and desorbed from porous materialeasuoned as a function of relative pressure. The
above-mentioned information can be acquired from iieasured isotherms using the Brunauer-
Emmett-Teller (BET) model.

Mercury Intrusion- The surface area, total pore volume and pore digtribution can also be

measured by mercury intrusion. These charactesiatie obtained from the external pressure required
to force the non-wetting liquid into porous matkyigGas adsorption/desorption and mercury intrusion
are the most standard methods to characterize paraierials, with gas adsorption being more

suitable for the characterization of micro- and opeses and mercury absorption providing data only

for meso- and macropores.

Most of these methods however require dry sam@AaXS measurements can be performed
in solvent but only provide information if the comt between the two phases, cross-linked polymer
and solvent, is high enough. High contrast may b®tobtained since the solvent is intrinsically
present within the polymer network. Dry samples thexefore preferable for SAXS measurements.
The structure of microgels may however be compleadtered upon drying. This is the reason why
standard methods for the characterization of ptyasay not be applicable to microgels. Alternative

methods such as cryo-SEM and cryo-TEM are thereforgloyed.

Permeability studies Permeability studies employing fluorescent meskef different sizes and

monitored by CLSM also enable to characterize ptyrda the wet state. The diffusion of such

markers into the microgels makes the particlesrfiscent and proves the presence of interconnected
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pores of a size larger than the size of the mafkee. to the resolution of CLSM, larger pores obw f

microns can even be directly evidenced.

1.3. PEG Microgels

Definitions and Properties of PEG

Poly(ethylene glycol) (PEG) is the synthetic poheat deriving from ethylene oxide and is
therefore also called poly(ethylene oxide) (PECheBae 1.1). In general, the term “PEG” refers to
polyether of molecular weights below 20 000 g.fnehile “PEQ” refers to larger polymet&! PEG is
mostly synthesized by anionic polymerization ofyéthe oxide. Depending on the type of initiator
used for the polymerization process, different teahgroups are present on PEG chains. For
example, by using hydroxide ions polymerizatiordketo PEG chains presenting hydroxyl groups on
both ends. PEG polymers are commercially availabiewide range of size and highly monodisperse
PEG chains can be synthesized, showing polydigpdrgiex as low as 1.01. In addition to linear

PEG, other geometries are available such as brdnste or comb PEG.

PEG of low molecular weights, typically below 10§0nol* are colorless, viscous liquids
while larger PEG are white, waxy solids at room fgemature. The melting point of PEG increases
with molecular weight but reaches a plateau at®7® This polymer is thermosensitive and becomes
insoluble in water at temperatures higher than°t®” In addition, PEG is amphiphilic and soluble
not only in water but also in many organic solvesisept for diethyl ether and hexane. Most of all,
the high hydrophilicity and the neutral charactérREG are essential features and lead to the
suppression of unspecific interactions with molesusuch as proteins and their adsorption on PEG
polymert® In addition, PEG is biocompatible, non-toxic, iamaunogenic and has been approved
by the American Food and Drug Administration (FOfaj internal consumption and clinical Ué®.

Eventually the polyether is stable and non-biodegjoée.

Applications of PEG

Due to this myriad of advantageous distinctiveudezd, PEG has been used for many different
applications®®! Due to its ability to reduce unspecific interangp PEG hydrogels have been used as
support for solid phase synthesis as well as uttatfon. PEG has also been integrated in consumer
products that we use in our everyday life. PEGrhhave been attached to hydrophobic molecules in
order to form surfactants employed in cosmetic petsl such as toothpaste, shampoos or soaps. The
antifouling properties of PEG also led to its imtgpn in contact lenses for the protection against
bacteria and fungi. In addition, PEG is currentiged in the biomedical field as excipient in

pharmaceutical preparations as well as active iplegin laxatives. Eventually, PEG is considersed a
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the “gold standard” polymer for cell culture, tissangineering and drug delivery. In the particular
case of drug delivery, PEG is used either for tbating of drug carriers or conjugation with drug

molecules, in the process known as “PEGylatith*®! The presence of PEG provided an enhanced
water solubility, reduced immunogenicity, stabilapd protection against enzymatic degradation. In
addition, carriers and drugs functionalized with@®gresent reduced interactions with proteins and
blood components which avoids recognition by thenime system (opsonization) and results in
prolonged blood circulation times (stealth effe@jugs thereby present an enhanced bioavailability

which enables to reduce the frequency of drug adtnation and the drug dosage.

Functionalization of PEG chains

In most applications PEG chains are either congdyéd drugs and materials or employed as
hydrogels. Both uses require the functionalizatioh PEG terminal groups. End-group
functionalization can be performed by the apprdgrichoice of initiator during polymerization. A
more versatile method however consists of posttianalization after polymerization. To this effect,
the solubility of PEG in almost all organic solverallows for using classical reactions of organic
chemistry. Using this method, carboxylate, amih@ltand azide could for example be incorporated
on PEG chains. For the preparation of hydrogelylaters and acrylamides have been introduced.
PEG-diacrylate (PEG-dAA), PEG-dimethacrylate (PE@Ad\) and PEG-diacrylamide (PEG-dAAmM)
are commercially available but usually show lowiyu¢Scheme 1.9). For biomedical applications,
PEG-dAAm is preferrable over the more common PE@G-d#ce it is known to be more resistant to
hydrolysis in water, amides being more stable kjgsathan estef$! PEG-dAAm can be synthesized
following a procedure reported by Hartmamt al, based on work by Elbert and Hubbell
(Schemel..9)** *!|n brief, commercially available PEG-dihydroxylfisst functionalized with mesyl
groups for complete conversion into amine by reactvith ammonia in a second step. The amines are

finally reacted with acryloyl chloride to yield PEEAAM.
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Scheme 1.9Structural formulas of a. PEG-dAA; b. PEG-dmAA;REG-dAAmM; and d. synthetic
procedure for the functionalization of PEG-dAAm Ffitetrahydrofuran).

Synthesis of functional PEG hydrogels and microgels

PEG hydrogels are employed for cell cultures, @ssngineering and the formation of PEG
microgels. A very common strategy for the synthe$iPEG hydrogels consists of PEG cross-linking
by polymerization of telechelic PEG macromonome8theme 1.10). Such molecules present
functional groups on both ends which are capablerdéring into further polymerization. After
initiation, each PEG macromonomer can be simultasigoinvolved in the formation of two new
polymer chains. During propagation of one chairyehanacromonomers are incorporated which are
already involved in the propagation of other chathereby resulting in cross-linking. As usual, the
rigidity of the microgels is controlled by the chdength of PEG macromonomers and degree of
cross-linking. The degree of cross-linking depeadghe concentration of radicals, itself determined
by the concentration of monomer and initiator. Alet¢helic PEG macromonomers, PEG-dAA, PEG-
dmAA and PEG-dAAm can be used, with PEG-dAAm legdio more stable hydrogels against
hydrolysis.

N AN
PEG-dAAmM

Scheme 1.10Cross-linking of telechelic PEG macromonomers fgjrleading to the formation of
PEG hydrogels
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Non-porous PEG microgels can be synthesized ugiegthiermosensitivity of PEG. The
polymer is known for becoming insoluble in wateteahperatures higher than 100¥&PEG thereby
undergoes phase separation to produce sphericalrifE@omains. By using kosmotropic salts such
as sodium sulfate favoring the salting-out of patys) the temperature where precipitation starts is
decreased. The size of the resulting PEG drop&etdinally be controlled by the molecular weight of
polymers, concentrations of polymer, sodium sultt and temperatul8! After phase separation,
PEG droplets are cross-linked upon UV irradiatieing a water soluble photoinitiator. Non-porous
PEG microgels can therefore be synthesized by paigetion after precipitation of PEG-dAAm in

aqueous sodium sulfate solutid#g'?!

Different strategies are available to achieve thecfionalization of PEG hydrogels and
microgels. For example, the macromonomers usehlyfdrogel synthesis can be co-polymerized with
other heterofunctional monomers such as vinyl marsnor PEG macromonomers bearing a vinyl
moiety at one end and another functional group het other ené” These heterofunctional
co-monomers however do not participate in the eliogig process leading to the formation of a
hydrogel network. This strategy therefore involegslitional reaction optimizations to avoid changes
in the resulting hydrogel properties such as cliogig density and mechanical stability. In order
ensure formation of stable and rigid hydrogelss¢heo-monomers can only be introduced at low
concentrations, which often results in low degrekfunctionalization. In addition, the use of vinyl
co-monomers may drastically alter the biocompatybdf the hydrogel. Therefore the modification of

PEG hydrogels at a high degree of functionalizatiag turned to be an intricate task so far.

1.4. Microgelsfor Biotechnological and Biomedical Applications

Microgels present a wide range of advantageouseptiep which make them very valuable

B 1% IFirst, microgels are very versatile. They

for both biotechnological and biomedical applicas
can be synthesized in a wide range of compositeams, in particular, from biocompatible and

biodegradable hydrogels. They can be preparedwida range of sizes, with microgels above one
micron enabling an easier handling. Microgels clso &#e prepared with a very low polydispersity

which results in sharp physico-chemical properéissvell as reliable and reproducible performance
when it comes to applications. In addition, micisgean be functionalized to promote affinity-based
interactions with molecules such as drugs or pmeteind allow for active targeting. Moreover,

microgels are soft, viscoelastic and colloidal Ealeven in media of high ionic strength such as
physiological fluids. Hydrophilic microgels thereéohave the potential to mimic biological cells in

size, degree of hydration, texture and colloidabgity, which makes them highly valuaB{&.> In

addition, microgels show a stimuli-sensitive bebavihey are able to swell and shrink, allowing for
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the entrapment and release of molecules by diffusidough the pores of the gel. Eventually,
microgels, especially porous microgels, show higgcdic surface areas which are highly relevant for

interactions with molecules, entrapment and tangeti

Because of this plethora of advantageous properigsogels are widely used in the field of
biotechnology? ** They are currently employed for biosensing as wsllbioseparation of cells,
proteins and DNA* In addition, they hold great potential for bioneadiapplications, especially as
biomaterials for regenerative medicifié?! For example, microgels can provide structural supfor
damaged soft tissues and enable their regenefdlidhe potential of microgels as synthetic cells
showing superior properties such as mechanicaigitieand ability of specific targeting or contralle
release has also been discus§&e&ventually, an increasing amount of research leas llone, in the
past two decades, to develop microgels as cafoemrug delivery® ***® To this regard, each mode
of delivery requires a particular size of microgaf®r instance, microparticles of more than one
micron are well adapted for oral and transdermbvels.*” ** Smaller sizes are required for example
for intravenous delivery. In the following, the dipptions of microgels in bioseparation and drug

delivery will be presented in more details.

Biosensing and biosepar ation

One of the first major applications of microgelshiotechnology consists of the biosensing
and bioseparation of cells, proteins and DRIR? For these applications, microgels are commonly
called “beads”. Such microgels are first functiagred with ligands which are able to specificallydbi
to the target. Typical ligands are biomoleculeshsas antibodies, antigens, other proteins such as
streptavidin or DNA/RNA probes. The principle oktkeparation consists of the specific binding to
the target, subsequent washing to remove the uwbmaterial and purify the target, and finally
removing the target from the microgel by elutiomneTwashing step can be performed by different
procedures: centrifugation, filtration or magneteparation. In particular, magnetic separationnallo
for milder and faster purification$:>* * For this application, microgels are made magnbtic
loading with superparamagnetic nanoparticles (N8ggh NPs show magnetic properties only when
placed in a magnetic field but lose all magnetisid eedisperse when removed from the field. The

resulting microgels are therefore individually disged and can be collected with a magnet.

One of the first magnetic microgels used for biegaym and bioseparation applications have
been synthesized by Ugelstad in the 18%8 They consist of highly monodisperse, magnetic
polystyrene beads of 2 to 5 um. These microgelsavweadays commercialized under the trade name
DYNABEADS and are still the most commonly used nmetgnbeads for magnetic separation of cells,

proteins and DNA 54 580 However, these particles are based on polystysedetherefore are not
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biocompatible but prone to unspecific interactionith proteins®” Hence, alternative hydrophilic and

biocompatible microgels are currently under imgzstion!>® ¢4

Drug delivery
Microgels have also received considerable atterdamipotential carriers for drug delivery in

the past two decad&8.'® % 18 ¥lcarrier materials are designed to load drugs etehse them in a
controlled fashion at the targeted sites. In addjtsuch carriers enable to transport hydrophotigsi
under aqueous physiological conditions, protectntieom enzymatic degradation and provide, in
some cases, stealth behavior resulting in prolomdeald circulation times. Such properties enable to
avoid side effects, maintain a continuous concéntraof drugs and reduce dosage as well as
frequency of administratioft’ ® Typical carriers for drug delivery are micro- andnoparticles,
micelles and vesicles such as liposoffié€ompared to these carriers, microgels are mokdessmd
their payload is less susceptible to leakage. titiadh, they present a stimuli-sensitive behavidiak

is advantageously used for loading and release.ntkally, microgels show high loading

capacity™ * ¢7]

Many different strategies exist for the loading amtbase of drugs using microgels. One
common strategy applied for loading relies on thgspral entrapment of drugs after diffusion through
the intrinsic pores of the gel network. Since paethe microgels can reach up to several nanosieter
small drugs can be easily loaded. Release of thgsds then achieved via different stratedg¥]

For example, release can be obtained by simplesiioih under the same conditions as for loading
(Scheme 1.11). Drugs can also be released viaiswelf the microgels leading to pore opening or
shrinkage of the microgels leading to the forceguésion of drugs (Scheme 1.11). In this last case,
thermosensitive or pH-sensitive microgels are mesjuently used. Microgels of PNIPAAmM swell at
room temperature and can be used for the loadimyugs but they shrink close to body temperature
and may thereby expel the drd$5.PAA has also been incorporated in microgels fal airug
delivery of insulin. Insulin was protected from tlogv pH of the stomach since it kept entrappede t
microgels but could be released upon pH incredse péssage in the stomach, leading to the swelling
of the microgels via electrostatic repulsion betweerylates'”? The toxicity of these polymers,
especially of PNIPAAm, may however prevent truentédical application§> ’? Eventually, release
can also be triggered by degradation of the polymawork (Scheme 1.11). For this application,
microgels of the biocompatible and biodegradabl&Rlhave been the most extensively investigated
so farl™ " |n particular, large porous PLGA particles haverbeonsidered for pulmonary drug

delivery™
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Scheme 1.11Possible mechanisms of release of physically-pptd drugs in microgels.

In addition to the physical entrapment, drugs canldaded into microgels using chemical
strategies. One common strategy consists of coWleftaching drugs to the microgels by using
cleavable bonds, such as disulfide, hydrazine etahcdonds’ Drugs can then be released by
cleavage of the bond under reducing or acidic dandi, respectively (Scheme 1.12). This method is
however complicated since synthetic procedures ted® adapted for the covalent binding of each
new drug. This reaction may also require the usesalvents and reagents which are not
biocompatible. A more straightforward and biocontgatmethod consists of loading and releasing
charged molecules via electrostatic interactionsarer (Scheme 1.18Y: " For this, acidic and basic
functional groups are introduced in the microgets. the loading of a charged molecule, the pH ef th
system is adjusted to the values at which the masobear an opposite charge. By changing the pH
value to switch the protonation state of the fummi groups, the microgels turn neutral and can
release the charged substance. For instance, gdatexcan be loaded with cations at pH above their
pK, and release them at pH bel6W.In the opposite case, amine groups can be loaitbdanions at
pH below their pK and release them at pH ab&/EAs an example, cationic poly(amines) are used

for complexing polynucleotides for gene delivER.
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Scheme 1.12Release of drugs loaded in microgels by a. cleexaiga covalent bond; b. electrostatic
interaction with carboxylates (b1) and amine gro(ip2).

Microgesfor the treatment of bacteria

One important bio-related application of microgelscompasses the treatment of bacteria.
Bacteria are single-celled microorganisms whichdaassified amongst prokaryotes since they lack a
cell nucleus’” Their broad metabolic capabilities enable therivioin almost every environment as
well as grow and divide very rapidly. Bacteriallsedlre composed of a cytoplasm which contains the
genetic material, a membrane consisting of proteind lipids and a rigid cell wall made of
peptidoglycans (Scheme 1.13). Depending on theepties of the cell wall and its reaction to the
“Gram” stain, two types of bacteria can be ideatfi Gram-positive bacteria present a thick cell wal
composed of many layers of peptidoglycans. Granatinagy bacteria present a thinner cell wall
composed of a few layers of peptidoglycans andosaded by a second lipid membrane containing
lipopolysaccharides and lipoproteins. Most bactedee Gram-negative. Moreover, bacterial
membranes are usually negatively-charged due tprémence of anionic lipid®! In addition, some
bacteria present extracellular appendages sudhgedlf used for motility, or pili also called fimbe
which are straight, rigid appendages allowing themadhere to surfaces (Scheme 1.13). The pili of
some bacteria are constituted of proteins ablétéalato specific carbohydrates present on theaserf

of other cells, via carbohydrate-protein interawsié®®"
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Scheme 1.13Simplified structure of a bacteria showing theopyasm (blue), the membrane (yellow),
the cell wall (red), a flagellum (purple) and piireen).

Two types of bacteria can be differentiated: hassiler even beneficial bacteria on one side
and pathogenic bacteria on the other side. Fiestigltia are very valuable and useful microorganisms
For example in nature, they convert dead organienads into nutrients, thereby fertilizing soilsch
sustaining higher life-form$” Some bacteria are advantageously employed in tiauiermentation
processes for food preparation. For instance, gaeficipate in the conversion of milk into yogurt o
cheese and in the preparation of sauerkraut amdsdii' 3 Bacteria are also used for the production
of chemicals, partly from sugar fermentation, ahd isolation of enzymes such as amyldSe&’
Eventually, bacteria are used in the pharmaceuti@istry for the production of antibiotics and
recombinant drug proteins after genetic modifiaaffd ” To support these applications, magnetic
microgels are currently used to purify enzymes @y proteins. In addition, magnetic microgels can
be employed to remove bacteria from the final pobdar microbial culture and release them for
further applications. This is mostly interesting floe valuable genetically engineered bacteriatoarw

mixtures of bacteria are employed and specifidrsiraeed to be removed.

On the other hand, a few species of bacteria,dg@éthogenic bacteria, are known for being
harmful and causing severe infectious diseasesekample, pathogenic bacteria have found to be
responsible for tuberculosis, pneumonia, cholerplague”” The fact that bacteria can live in almost
any environment and spread very rapidly, especiaglyater or food, critically increases their
potential threat. Hence, microbial infections ai#t eported as one of the major causes of ddath,
particular in developing countri€s. % The carbohydrate-binding proteins present on théase of
bacteria have been identified for being partiasponsible for microbial adhesion to cells and
infectionsl”#" Moreover, pathogenic bacteria can be recognizethéyresence of specific antigens
on their surface. Different strains of the samehpgénic bacteria may however exhibit different
antigens. It is therefore crucial to detect andniglate pathogenic bacteria from contaminated
solutions or physiological fluids. Microgels haveeln employed to achieve these goals. For instance,
magnetic beads such as DYNABEADS are used for #tection of pathogenic bactefi. >
Microgels are also currently developed for drugiveey applications, especially delivery of
antibiotics!*® **> **'However, due to the widespread resistance of badteantimicrobials, alternative
strategies for the elimination of bacteria are aisguired®°" A surrogate option consists of the

detection and magnetic removal of bacteria usingragels. Compared to filters used for the removal
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of bacteria via unspecific size discriminatidi> magnetic particles show a wider range of
applicability and allow for an easy, rapid and, \aball, specific removal of pathogenic bacteria, fo
example leaving other cells unaffected. Very highds of loading and removal can be achieved with

such particles however high amounts of magnetiddeage usually required.

One particularly important species of bacteria emgasses the bactertascherichia coli
(E. col). These Gram-negative, rod-shape bacteria areosipptely 2 um long, 0.5 um wide and
present carbohydrate-binding proteins located eir tli.°*°® In particular, these bacteria are able to
bind to the monosaccharide mannB3eE. coliare normal inhabitant of the intestinal tract ofrtans
and animals and are in general harmless or eveefibeh, for example producing vitamin K in the
gut of their hosP® These bacteria are also employed in biotechnabgicocesses such as the
production of recombinant drug protefff Moreover E. coli are frequently used as model bacteria in
microbiology studies, partially because cultivasé@ins are well-adapted to laboratory work ancehav
lost their ability to thrive in the intestif®! However, a few pathogenic strainsEafcoli have found
to be involved in severe gastrointestinal infectionausing diarrhea and hemorrhagic cdfitfs.
It could be demonstrated that the carbohydrateibingroteins located on the pili of pathogeBic
coli bacteria play an important role in bacterial aiireso cells and infectior&” The strain O157:H7

[102

has been identified as one of the major pathogsmains of bacteri€. coli®® Detection of this

particular strain is possible via the use of DYNABES >

Overall, microgels have found many applicationthi detection, retrieval and elimination of
bacterid®*¥ One of their key features consists of the spetifigeting of bacteria strains. Different
strategies have been developed to target bacterfiarsThey rely either on polycations to target th
anionic membranes of bacteli¥; 1> antibodies to target the antigens of pathogeniteiia!>>- *°¢1%¢!
or carbohydrates to target the carbohydrate-binghateins of bacterid® °****®Using carbohydrate
ligands could in principle target bacteria, diséniate between strains of bacteria presenting @iffer
receptors and selectively bind bacteria preseréirge amounts of carbohydrate receptors. Compared
to cationic materials, carbohydrates ligands entid@especific detection of bacteria strains. Coragar
to antibodies, carbohydrates are less prone totaieni@mn and generally present broader interaction
specificity™® The use of carbohydrates should therefore allawttfe detection of unanticipated or

new bacteria strairf§” and broadens the applicability of microgels intiieatment of bacteria.
All'in all, microgels have already been employed@ ihuge range of applications, especially in

industry. A considerable amount of research i &tioted to microgels and will extend the scope of

their applications in the next decades, espedialtiie biotechnological and biomedical fields.
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2. Aims and Outline

Microgels are usually defined as microparticled@ nm to 100 pm, which are composed of
cross-linked polymers and capable of swelling igoad solvent® * These microparticles are very
attractive materials since they are versatile lyasindled, colloidally stable, viscoelastic anégent
large specific surface arédsin addition, they exhibit an advantageous stirselisitive swelling
behavior. Microgels have therefore been employedafaide range of applications such as surface

coatings, oil recovery, separation by chromatogyaptd solid phase synthesis in chemi&try® **!

In addition, microgels are widely used in biotedogy for biosensing or bioseparation and
hold great potential for biomedical applicationstswas oral and transdermal drug delivéry**®
These microparticles can be easily functionalized. with receptor-specific ligands for active
targeting. The size of the employed microgels isegally in the range of a few micrometers, which is
a good compromise for both an easy handling andhitite specific surface areas needed for efficient
targeting. The enthusiasm for microgels in biotedaapplications partially arises from their poigint
to mimic biological cells in size, degree of hydvat texture and colloidal stability in physiologic
fluids. For drug delivery applications, the largeefling-collapse transitions of microgels are
advantageously employed for the loading of smaligdrby diffusion through the pores of the gel,
protection from degradation and final release. Cana to other carriers such as vesicles, microgels
are more stable and their payload is less susteptideakagé? Microgels of the thermosensitive
polymer PNIPAAmM have been the most extensivelystigated in this context since they are capable

of releasing entrapped drugs close to body temprerat”

One important bio-related application of microgelscompasses the treatment of bacteria.
Bacteria are nowadays used for various applicationke food and pharmaceutical industry, such as
fermentation processes or proteins produdffif! In that case, microgels are employed to remove
bacteria from the final product or select, catcld aglease bacteria from microbial cultures. Under
different conditions, microgels have also foundlaggions in the detection, retrieval and elimioati
of pathogenic bacteria from contaminated solutfdi?é! These pathogens can be either removed or
killed via delivery of antibiotics using microgéts.® *'For the retrieval of bacteria, the most widely
used microgels are polystyrene-based resins, vareimade magnetic and functionalized with ligands
for bacteria targeting® 1% 117 12212%rhese microgels are able to bind bacteria and eaeioved by
simply using a magnet. Compared to filtration tégbas, the use of functional microgels presents a

wider range of applicability and allows for easgpid and, above all, specific removal of bacteria.
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However, the currently developed microgels pressmme fundamental limitations for
bio-related applications and in particular for thanipulation of bacteria. One major restrictiors lie
the choice of polymeric materials since a comprenmseds to be found between biocompatibility,
stimuli-sensitivity and ease of synthesis and fiametization. Although broadly used, PNIPAAm is
neurotoxi®® " and polystyrene is not biocompatible but pronerspecific adsorption of proteins,
which limits their applicability>*! A second major limitation of current microgels asrfrom their
restricted loading capacity, which decreases theiformance. For the retrieval of bacteria, a high
concentration of magnetic microgels is usually nelito achieve high yields of removal. This means
that only few bacteria are bound per particle. éhag delivery, only small molecules can be loaded
through the pores of the gel network. Eventualty additional limitation of current microgels is tha
multicomponent, multifunctional microgels can ong achieved via the synthesis of complex
structures, such as core-shell micro§&Fherefore, the next generation of microgels shquébent
two very essential features: 1) a biocompatibladrdghilic polymeric scaffold reducing unspecific
interactions and allowing for surface functiondiiaa, and 2) a higher loading capacity allowing dor
straightforward incorporation of different entitiebvarious sizes and natures, while still guaraimig

the integrity of the microgels.

Thus the aim of this work is to prepare a novelfptan of microgels based on functional
porous PEG hydrogel microparticles. 1) Concernimgfirst requirement of biocompatibility, PEG is
an ideal candidate since it has been FDA approvetis the most frequently used polymer for
biotechnological and biomedical applicatiéiisin addition, a new protocol was recently estallish
enabling the functionalization of PEG microgels targeting as well as stimuli-sensitive loading and
release applicatiod¥> ! 2) Concerning the second requirement, higher tapdiapacity will be
achieved by introducing interconnected pores. Hahiaal microgels with pores of different sizeslwil
allow for the loading of different components, las@ their size. In this work, PEG microgels will
feature internal pores of a few tens of nanometdi®wving for the loading of large drugs or
nanoparticles, as well as larger pores of a fewani on the surface of the particles for the bigaih
cells or bacteria. In order to test their poterfibalbiotechnological and biomedical applicatiotiey
will then be used for the targeting and removabadteria as well as evaluated for a potential dejiv
of antibiotics to bacteria. Overall, functional pas PEG microgels also present great potentiah for
wider range of biotechnological and biomedical aggplons such as bioseparation of cells, detection

of viruses and purification of proteins or catadysi

Since control over the size and porosity of PEGraogjels is a prerequisite, a hard templating
method based on CaG@nicroparticles will be applied for the synthesihdpter 3). The obtained
porous PEG microgels will thereafter be functioredi using radical chemistry with both carbohydrate

ligands for bacteria targeting and cationic mogefi@ the loading of molecules and nanoparticles vi

22



Chapter 2. Aims and Outline

electrostatic interactions (chapter 4). The fumaloporous PEG microgels will then be made
magnetic by introducing magnetic nanoparticles tesded for the specific detection and magnetic
removal of bacteria, compared to the standard mways and non-biocompatible particles currently
used for this application (chapter 5). Finally, fhatential of these microgels for antibiotics detiy

will be investigated via the introduction of a nb@0O,-sensitive, carbamate-based functionalization,

enabling efficient electrostatic loading and reéeaScharged dyes used as model drugs (chapter 6).
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3. Synthesis of Porous PEG Microgels

The aim of this work is to prepare a novel platfayfrporous microgels and use them for the
targeting and magnetic removal of bacteria as aglfor a potential drug delivery. These microgels
therefore have to present the two following featu® a biocompatible polymeric scaffold reducing
unspecific interactions and allowing for surfacadtionalization, and 2) a higher loading capacity
allowing for a straightforward incorporation of dgiand magnetic nanoparticles (NPs) as well as for
the binding of a high number of bacteria. To achi¢his aim, porous PEG microgels have been

synthesized.

Concerning the first requirement of biocompatijlimicrogels of poly(lactic-co-glycolic
acid) have been extensively investigated for bidoadpplicationd’” These hydrogels are not only
biocompatible but also biodegradable, which malkesnt perfect candidates for drug delivery but
prevents long-term applications, such as bacteei@ieval employing reusable microgels. As
alternative, PEG is an ideal candidate since ithyslrophilic, neutral, biocompatible but not
biodegradable, FDA-approved and prevents unspeiciferactions with proteins. For these reasons
PEG is one of the most frequently used polymersiotechnological and biomedical applicatifis.
However, in the past, the functionalization of PE€affolds was quite intricate and high degrees of
functionalization could not be achieved. As a reREG has found more applications as coating for
microgels than as a pure micro§&l.Recently, a new protocol has been introduced kieae easy
and variable functionalization of PEG hydrogelssrdby extending possible applications of PEG
microgels?® 12

Concerning the second requirement, higher loadapmacity will be achieved by introducing
pores into the microgels. Porosity indeed increades specific surface area available for the
incorporation of drugs or NPs or the binding ofteda. Pores are intrinsically present in the hgeto
network but are too small for the loading of lamgelecules or efficient binding of bacteria. Enlaugi
these pores could be achieved by increasing thim ¢bagth of the cross-linked polymers but this
would result in very soft microgels and dramatissl@f mechanical stability. A more efficient strpte
consists of introducing new, larger pores. In ttése, the intrinsic pores of the hydrogel network
remain intact and the stiffness of the gel can Isélfine-tuned to maintain the mechanical stabilit
Another method to improve loading capacity by iasiag the specific surface area would be to
decrease the size of PEG microgels. However, pgrasipreferred since the loaded drugs can be
protected from their environment in the pores otnmgels whereas they would be exposed to

degradation on the surface of smaller microgels.
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These new pores need to be interconnected to lyeaftdessible for loading from the exterior
of the microgels and their size should be adjustetie desired components to be loaded. In order to
achieve multifunctional microgels, hierarchical rogels featuring different levels of porosity stbul
be prepared. The presence of intrinsic pores atrddction of new pores already allows for the
loading of different components based on their.skagrthermore, pores of different sizes can be
incorporated. In this work, the porous PEG micreg&ould feature internal pores of a few tens of
nanometers for the loading of large drugs or NRElarger pores of one to two microns on the surface
of the particles for the binding of bacteria. Te thest of our knowledge, this is the first timettha

microgels exhibiting such elaborate porosity hagerbprepared.

In the following chapter, the synthesis and char@tion of such porous PEG microgels will
be described. To better control the porosity of PRGrogels, a hard templating method based on
CaCQ microparticles was used. The principle of partfcdiemation based on this method will be first
explained in section 3.1. Then the experimentatguare will be detailed in section 3.2, emphasizing
the critical synthetic conditions responsible foe tfinal structure of PEG microgels. In the final
section 3.3 of this chapter, the morphology anagity of the resulting porous PEG microgels will be
characterized and the possibility of a real stmattewontrol by the introduced procedure will be

evaluated.
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3.1. Principle

PEG microgels were synthesized from the telechelacromonomer PEG-diacrylamide
(PEG-dAAm, Scheme 3.1). It was preferred over tloeentommon PEG-diacrylate since it is known
to be more resistant to hydrolysis in water, amitbeing more stable linkages than estéts.
PEG-dAAmM was synthesized by D. Pussak following@cedure reported by Hartmaetal, based
on work by Elbert and Hubbéff: *) Subsequent polymerization of PEG-dAAm in water wtasted
by radical initiation upon UV irradiation using theater-soluble photoinitiator Irgacure 2959

(Scheme8.1) and led to cross-linking and formation of PE@rogel.

a. PEG-dAAm b. Irgacure 2959
(8]
— 0 -
H’{“’ \al“‘N HO HO
H 1'DI1H ~7o

Scheme 3.1.Structural formulas of the macromonomer PEG-dAAmd ahe water-soluble
photoinitiator Irgacure 2959 used for the synthedi®EG microgel.

Non-porous PEG microgels have already been syz#ddy precipitation polymerization of
PEG-dAAm in aqueous sodium sulfate solutiBfis?® At high salt concentrations, PEG-dAAmM
undergoes phase separation to produce sphericalriBE@omains, which were cross-linked upon
UV irradiation using Irgacure 2959. The size of tiesulting microgels could be controlled by the
concentrations of polymer, sodium sulfate salt terdperature. Non-porous PEG microgels with an
average diameter of 10 um could be prepared bynpaigation of a 0.5 M sodium sulfate solution
containing 0.5 wt.% of PEG-dAAm at 70 °C (see ApfignFigure 8.1). These microgels were used

as negative control to the porous PEG microgelsgmted in this work.

Porous microgels are commonly prepared by suspeiosiprecipitation polymerization in the
presence of porogef§, 2% ** 3Uor by using templating techniqués™®' In this work, porosity was
introduced by a templating method because it allfavsthe formation of interconnected pores of

different sizes and for overall improved controkothe morphology and porosity.

By definition, templating consists of the inversglication of one structure into anotfr*
¥l Templates are therefore structure-directing agantsthe generated material is expected to be a
true inverse copy of its template. For thermodyrmaarid physicochemical reasons, the use of hard,
inorganic templates usually leads to more succkssfilications into organic materials than that of

soft, organic templatd®: 3* 3 ¥lporous inorganic particles have therefore beed fethe synthesis
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of the porous PEG particles. The principle of thisthod is depicted in Scheme 3.2: first the pofes o
the template particles are filled with PEG hydrogedcursors, then PEG hydrogel is formed by
polymerization and finally the template is removiedyving pores in the resulting PEG particles.

A) Loading and C) Removal

B) Polymerization of template E ;
|
o

of PEG
Template: Porous PEG
porous, inorganic microgels
microparticles

Scheme 3.2Principle of hard templating for the synthesispmirous PEG microgels from porous,
inorganic microparticles.

The choice of template is crucial since it will besponsible for the porosity of PEG
microgels. The template particles should preseatinkierse morphology of the expected microgels,
for which nano-sized, interconnected, internal pard micro-sized external pores were envisioned.
Thus, the template particles should be porous,titotesi of small interconnected NPs and presenting
larger aggregates on their surface. This particateucture is very uniquely presented by CaCO
microparticles, as revealed by scanning and trasssom electron microscopy (SEM, TEM,
Figure 3.1). CaC@particles consist of crystallites of about sevéeals of nanometers in size, which
are arranged in fibers radiating from the centertid particles®”” '?®! Depending on sample
preparation, larger crystallite aggregates of sd#veundreds of nanometers up to 1 - 3 um can be
observed on the surface of CagCgarticles (Figure 3.1.e). The voids between theaystallites
represent pores that are interconnected througtimutparticles. Exact inverse replicates would

therefore present a homogeneous channel-like ateuatith pores of the expected sizes.

In addition to their unique internal morphology, @2 microparticles are very attractive
templates since they are non-toxic, relatively nibsperse, structurally uniform and easy to prepare.
Furthermore, CaCOcan be decomposed under relatively mild conditibgscomplexation with
EDTA salts (ethylenediaminetetraacetic acid) otoat pH values. This is very advantageous since
other hard templates usually require harsh conditior decomposition, such as HF etching for silica

particles, which would severely alter the integetyd biocompatibility of PEG microgels.
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Figure 3.1.Electron microscopy images of the Ca{jarticles used as templates for the synthesis of
porous PEG microgels: template 1 of 17.9 um, tetefeof 6.9 um and template 3 of 7.3 um. a. SEM
image of broken particles of template 1; b. andTEM images of cross-sections of particles of

template 1. d. SEM image of broken particles optata 2; e. and f. TEM images of cross-sections of
particles of template 2; g. TEM images of crosdisas of particles of template 3.

In order to achieve the expected porosity in PEGraogels, three types of CagO
microparticles differing in their diameter and dénswere tested. First, CaGOparticles of
17.9 £ 3.4 um with a uniform distribution of cryllites of 20 to 60 nm but relatively few surface
aggregates were synthesized by Dr D. Volodkin (fidil.a-cj® % These particles were
compared to two batches of commercial Ca@@roparticles of smaller sizes and lower densitye
type of commercial particles presents an averagmelier of 6.9 £ 0.7 um, similar nano-crystallites
and large aggregates of several hundreds of narcsnstaching up to 1 -3 pm on their surface
(Figure3.1.d-f). The third type of particles of 7.3 + luth presents the lowest density of all

investigated templates featuring very few crydiliand aggregates (Figure 3.1.9). In the following
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discussion, these templates and resulting PEG getsavill be referred to as sample 1 (17.9 um, high

density), sample 2 (6.9 pm, medium density) andpta® (7.3 um, low density).

Porous CaC@® microparticles have already been used for hardpleging applications.
However, most often microcapsules have been forrbgd layer-by-layer physisorption of
polyelectrolytes'***%! |n these cases, the polymers were mostly depositeithe surface of CaGO
microparticles and little attention has been deddtethe infiltration of polymeric materials intbet
pores of CaC@or to the resulting morphology of the infiltratethterial. So far, only pure insulin
particles have been synthesized by infiltratingititernal structure of CaGQOnicroparticles but they

collapsed after template remoVaf; *”]

PEG hydrogels are also flexible networks, which roaapse upon introduction of pores into
their structure. True inverse replication of Ca@€émplates is therefore challenging since replozas
only be obtained if polymers are effectively antestvely loaded into the template and the obtained
hydrogel is sufficiently rigid to maintain the stture of the microgels after template removal. The
stiffness of the hydrogel is partially controlle¢ the cross-linking density, which is set by the
concentration of radicals during cross-linking afdhin length of PEG macromonomers. However,
very rigid hydrogels are not desirable since theg aot flexible enough for the envisioned
presentation of ligands for bacteria targeting.réf@e, PEG of an intermediate size and an average
molecular weight M of 4600 Da was chosen in this work (~ 100 ethylglyeol repeating units per
macromolecule). All other parameters responsibteafoexact replication could be controlled by the
synthetic conditions. In the following section, theocedure for the infiltration of PEG hydrogel

precursors in CaC{nicroparticles and inverse replication into PEGnogels will be described.

3.2. Synthetic Procedure

As illustrated in Scheme 3.3, the general procetluréhe synthesis of porous PEG microgels
can be divided into three stép¥ In the first step (A), PEG-dAAm and the photoiitr
Irgacure 2959 were loaded into Cafo@icroparticles by a multistep process. In the sdcstep (B),
the resulting composite particles were irradiatedh wUV-visible light to polymerize PEG
macromonomers and form a hydrogel inside the pairéise template. Finally, in the last step (C), the

CaCQ templates were dissolved under acidic conditigigdding porous PEG microgels.
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A) Loading
Al A2
% PEG-dAAm, Heat,
% Irgacure 2959 vacuum
CaCO, templates
A3
C) Template Removal B) Polymerization Et,0

Porous PEG patrticles

Scheme 3.3Procedure for the synthesis of porous PEG micdsi hard templating with CaGO
microparticles: A) Loading of precursors into theentplate; B) Polymerization of PEG
macromonomers within the template and hydrogel &ion; C) Removal of CaC{Qemplate under
acidic conditions.

The first step of this templating process consitthe infiltration of CaC@ microparticles
with PEG macromonomers and photoinitiator. Thighe most critical step as there are several
challenges and requirements to be met. Most imptytaPEG has to diffuse into the pores of the
particles and completely fill them in order to foram inverse replica of the template and retain
porosity after template removal. This means thdb Piolecules should not only adsorb on the surface
of the particles to avoid formation of hollow cafes) but also no excess PEG should accumulate on

the surface to avoid blocking of pores, cross-tigkbetween particles and aggregation.

The loading of hydrogel precursors was thereforerfopmed in three steps
(Scheme 3.4). In the first step Al, CaCRicroparticles were dispersed in an aqueous solubf
PEG and UV-initiator. Then these compounds wenesteared into the template particles by solvent
evaporation under vacuum in the step A2. The eramthanism of this loading is not yet fully
understood. It is believed that the precursorseffiectively transported from the bulk solution het
core of the particles by capillary forces duringidg. Eventually, the dry composite particles were
redispersed in solution in the step A3 to avoidssrinking between particles during polymerization.
Diethyl ether was used in this step since it isvikmdo be a poor solvent for PEG and prevents the
dissolution and diffusion of PEG out of the Ca@@mplates.
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Al: dispersion A2: evaporation A3: redispersion
(precursorsin H ,0) (Et,0)

Scheme 3.4Principle of the multistep loading of PEG hydrogekcursors into CaC®template
microparticles.

The amount of loaded PEG is another critical patamdhe pores of the template particles
should be completely filled with polymer while adisig accumulation of excess material on their
surface. Since the CaG@mplates exhibit different porosities, differemhounts of PEG had to be
loaded, with particles of higher densities reqgriess PEG. The amount of PEG could be adjusted by
two parameters: the sample volume during drying #wedconcentration of PEG relative to that of
CaCQ. For template 1 which demonstrates the highessigerthe amount of loaded PEG could be
drastically reduced by spreading and drying theetision of particles and precursors over large
surfaces (glass flasks, Table 3.1). In that ca&& Bredominantly dried in the free space between
particles, thereby reducing the amount of PEG dyymside the particles. In contrast, smaller volame
were applied for the loading of templates 2 andf3ower density (Eppendorf tubes of 1.5 ml,
Table 3.1). In these cases, free space betweernclpartvas almost nonexistent so that PEG
predominantly accumulated inside the particles.h\Wiitis method high amounts of PEG could be
loaded into the particles so that accumulation®GRn the surface of particles had to be avoided by
reducing the PEG/CaGQveight ratio. Therefore 20 wt.% were required tiemplate 3 of the lowest

density, while the concentration had to be reduodgiwt.% for template 2 of medium density.

Table 3.1.Loading conditions for the synthesis of porous PEfgrogels from different CaGO

templates.

Template 1 2 3

CaCO;, template 17.9 um 6.9 um 7.3 um

size

Density High Medium Low

Samole volume Diluted, Concentrated, Concentrated,
P Glass flask Eppendorf tube Eppendorf tube

Ratio

PEG/CaCO; 20 wt.% 5 wt.% 20 wt.%

32



Section 3.3. Characterization of Porous PEG Midsge

After successful loading of the precursors, PEG-dA¥acromonomers were polymerized by
radical initiation upon UV irradiation, leading twoss-linking and hydrogel formation. Even though
UV transmission through CaGQemplates is low, radicals can be formed at thdéase of the
composite particles and then diffuse into the inparts, leading to efficient cross-linking of PEG
throughout the particles. No aggregation was oleseafter UV irradiation, indicating the absence of

excess PEG on the surface of the template particles

In the last step, the CaG@mplates were dissolved in an aqueous solutiddGif(pH 2.0).
Carbonate ions were converted into carbon dioxadeand the remaining CaGhlt was washed away
with water. Acidification was preferred over comméon with EDTA since it resulted in a much
faster decomposition of the template. Complete rexhoof the template was confirmed by
energy-dispersive X-ray spectroscopy (EDS) whictowsdd no calcium peak after washing

(see Appendix, Figure 8.2). This last step finddly to the porous PEG microgels.

3.3. Characterization of Porous PEG Microgels

The resulting PEG microgels were then characterivecheck if the expected porosity was
obtained™*® Their structure was also compared to that of Ca@@roparticles to determine if true

inverse replicas have been synthesized by the &imglmethod.

Light microscopy revealed that non-aggregated, répddehydrogel particles were obtained
(Figure 3.2.a-c). No major change in size was oleserafter template removal. PEG microgels
synthesized from CaGOtemplates of 17.9+ 3.4 um (sample 1), 6.9 + O/ lsample 2) and
7.3+£1.2pum (sample 3) presented an average damet 17.6+2.7 um, 9.2+1.3pum and
8.3 £ 0.8 um, respectively. In addition, the sizgtribution of PEG microgels was determined from
the diameter of hundred particles measured froncapimicroscopy images. PEG microgels were
rather monodisperse and the small polydispersigenied could be mainly attributed to that of the
template itself (Figure 3.2.d-e). Thus, PEG paetathape, size and polydispersity were very sinlar
those of the original CaCGQemplates, giving a first indication that PEG rmgels did not collapse

after template removal and that true inverse rapligere obtained by the templating method.
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Figure 3.2. Optical microscopy images of porous PEG microgefisa. 17.6 um (microgels 1);
b. 9.2 um (microgels 2) and c. 8.3 um (microgels\®te the apparent roughness of PEG microgels.
Contrasts were enhanced with the program Imagedtidba size distribution of d. pure CaGO

microparticles of 17.9 um (sample 1) and e. resglfpure porous PEG microgels of 17.6 um after
washes (sample 1).

The porosity of PEG microgels was characterizedthie next set of experiments.
No characterizations could be performed in theslage since PEG microgels collapsed and did not
retain any porous structure upon drying or freezgnd, as revealed by SEM (Figure 3.3.a and b).
To explain the origin of this collapse, the watentent of PEG microgels was calculated as the ratio
of the average volume of water per particle to tiawollen particles Yoien (Table 3.2). The volume
of water was determined as the difference betwleewaolume of swollen particles and the volume of
PEG corresponding to that of dry particleg,VVsuoienWas therefore calculated from the radius of
PEG microgels measured from optical microscopy gsagvhile \4, was measured by atomic force
microscopy (AFM, see Appendix, Figure 8.3). Taken example, PEG microgels 1 of 17.6 um
exhibited a water content of 99%, which is typifcal hydrophilic polymer hydrogels. PEG microgels
were therefore mainly composed of water, which @¢auplain their collapse upon drying. For this

reason the porosity of PEG microgels had to beadhearized in water, for fully swollen microgels.
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Table 3.2.Definition and characterization of the water camttef porous PEG microgels of 17.6 um

(sample 1).
Definition Value
2 3
Average volume, swollen particles szollen 3065 pm
Average volume, dry particles Vdry 27 um®
szollen _Vdry

Water content 99%

V swollen

The presence of pores on the surface of PEG milsragevater could be readily evidenced by
optical microscopy, revealing a very rough surfage PEG microgels (Figure 3.2). Further
characterization was performed by cryo-SEM on agselispersions of PEG microgels. Compared to
standard SEM measured on dry samples under highuagocryo-SEM allows for the observation of
frozen aqueous dispersions. High vacuum conditawesstill applied but the cryogenic temperatures
prevent solvent sublimation. Cryo-SEM was perforrnad®EG microgels 2 and revealed pores in the
range of several hundreds of nanometers, as expécin the templating process (Figure 3.3.c-f).
However, smaller pores could not be observed, d@Wengh they would be expected if perfect
templating had been obtained. Their absence caldtllated to sample preparation, since the frozen
dispersions had to be freeze-etched by slightlyemsing temperatures in order to make PEG
microgels visible. As soon as freeze-etching sfiarffEG microgels began to dry due to water
sublimation and started collapsing. Under thesalitioms, the observation of pores in the range of
tens of nanometers would be very difficult sincegsownere either still embedded in ice, not visible,
collapsed as soon as freeze-etching started. On dtetrary, larger pores of several
hundreds of nanometers are more stable, whicheisghson why they could be evidenced on PEG

microgels 2.
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Figure 3.3.SEM images of porous PEG microgels of 9.2 um (ka#)pand associated interpretation
schemes: a. and b. SEM of freeze-dried particleand d. cryo-SEM after long freeze-etching; e. and
f. cryo-SEM after short freeze-etching. With toorstireeze-etching no particle is visible, whereas
with too long freeze-etching, particles completadifapsed.

More detailed characterization, especially of in&r porosity, was more complicated.
Traditional methods, such as gas adsorption, werdyzled since they require dry samples. No signal
could be obtained by small-angle X-ray scatteri@gXS), since the contrast between the two phases
of water and fully-hydrated hydrogel was too lowEM on cross-sections of PEG microgels
embedded in a polyacrylic resin could not providg further information, since the contrast between
the PEG hydrogel and the resin was again too lomweé¥er, internal porosity could be indirectly
characterized via a permeability study using flgoemt markers. To this end, three different
fluorescently-labeled dextran samples of molecwaights 70 kDa, 500 kDa and 2000 kDa were
used. These polymers are known for presenting butgo structure in water with hydrodynamic
diameters of 12 nm, 29 nm and 56 nm, respectiV€lyThe diffusion of these polymers into PEG
microgels would make the patrticles fluorescent dechonstrate the presence of interconnected pores
of a size larger than that of the marké&¥.The fluorescence of the microgels was detectecbbjocal
laser scanning microscopy (CLSM). Permeability wase represented as the ratio of fluorescence
intensity between the microgels and the surroundwigtion measured from the CLSM images with
the program ImageJ.
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PEG microgels
Non-porous Sample 1, 17.6 um Sample 2, 9.2 ym Sample 3, 8.3 um

J.

Dextran

56 nm

Figure 3.4. CLSM images of non-porous PEG microgels (a., lol af, porous PEG microgels of
17.6 um (sample 1, d., e. and f.), porous PEG malsoof 9.2 um (sample 2, g., h. and i.) and porous
PEG microgels of 8.3 um (sample 3, j., k. and Ijo@rs after addition of fluorescently labeled

dextran of 12 nm, 29 nm and 56 nm, respectively.

Overall, microgels 1 and 2 exhibited a much highemmeability to dextran than microgel 3
(Figure 3.4). As a control, non-porous PEG micregdtowed no permeability at all. These results
indicate that microgels 1 and 2 present intercomuepores of a few tens of nanometers while
microgels 3 either present pores smaller than 1®mnno interconnected pores or even no pores.at all
This reduced porosity of microgel 3 could be expdi by the structure of template 3, which exhibits
the lowest density (Figure 3.1.9). By inverse mgiion, PEG microgels 3 must be very dense and

present fewer pores. Therefore, PEG microgels & wet further investigated.
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100%
—— Microgel 1, 17.6 pm

90% 1 —=— Microgel 2, 9.2 um

80% -

70% -~

60% -

Intensity (%)

50% -+

Relative Fluorescence

40% T T T T
10 20 30 40 50 60
Diameter of Dextran (nm)

Figure 3.5. Permeability (diffusion of dextran) of porous PE@icrogels as a function of
hydrodynamic diameter of dextran and type of PEGragels (sample 1 of 17.6 um and sample 2 of
9.2 um). PEG microgels present internal, intercartee pores of a few tens of nanometers.

For both microgels 1 and 2 permeability was almuosiximal for the smallest dextran of
12 nm and gradually decreased with increasing sfzdextran (Figure 3.4 and Figure 3.5). These
results proved that microgels 1 and 2 presentdoterected pores within a range of 20 to 60 nm at
least, which corresponds to the size of the criytetslin CaCQ templates 1 and 2 (Figure 3.1.c and f).
In addition, differences of permeability were olygel between microgels 1 and 2, mainly apparent for
the diffusion of the largest dextran of 56 nm. EBo microgels 1, the diffusion of the 56 nm dextran
was homogeneous (Figure 3.4.f). This indicated latively homogeneous distribution of highly
interconnected pores, which could be attributedh® uniform distribution of crystallites within
CaCQ template 1 (Figure 3.1.a-c). In contrast, the ogets 2 showed relatively inhomogeneous
distributions of the fluorescent marker, as thenB6dextran could completely enter large parts ef th
microgels (Figure 3.4.i). This indicated the preseof larger pores on the surface of the microgels
and confirmed the observations made by cryo-SEMmigrogel 2. From the CLSM images these
pores appeared to be as large as several hundredsameters. The exact size of these pores could
not be measured from cryo-SEM images since pamigpse occurred during sample preparation. To
determine this size more precisely, fluorescenygigiene beads of 450 nm and 1000 nm were used
as diffusion markers. It could be shown that bothet of beads were able to diffuse into the
microgels 2, revealing the presence of externa¢pas large as 1 to 3 um (Figure 3.6). This pgrosit
was in good agreement with the original structdreemplate 2, presenting large crystallite aggregat

of the same size, on their surface (Figure 3.1.d-f)
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Figure 3.6. CLSM images of porous PEG microgels of 9.2 umr@gets 2) after immediate addition
of fluorescent polystyrene beads of a. 450 nm;lmantdum. PEG microgels present external pores of

up to 1-3 pm at least.

In conclusion, porous PEG microgels could be sigfultg synthesized by hard templating
with porous CaC@ microparticles. Combined with an efficient threéeps loading procedure, this
method allowed for true inverse replication of Ca@@croparticles into PEG microgels and control
over the final porosity. Employing structurally fdifent templates, three types of PEG microgels with
varying diameters and porosities were obtained. Ri€ogels resulting from template 2 exhibit an
average diameter of 9.2 um and the expected pgrowiitth internal interconnected pores
of 20to 60 nm and external pores reaching up tpm3 Furthermore, permeability studies
demonstrated that, due to their dual porosity,ghmrogels allowed for the passive loading notonl
of polymers and NPs but also of microparticles. yTtieerefore represent an ideal material for the
loading and release of drugs or magnetic NPs argkting of bacteria. For these reasons PEG

microgel sample 2 was selected for further worka@s the foreseen applications.
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4. Functionalization of Porous PEG Microgels

The aim of this work is to prepare porous PEG ngefts and use them for the magnetic
removal of bacteria as well as for a potential dietivery. In the previous chapter, PEG microgéls o
9.2 um featuring internal, interconnected pore2®fo 60 nm and external pores reaching up to 3 um
have been synthesized. It is expected that theatl pures should allow for a more efficient loading
by diffusion of drugs or magnetic nanoparticles §N®hereas the larger pores should allow for the
binding of a high number of bacteria. The next dimpards the development of these microgels
requires the introduction of functional groups. ISw@roups are needed for a stable loading and
controlled release as well as targeting applicatidie functionalization of the porous PEG micregel
will therefore be presented in the following chap@ationic amines will be introduced for the laagli
and release of drugs or magnetic NPs via electiostaeractions and carbohydrate ligands will be

incorporated for targeting of bacteria via carbalaye-protein interactions.

Different strategies are available to achieve thecfionalization of PEG hydrogels. For
example, PEG macromonomers can be co-polymerizédothier heterofunctional monomers such as
vinyl monomers or PEG macromonomers bearing anlauige moiety at one end and another
functional group at the other elfd.However, these heterofunctional co-monomers dgadicipate
in the cross-linking process which leads to therbgedl network. This strategy therefore involves
additional reaction optimization to avoid changesthe resulting hydrogel properties such as
cross-linking density and mechanical stability. drder to ensure formation of stable and rigid
hydrogels, these co-monomers can only be introdatddw concentrations thus resulting in low
degrees of functionalization. In addition, the wdevinyl co-monomers may drastically alter the

biocompatibility of the hydrogel.

Recently, a more versatile method allowing for filnectionalization of readily prepared PEG
hydrogel has been develop&d. ' This method is based on radical surface chemissing
benzophenone to graft functional monomers on PE®arks. Originally introduced by D. Pussak on
non-porous PEG particles, this strategy has bees hdapted to the porous PEG microgels. The
novelty of this work lies in the fact that higheegilees of functionalization could be reached,
asymmetrical functionalization with specific furmtalization of the particles surface has been

obtained and different functional groups could ineutaneously incorporated in a one-pot synthesis.

The functionalization of the porous PEG microgetswerformed in two steps. The first step

consisted of grafting carboxyl groups via the beimemone-based radical surface chemistry and will
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Chapter 4. Functionalization of Porous PEG Micregel

be presented in section 4.1. In the second steprebulting PEG-COOH microgels were used to
introduce the desired functional groups via thenfion of an amide bond. On the one hand, the
addition of cationic amines for loading and releaggplications will be detailed in section 4.2.

In particular, an asymmetrical functionalizatioroslng a very high concentration of amines on the
surface of the microgels will be achieved usingyahines). On the other hand, the introduction of
carbohydrate ligands for targeting applicationsl wé& described in section 4.3. The simultaneous
incorporation of both functional groups will alse Ipresented in this last section. PEG microgel
functionalization will be characterized by threeffetent methods: the presence and uniform
distribution of functional groups will be verifiecby CLSM after fluorescent labeling, the resulting

surface charge of the particles will be indicatgdnteasurement of-potential at pH 6.5 and the

degree of functionalization will be determined by titration.
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Section 4.1. Introduction of Carboxylates

4.1. Introduction of Carboxylates

The functionalization of PEG microgels is based mdlical surface chemistry using
benzophenone to graft functional monomers on PE&arks. The principle of this method consists
of a side chain polymerization initiated by benzeptne used as a type Il photoinitiator (Scheme 4.1)
By irradiation with UV light, benzophenone is firekcited to the triplet state and then abstracts
hydrogen from polymers, thereby generating a r&dara the polymeric backbone. A grafting

polymerization can then start from this radicaladmg to the formation of polymeric side

chaing4t 142

Benzophenone-based chemistry has recently been fosdtie grafting on PEG hydrogel
surfaces'® and was introduced for the bulk functionalizatimmon-porous PEG hydrogel particles
by Pussalet al®® In the latest procedure, an ethanolic dispersfdREG microgels was mixed with
benzophenone and acrylic monomers, flushed witbratg prevent oxygen inhibition during radical
polymerization and finally irradiated with UV-vidé light. The monomers acrylic acid (AA) and
2-aminoethyl methacrylate (AEMA) were employed tafgcarboxyl and amine groups, respectively
(Schemed.1). After reaction optimization in order to reathe highest possible degree of

functionalization, Pussalet al. obtained non-porous PEG-COOH microgels with a maxn

concentration of 120 umol of functional groups germ of microgel§2°

a. Benzophenone b. Acrylic acid (AA)

5 O
o
d. Radical fonctionnalization
o

ooy

PEG Microgels

cho|

UV (~ 350 nm)
-
EtOH

C. 2-aminoethyl methacrylate hydrochloride

(AEMA)
O

ﬁ}L{JWNHz' HCI

OH

@@

o, — e ooy s ?E;

Functionalized
PEG Microgels

Scheme 4.1a., b., and c. Structural formulas of the phottior benzophenone and grafting agents
AA and AEMA used for the first step of PEG micrdgektionalization; d. Mechanism of radical

surface functionalization using benzophenone amgliaanonomers.
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The porous PEG microgels were functionalized foifmyv a similar proceduré®®
Functionalization with both acrylic monomers wasted: the use of AA led to high degrees of
functionalization whereas only very low yields weaehieved with AEMA. This was probably due to
the low solubility of AEMA in organic solvents sudas ethanol, even in the deprotonated form.
Therefore, the porous PEG microgels were first fionalized with AA into PEG-COOH microgels
and the carboxyl groups were used for further ipomtion of amine groups and carbohydrate ligands

via amide bond formation.

In order to obtain, in the second step, the higlpessible concentration of amines and
carbohydrate ligands for effective loading and ¢#irgy applications, reaction parameters of the firs
step were optimized to obtain the highest possitdgree of carboxylate functionalization. The
concentration of carboxyl groups could be tunedh®y concentration of AA and of radicals, itself
controlled by the concentration of benzophenone iamadiiation time. While the concentration of
benzophenone was kept constant, increased contieméraf AA or increased irradiation times led to
aggregation of the microgels. This was most likdlye to undesired bulk polymerization and
termination between poly(acrylic acid) (PAA) chabfstwo distinct particles. The optimal conditions
leading to the highest degree of functionalizatisithout aggregation were found to be a
concentration of 2.5wt.% of benzophenone and B4obf AA, for a total irradiation time of
450 seconds. Aggregation was temporarily obseryszh uransfer of the particles from ethanol to
water, most probably due to hydrogen bonds betwesriral and deprotonated carboxyl groups.
However, PEG-COOH microgels could easily be redisge in water under basic conditions {1\

NaOH), which promoted electrostatic repulsion bemvehe anionic carboxylate groups.

The presence of anionic carboxyl groups could \ademced by a negativépotential of
-50.8+5.9mV at pH 6.5 (Tab#l). By comparison, the unfunctionalized poroussPficrogels
exhibited a highet-potential of - 26.2 £ 5.1 mV. The distribution cdirboxylates was visualized by
labeling with the cationic fluorescent dye Rhodae®G!** %! CLSM revealed homogeneous
fluorescence of the labeled PEG-COOH microgelsjcatohg a uniform functionalization at the
resolution given by CLSM (Table 4.1). As control nituorescence was observed with

unfunctionalized PEG microgels.

The concentration of carboxyl groups was determinied colorimetric titration using the
cationic dye toluidine blue O (TBJf® The concentration was found to be 1200 + 200 ppeol
gram of particles and corresponds to one carboxgum for 20 ethylene oxide repeating unit
(Table 4.1). Remarkably, porous PEG-COOH microgdiewed a degree of functionalization ten
times higher than non-porous PEG-COOH parti¢fsThis could be attributed to the larger specific

surface area of the porous particles. Such a higictibnalization resulted either in a high
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concentration of small PAA chains or in longer PAains grafted at a lower concentration. In order
to prove that the formed PAA chains did not bldoi pores of PEG microgels, the permeability study
with fluorescently labeled dextran was performediagnow on the functionalized particles. Since the
diffusion profiles were very similar to the non-itionalized microgels, it could be assumed that the
porosity of PEG microgels was retained. The benenphe-based functionalization of porous PEG
microgels therefore led, without aggregation ancedmocking, to PEG-COOH particles presenting a

high degree of functionalization.

Table 4.1.Characterization of the porous PEG-COOH microgatsl comparison to unfunctionalized
PEG microgels (control) based on fluorescent latggliwith the cationic dye Rhodamine 6G
(CLSM images){-potential at pH 6.5 and concentration of carboxgkmeasured by titration with

the cationic dye TBO.

PEG (control) PEG-COOH

Labeling with
Rhodamine 6G

¢-Potential (mV) -26.2+51 -50.8+5.9
Concentration (umol/g) 2044 1200 + 200
(TBO titration) B -

4.2. Introduction of Amines and Poly(amines)

In the second step, cationic amines were introddicethe loading and release of drugs and
magnetic NPs via electrostatic interactions as vesll for the potential unspecific targeting of
bacterid**® The previously functionalized PEG-COOH microgelsrev thereby used for further
functionalization via amide bond formation (Schef@2). Oligo(amines) were employed, using at
least one amine group for amide bond formation. arunctionalization was thereby provided by the
remaining free amines which did not react. Oligd(es) of different sizes were investigated with the
aim of increasing the concentration of amines ftieotive loading and targeting applications.
Functionalization with the small molecule ethyleiaedine (EDA) will be presented first and then

compared to the functionalization with larger o(igmines).
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R
0. OH 0, _NH
gﬂ R-NH; 3
PyBOP/HOBt
Eia ﬂ'f TEA, DMF HG ﬂ‘j
PEG-COOH ; PEG Microgels
Microgels functionalized
with diverse groups

Scheme 4.2Principle of the functionalization of PEG-COOH magels via formation of an amide
bond, leading to the introduction of amines andocdaydrate ligands.

EDA was coupled to the carboxyl groups of PEG-CO®@iErogels applying standard peptide
coupling chemistry with PyBOP (benzotriazole-1-ylydris-pyrrolidinophosphonium
hexafluorophosphate) and HOBt (1-hydroxybenzotregzoln DMF (N,N-Dimethylformamide,
Scheme 4.2). Complete conversion was difficulthitam since the carboxyl functionalities within the
PEG network seem to be less accessible for fummadifications than the functionalities on the
surface of the particle and the pores. Therefdgd) bxcesses of the coupling reagents were used to
ensure high conversion. Similarly to PEG-COOH ni&ls, temporary aggregation occurred after

transfer to water but redispersion could be achiev@v under acidic conditions (101 HCI).

The obtained microgels showed a positiggotential of +13.3+58mV at pH®6.5
(Table 4.2). This was an increase of 39.5 mV coeghao unfunctionalized PEG microgels and
indicated the presence of cationic groups. Theibligion of amine groups was visualized by labeling
with fluorescein isothiocyanate (FITC). CLSM rewahla uniform functionalization throughout the
PEG-NH microgels whereas no fluorescence was observddthat controls, unfunctionalized PEG
and PEG-COOH microgels (Table 4.2). The quantitoicabf amine groups by titration was however
difficult. No accurate measurements could be domeesthe concentration of porous PEG microgels
decreased after the two functionalization stepsyltieg in too low concentration of amines and mass
of particles per sample. The degree of functioatilin was therefore extrapolated from that measured
on non-porous PEG-NHmicrogels functionalized under similar conditicsusd available in higher
quantities™®® In this case, the amount of amines was determimgdtitration with the dye
2,4,6-trinitrobenzenesulfonic acid (TNBS) and conmapato that of carboxyl groups measured by TBO
titration on non-porous PEG-COOH microgels. A casien of 87% of carboxyl groups into amines
was found for non-porous PEG microgels. Since similonditions were used for the porous PEG
microgels, it could be assumed that a concentratfabout 1100 + 200 umol of amines per gram of

particles was obtained.
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Table 4.2. Characterization of the porous PEG-Bhhicrogels obtained from functionalization with
EDA and comparison to unfunctionalized PEG micredebntrol) based on fluorescent labeling with
FITC (CLSM images) anglpotential at pH 6.5.

PEG (control) PEG-NH, from EDA

Labeling with FITC

¢-Potential (mV) -26.2+5.1 +13.3+5.38

In order to increase the concentration of amineuggofor effective loading and targeting
applications, oligo- and poly(amines) were ancharedhe porous PEG microgels and compared to
EDA.™ Four poly(amines) of different sizes and structurave been investigated in order to achieve
the highest possible degree of functionalizatidmese poly(amines) are listed in Table 4.3 and sonsi
of a small oligo(amidoamine) (OAMAM) composed otifdysine residues and synthesized following
a protocol reported by Hartmanret al,**® poly(amidoamine) (PAMAM) dendrimer
generation 4.8 poly(allylamine) (PAH, N, = 56 000) and poly(L-lysine) (PLL, M= 150 000-
300 000). The average number of primary amine granpreases gradually from OAMAM bearing
8 amines to PLL bearing more than 1200 amines.duitian, all poly(amines) present a linear
structure except for PAMAM dendrimer, which showgi@bular oné**

At first glance, poly(amines) with the highest nmmlar weight should be the most effective
since it can be expected that many amines are atdilable after functionalization. However,
functionalization with such long polymer chains n@gsent two major problems: 1) several amines
of the same chain can react with different PEG-CO®li¢rogels, thereby leading to particle
aggregation and 2) large polymer chains cannatisifinto the intrinsic pores of PEG hydrogel sa tha
only the surface of the hydrogel can be functiaeali Under the tested conditions, functionalization
with high excess of PAH and PLL always led to mdetaggregation. Therefore functionalization with
the smaller poly(amines) OAMAM and PAMAM was pretst.
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Table 4.3.Name and intrinsic properties (formula, structurymber of primary amines) of

oligo(amines) investigated for the functionalizatimf PEG microgels.

all

E. Poly(L-lysine), PLL, M, =150 000-300 000 SJ/?L]
M

Structure: linear NH,

Name and structural formula NUIEE
of NH,
A. Ethylenediamine EDA HyN ~"NH, 2
Structure: linear
B. Oligo(amidoamine) OAMGAM o
HzM \MH'LNH HNJ"\IN\,HHJ
NH; o | o I) NH;
J/ WHLNJHW" 8
HN NH
Hz”M/Eo OJ\(\/\,NHQ
HH; NH'-‘
Structure: almost linear
C. Poly(amidoamine) dendrimer, generation 4.0, PAMA M
H 64
— — N\/\N
(o]
Structure: globular
D. Poly(allylamine), PAH, M,, =56 000
n ~ 600
NH
Structure: linear
n
= 1200

Functionalization with the smallest oligo(amine) KAAM led to non-aggregated microgels
which were slightly positive, giving &potential of + 19.2 £+ 4.8 mV at pH 6.5, comparatadethat

obtained with EDA. In comparison, functionalizatiavith PAMAM dendrimer led to slightly

aggregated microgels, which showed a higheotential of + 35.4 + 10.2 mV (Table 4.4). Thigtnér

surface functionalization could be attributed te thct that PAMAM features eight times more amines

than OAMAM.
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Table 4.4.Characterization of the porous PEG-Blhiicrogels obtained from functionalization with
PAMAM dendrimer and comparison to unfunctionalizB&G microgels (control) based on
fluorescent labeling with FITC (CLSM images) d@nrgotential at pH 6.5.

PEG (control) PEG-NH, from PAMAM

Labeling with FITC

¢-Potential (mV) -26.2+5.1 +35.4+10.2

The uniformity of amine functionalization with PAMA dendrimer was further investigated
to determine if the dendrimer functionalized theecof PEG hydrogel. CLSM after labeling with
FITC revealed a uniform functionalization through®EG microgels (Table 4.4), but the resolution
of this method could not guarantee that the cor®®B& hydrogel was functionalized. The amines
were therefore titrated with TNBS. If the surfaddlee microgels was only functionalized, it coulel b
expected that the concentration of amines wouldnbeh lower with PAMAM than with EDA.
Contrary to EDA, titration on PEG-NHrom PAMAM was possible since functionalizationthwi
poly(amines) increased the concentration of fumetiagroups and mass of PEG microgels, thereby
allowing for accurate measurements. The conceatratof amines was measured to be
150 + 20 umol/g particles. This value was lowemntttze functionalization degree obtained with EDA
and could be explained by the fact that PAMAM dit functionalize the core of PEG hydrogels.
Tomalia et al. reported that PAMAM dendrimer generation 4.0 pnesex diameter of ~ 4 nft”
while the mesh size of the prepared PEG hydrogeblean estimated to be 8 fiff. In this case, the
functionalization of the external layer of PEG hygkel may prevent further diffusion of PAMAM
dendrimer toward the core of the hydrogel. Thersfas compared to EDA and OAMAM, PAMAM
dendrimer led to a higher surface functionalizatibbnt most probably to a lower internal

functionalization.

Overall, functionalization of porous PEG microgeito PEG-NH was possible with EDA,
OAMAM and PAMAM. EDA led to uniform functionalizain with a very high total concentration of
amine groups but relatively low surface functionation. In comparison, PAMAM led to

asymmetrical functionalization, with a very highrfage functionalization but most probably non-
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existent internal functionalization. Use of OAMAMsulted in microgels with intermediate properties.
For loading applications, a high surface functiaion is more important than a high total
concentration of amine groups, since large drugdNBs may not be able to diffuse into PEG
hydrogels and may be mostly loaded on the surfBice.loading of magnetic NPs however does not
need to be maximal to impart magnetic propertiesho microgels. Therefore all types of porous
PEG-NH microgels are well adapted for this applicatiorevBitheless, it is highly beneficial to
maximize the loading of drugs. In this case, porB&$-NH microgels from PAMAM dendrimer

seem to be more advantageous.

4.3. Introduction of Carbohydrate Ligands

For the specific targeting of bacteria, carbohyeldedands have been incorporated into the
porous PEG microgel§? It has been proven that bacteria carry carbohgeitding proteins on
their pili and certain strains &. coliin particular are able to specifically bind to tmenosaccharide

§°-8L. 96981 Compared to

mannose (Man) but not to other carbohydrates sichyadactose (Gal
antibodies also used for bacteria targeting, carthatte ligands are advantageous since they are more
stable and present a broader interaction spegifiglan was therefore introduced on the porous PEG
microgels and the ability of the resulting particte bind to Man-binding receptors was investigated
In order to prove the specificity of this bindinGal was also incorporated on the porous PEG

microgels and the resulting particles were usetegstive control in the binding study.

Similar to the functionalization with poly(amineg)escribed in the previous section,
PEG-COOH microgels were used for carbohydrate fonatization via amide bond formation.
Acetate-protected Man and Gal ligands presentisoat amine-linker at the anomeric position were
employed (Scheme 4.3). This amine linker was uee@rmide bond formation and should be flexible
enough to allow for the free presentation of thebchydrate ligands on PEG microgels. The
monosaccharides had to be protected to avoid sations between their hydroxyl functional groups
and the carboxyl groups on PEG. These ligands len synthesized by S. Mosca, partially

LY Functionalization was achieved using standardigept

following a protocol from Ponadest al
coupling chemistry based on PyBOP, HOBt and higbesses of the ligands (Scheme 4.2). After
coupling, the carbohydrates were deprotected watiusn methoxide (MeONa) and the final

PEG-Man and PEG-Gal microgels could be readilyspeelised in water.
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a. (2-aminoethyl)-2,3.4,6-tetra-0-acetyl-a-D-man nopyranoside hydrochloride
oREc
0
AcO 0

AC N\H,-Hel

b. (2-aminoethyl)-2,3,4,6-tetra-O-acetyl-f-D-galactopyranoside hydrochloride

NH; - HCI

Scheme 4.3Structural formulas of the protected Man and Gghds with a short amine-linker used
for the functionalization of PEG microgels.

The resulting microgels showed{gotential of - 19.4 + 4.7 mV for PEG-Man particlasd
-25.1 +5.8 mV for PEG-Gal particles at pH 6.5 l{l[Ea4.5). This was an increase from the value
measured for PEG-COOH back to the initial value fanfunctionalized PEG microgels
(-26.2+£5.1 mV). This charge compensation provied successful incorporation of the neutral
carbohydrate ligands and indicated almost compieterersion of carboxyl groups. Usually, direct
guantification of carbohydrates can be performed éxample with the phenol/sulfuric acid
method**? However, similarly to the functionalization withe small EDA molecules, direct titration
of carbohydrates on the porous PEG microgels tutmée difficult because the mass concentration of
sample was relatively low after the two functiomation steps. A concentration of 1100 £ 200 pmol
of carbohydrates per gram of microgels could howdesestimated assuming a conversion of 87%.
This conversion was extrapolated from the yielcwofide formation between PEG-COOH microgels
and EDA performed under similar conditions. Such extrapolation was allowed because the
reactivity of the amino-terminated carbohydratetigs and EDA were most probably similar, since

these reagents all react with an ethyleneaminetyn(feCH,-CH,-NH,).

The distribution of carbohydrate ligands as welltlaasir ability to specifically bind protein
receptors was visualized by incubation with flucesdly labeled Concanavalin A (FITC-ConA), a
Man-binding protein (lectin). After incubation in lactin-binding buffer, CLSM revealed uniform
fluorescence of PEG-Man microgels proving homogsendunctionalization and binding of
FITC-ConA (Table 4.5). The binding of proteins tarlsohydrates is usually very weak but can be
considerably strengthened by multiple presentatiohsarbohydrate ligands to promote several
binding events simultaneously (so-called multivajeeffect)>***! Therefore, the observed binding

was most probably favored by a high concentratfddan ligands and/or the multivalent presentation
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of these ligands in the form of polymeric chainssuiting from the functionalization of the PAA

chains.

Table 4.5.Characterization of the porous PEG-Man as well &3PGalmicrogels and comparison to
unfunctionalized PEG microgels (control) based hrorescent labeling with FITC-ConA (CLSM
images) and-potential at pH 6.5.

PEG (control) PEG-Man PEG-Gal

Labeling
with
FITC-ConA

¢-Potential

-26.2+5.1 -19.4+4.7 -25.1+58
(mV)

In order to prove that the binding of FITC-ConA R&EG-Man microgels was specific, the
unfunctionalized PEG, PEG-COOH and PEG-Gal miciogedre used as controls for the incubation
experiments. As expected, none of these partidearhe fluorescent and no binding of ConA was
observed (Table 4.5). To further confirm the speitif of binding, an inhibition experiment with
methyla-D-mannopyranoside (Me-Man) was performed. Me-Maa competitor to the Man moieties
on PEG microgels, which also binds to FITC-ConA #ng should lead to a release of the fluorescent
protein from the PEG-Man microgels. PEG-Man pagticlindeed lost their fluorescence after
incubation with Me-Man (Figurd.1l), proving that the binding of FITC-ConA was difie.

In addition, a minimal concentration of Me-Man times higher than that of Man ligand on PEG
microgels had to be added to observe detachmeRtT&3-ConA. This was an additional indication
that binding occurred via a multivalent presentatid the Man ligands. Functionalization therefore
led to high concentrations of Man ligands which rpoted a strong binding of ConA. This
demonstrated that PEG-Man microgels should be wetlyadapted for specific and efficient targeting

of bacteria.
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Methyl -

mannose

—

Figure 4.1. CLSM image of the porous PEG-Man microgels aftst fabeling with FITC-ConA (a.)
and then addition of a 2 M solution of Me-Man (b.).

In order to be able to load antibiotics and magniif’s, target bacteria and release antibiotics
with the same microgels, it is also of interestémbine functionalization with carbohydrate ligands
and cationic amines. Porous PEG-COOH microgels wenefore functionalized with both groups by
adding stoichiometric amounts of EDA and the Mayatid in a one-step procedlfd On the one
hand, the presence of uniformly dispersed, dkbups throughout PEG microgels was demonstrated
by CLSM after FITC labeling (Tabld.6). On the other hand, the homogeneous presenbtamm
ligands was evidenced after incubation with FITGy80 (Table4.6). The (-potential of
PEG-Man/NH microgels reached + 16.1 +5.8 mV at pH 6.5 dueh® presence of the cationic
amines, which was consistent with the value obthioe the pure PEG-NHmicrogels functionalized
with EDA (Table4.6). In conclusion, both amine and carbohydrateigs could be incorporated on
the porous PEG microgels. Moreover, their concéntra were still high enough to guarantee a
positive charge at the surface of the particlesvall as their ability to bind to proteins. These

microgels therefore show great potential for logdielease and targeting applications.

Table 4.6.Characterization of the porous PEG-Man/Nhkhicrogels based on fluorescent labeling
with ConA and FITC (CLSM images) aiipotential at pH 6.5.

PEG-Man/NH,

Labeling with
ConA (Man)
and FITC (NH),)

¢-Potential (mV) +16.1+5.8
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Chapter 4. Functionalization of Porous PEG Micregel

In conclusion, the two-step functionalization prdeee relying on benzophenone-based
radical surface chemistry allowed for the incorpiora of both cationic amines and carbohydrate
ligands on the porous PEG microgels (Scheme 4 dinkihation of amines and carbohydrates was
also possible in a one-pot procedure. Comparethd¢cdegree of functionalization already obtained
with this procedure, a ten-fold higher concentratad functional groups could be reached due to the
porosity of PEG microgels. Even higher degrees wfase functionalization and asymmetrical

functionalization could be obtained using large ecales such PAMAM dendrimer.

NH
HzN/\’ 2
b, ————> NH,
PyBOP/HOBt

Porous PEG TEA, DMF PEG-NH,(EDA)
o
a. | %o

Benzophenone PAMAM dendrimer I{I-l lfl
b.. é 2
o 2 | pyOP/HOB NI}I_IHZ
TEA, DMF PEG-NH, (PAMAM)
OH

PEG-COOH Sugar-O-Et-NH,
bs. > Sugar
PyBOP/HOBt
TEA, DMF PEG-Man, PEG-Gal
HoN~NHz
Sugar-O-Et-NH, Sugar
b, —
4 pyBOP/HOBE NH,
TEA, DMF PEG-Man/NH,

Scheme 4.4List of all the functionalized PEG microgels prega in this work and associated
synthetic procedures.

The amine-functionalized porous PEG microgels slibavpositive surface charge and should
allow for the loading of magnetic NPs as well aggdrvia electrostatic interactions. Moreover, the
Man-functionalized microgels were able to bind totpeins, which indicates that they should be able
to specifically target bacteria via their carbotgtdrligands. Unspecific targeting may also be essi
via their cationic functionalization. Thus, the éfonal porous PEG microgels can now be employed

for the magnetic removal of bacteria as well asafpotential drug delivery.
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Chapter 5. Functional Porous PEG Microgels forlaginetic Removal of Bacteria

5.Functional Porous PEG Microgels for the
M agnetic Removal of Bacteria

In the previous chapters, porous PEG microgels.®fuén featuring internal interconnected
pores of several tens of nanometers and largermattpores of a few microns have been synthesized.
Moreover, these microgels could be functionalizeithvamine groups and carbohydrate ligands.
In order to test their potential for biotechnol@i@pplications, they will be evaluated as a novel

microgel platform for the selective targeting affficeent magnetic removal of bacteria.

Bacteria can be classified into two different typgesrmless or even beneficial on one side and
pathogenic on the other side. For both types, déh®wal of bacteria is of high importance for vasou
biotechnological applications. For example, baateie employed in fermentation processes in the
food industry or for the production of enzymes aedombinant drug proteins in the pharmaceutical
industry®®! |n these cases, it is profitable to selectivelyoge bacteria from the final product or
microbial culture and release them for further aggplons. In a biomedical setting, it is often dalico
detect and remove pathogenic bacteria from conteuhsolutions or physiological fluids for analysis

or treatment.

One of the most common strategies employed forsiecific detection and removal of
bacteria relies on magnetic separatfof®! This technique is based on the use of magnetidsbea
which are functionalized with ligands, such aslaodies, able to specifically bind to the targete3én
beads selectively bind bacteria via their ligandctionalization and can remove them from solution
by simply using a magnet (Scheme 5.1). Compardittécs also used for the removal of bactd#a"’
magnetic beads show a wider range of applicabditg allow for an easy, rapid and, above all,

specific removaP*>?

The most widely used magnetic beads employed fod#tection and removal of bacteria are
magnetic polystyrene beads of 2 to 5 um commezeidlunder the trade name DYNABEABS 1%
17, 121129 However, these particles are not biocompatible grone to unspecific interactions and
therefore present limited applicabilf! In addition, high concentrations of magnetic beads
usually required for high yields of removal sinbere are only few bacteria bound per particle. The
restricted loading capacity is therefore anothetdialimiting the performance of current magnetic

beads.
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The functional porous PEG microgels synthesizethis work will now be evaluated as an
alternative to the current polystyrene beads. @nahe hand, PEG is known to be a hydrophilic,
biocompatible polymer which prevents non-specifieefactions and thus should allow for a wide
range of biotechnological and biomedical appligai® On the other hand, the external pores which
are comparable in size to bacteria will increasesecific surface area available for binding, ebgr
increasing the capacity for the loading of bactdd@her yields of bacteria binding and removal are
therefore expected with the novel porous PEG meiod o the best of our knowledge, this is thé firs
time that magnetic beads combining biocompatibaityl porosity have been used for the isolation of

bacteria.

In order to achieve selective magnetic removalaaftéria, two important features need to be
introduced to the porous PEG microgels: magnetpgrties and specific bacteria targeting. Firstly,
magnetic properties will be incorporated by loadimigh anionic, superparamagnetic nanoparticles
(NPs) via electrostatic interactions with the caitoamines of PEG microgels. Secondly, specific
targeting and binding of bacteria will be achiewmdcarbohydrate ligands grafted on PEG microgels.
Bacteria are indeed known for presenting carbohgesanding proteins on their pili. In particular, a
strain of bacterig&scherichia coli(E. coli) will be targeted via mannose ligands (Man). Tésutting
magnetic, porous, sugar-functionalized (MaPoS) PEGogels will be finally used for the selective

binding and magnetic removal of bactdgiacoli from solution (Scheme 5.1).

Addition of MaPo$8 particles Incubation: Magnetic collection of Magnetic removal of
to a solution of bacteria  binding of bacteria particles with bound bacteria  particles with bound bacteria

Scheme 5.1Principle of the magnetic removal of bacteria usiM@PoS PEG microgels. During
incubation, bacteria bind to the particles via cahydrate-protein interactions. Then MaPoS
microgels and the bacteria bound to them can beoveh with the help of a magnet.
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The course of this study will be divided in threeps, as presented in Scheme 5.2. The two
functionalities, magnetic properties and bindingoatteria, will be first evaluated separately.He t
first step A shown in section 5.1, magnetism waldbtained with PEG-N§1 microgels. In the second
step B presented in section 5.2, the specificity efficiency of the binding of bacteria to PEG-Man
microgels will be investigated. Eventually, in tlest step A+B, both features will be combined on
MaPoS microgels prepared from PEG-ManiNHarticles. The efficiency of bacteria removal gsin
MaPoS microgels will be investigated and compaoeabin-porous beads in section 5.3.

I,’ \\ p Q
A ; \ /
— —NH,* . NH
. S MagnetlcNPs KF%
PEG--r‘]Ha+ PEG-NH;*+NPs
1 » 1-‘\ & ' @‘\
o - > ANt
N _> W = -Man — 71 %Man
( \, { } Bacteria %
PEG:Man PEG Man + Bacteria
Porous PEG
microgels A o=y e
» >/
+
L T TN -‘i}m
-\/LNH3 Magnetic NPs ## ‘_N H3 Bacteria NH3
PEG ManINH3 PEG:ManINH3 PEG ManINH3
+NPs = MaPoS + NPs + Bacteria

Scheme 5.2Schematic presentation of the course of this stedgling to the magnetic removal of
bacteria using MaPoS PEG microgels. The cationiénasy incorporated on PEG microgels were
used for the loading of anionic, superparamagnbliRs via electrostatic interactions, while the Man
ligands were used for the targeting of bacteriae Thagnetism (A.) and binding of bacteria (B.) were
first investigated separately on PEG-NHand PEG-Man microgels, respectively, and bothufiest
were finally combined on PEG-Man/NHnicrogels for the removal of bacteria (A.+B.).
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5.1. Introduction of M agnetism

At first, magnetic microgels were prepared by loadsuperparamagnetic iron oxide NP3,
One possible strategy is to incorporate the NPsmduhe synthesis of the porous PEG microgels. The
solution containing PEG hydrogel precursors wasefloee mixed with the NPs and loaded into the
CaCQ template particles following the procedure desatiin chapter 3. However, the resulting PEG
microgels had poor magnetic properties since awydoncentrations of NPs could be loaded in order

to preserve the structure and mechanical stalofiBEG microgels.

A more straightforward method consists of loadimg NPs into the pores of PEG microgels.
In order to achieve a high, strong and stable t@adiver time, the NPs were loaded via electrostatic
interactions (Scheme 5.2.A). The NPs would firffiude through the pores of PEG microgels and then
coat their surface via electrostatic attraction. fhis aim, cationic PEG-N§ microgels and

superparamagnetic iron oxide NPs presenting am&nimating were applied.

For this application PEG-NHmicrogels resulting from functionalization with BDwere

chosen ¢f. chapter 4). As NPs, commercially available oleatated FgO, (magnetite) NPs of

8 £ 3 nm were applied. However, loading with thédes led to the aggregation of PEG microgels.
This was most probably due to the hydrophobizatibthe microgels as a result of the presence of
oleate groups. The more hydrophilic citrate-codtegD, NPs were therefore synthesized in the range
of 8-15 nm by Dr. M. Chanana (see Appendix, Figu# and loaded into the cationic PEG-NH
microgels. In this case no aggregation was obsensiuy a 2 mg.mE aqueous solution of NPs
(Table 5.1).

The incorporation of NPs was first demonstratedoptical microscopy since the resulting
microgels exhibited a higher contrast to water carag to the unloaded microgels (Table 5.1).
Confirmation of loading was provided by thigootential which switched from + 13.3 + 5.8 mV for
pure PEG-NH' to - 31.7 + 6.3 mV for PEG-Nfi+ NPs microgels at pH 6.5 (Table 5.1). This charge
reversal could be attributed to the presence ot®xcitrate groups. Eventually, the loaded PEG
microgels were magnetic and could be completeliaied from solution by applying a magnet for

30 seconds (Figure 5.1).

Generally, the final amount of loaded NPs couldcbetrolled by the concentration of NPs
during the loading step. Using a 2 mg.fréolution of NPs, the final concentration of loadé®s was
estimated to be 65 wt% from the UV-absorption of #olution before and after loading (for
calibration curve, see Appendix, Figure 8.5). Comicgions as low as 0.2 mg.flof NPs could be
applied, still resulting in magnetic microgels. 8elthis critical concentration, the microgels obal
after loading were no longer magnetic.
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Section 5.1. Introduction of Magnetism

Table 5.1.Characterization of porous PEG-NHmicrogels loaded with citrate-coated iron oxides\NP
and comparison to unloaded PEG-NHnicrogels (control) based on contrast by opticatnscopy
and{-potential at pH 6.5.

PEG-NH;" (control) PEG-NH;" + NPs

Optical microscopy

(similar to unfunctionalized PEG)

Z-Potential (mV) +13.3+58 -31.7+6.3

The loading of NPs proved to be stable in PBS buiiél 7.4) over at least 12 weeks. The
microgels retained their magnetic properties andea&ing of NPs was observed with UV-visible
spectroscopy. Such stability in a medium of higimidgostrength was due to the electrostatic
interactions but most probably also to the fornmatib coordination bonds between the amines of PEG

microgels and iron of NPs.

Figure 5.1. Pictures of the magnetism of PEG-NHmnicrogels loaded with superparamagnetic iron
oxide NPs (a. without magnet and b. with a magrigtg microgels were completely attracted by the
magnet within 30 seconds.

Additional characterizations with electron micragggrovided very interesting information.
The presence of NPs on the surface of the micragadsevidenced by cryo-SEM, showing a rougher
surface compared to unloaded PEG microgels (Figi-@-b). In addition, cross-sections of microgels
observed by TEM revealed that the NPs were homayeste loaded into the pores of the particles
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(Figure 5.2.c-e). Remarkably, this data also allbvier direct observation of the core of the porous
PEG microgels. Normally, the contrast of TEM imagiis too low to clearly visualize pure PEG
microgels but was considerably enhanced with thgsisbrbed iron oxide NPs. These NPs were
bound to PEG hydrogel but could not diffuse inte bydrogel network due to their siz& The NPs
could therefore be used to visualize the interfaetsveen PEG hydrogel and the pores and reveal the
internal morphology of PEG microgels. Thus, thisttme now directly confirmed that the porous
PEG microgels were exact inverse replicas of tf@CQ microparticle templates (compare
Figure5.2.c-e to f-h).

ﬁﬁ

Figure 5.2. Cryo-SEM images of a. unloaded porous PEG micsogeld b. PEG-NK microgels

loaded with iron oxide NPs; Schematic representatimd associated TEM images at different
magnifications of a cross-section of PEG-Niricrogels loaded with iron oxide NPs (c.-e.) afidthe
CaCQ; particles used as templates for the synthesishef gorous PEG microgels (f.-h.). PEG
microgels were exact inverse replicas of their Ca@troparticle templates.
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Section 5.2. Binding of Bacteria

5.2. Binding of Bacteria

Targeting and binding of bacteria were achievedcaigbohydrate-protein interactions, using
the Man ligands introduced on the porous PEG malm¢Scheme 5.2.B)® Bacteria are indeed
known for carrying carbohydrate-binding proteindjieth are responsible for microbial adhesion to
cells and infection§2®" Using carbohydrate ligands could in principle &rbacteria, discriminate
between strains presenting different receptorssafettively bind bacteria presenting large amodint o
carbohydrate receptofs. 1%**71So far, most systems used for the targeting ofebiacrely on either
specific interactions based on antibodi@s'®®*%® or on unspecific interactions based on cationic
materiald’** *®!Carbohydrate ligands are more specific comparedtionic materials. They are also
advantageous compared to antibodies, as they ssepl®ne to denaturation and generally present
broader interaction specificity. The use of carlibhye ligands should therefore allow for the

detection of unanticipated or new bacteria strains.

For biotechnological and biomedical applicatiorasgéting of the bacterigscherichia coli
(E. coli) is highly desirable. These bacteria are freqyamdked in biotechnological processes such as
the production of recombinant drug proteins. A fpathogenic strains of these bacteria are also
involved in severe infectionsE. coli bacteria usually present carbohydrate-binding gimet on
organelles, called pili, located on their surf&&e® *8In this study, the strain ORN178 Bf coliwas
used as model bacteH&> * The bacteria of this strain are known for presengproteins which
specifically bind to Man, as well as a phenotypiabgity of piliation which makes all bacteria
ORN178 able to bind to Man moieti€¥: "' Man ligands were therefore employed for specific

targeting of the bacterial pili &. coli.

All biological experiments have been performedatiaboration with Dr. N. Azzouz. In order
to test the ability of PEG-Man microgels to binatesiaE. coli ORN178, the particles were incubated
in a suspension of bacteria in PBS buffer for omertand then washed with buffer. The bacteria were
stained with the fluorescent dye DAPI (4',6-diamiali2-phenylindole dihydrochloride) to detect if
bacteria bound to the microgels via CLSM. CLSM iemghowed strong fluorescence of PEG-Man
microgels, indicating that a large number of baatattached to the particles (Figure 5.3.a). Wihtl
microscopy and SEM, single bacteria bound to PEGragels were also visible (Figure 5.3.b-c).
As discussed in chapter 4, the binding of carbadigdr to proteins is usually very weak but can be
considerably strengthened by the multiple presiemstof carbohydrate ligands, leading to the
multivalency effect®***® Similar to the binding of the protein ConA obsehir chapter 4, binding
of the bacteria probably resulted from a high cotra¢ion of Man ligands and/or the multivalent

presentation of these ligands as polymeric cH&Ihs>®
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A. Porous PEG-Man

Figure 5.3. a. CLSM and b. optical microscopy images of por®EG-Man microgels after
incubation with bacteria E. coli ORN178 in PBS buffstaining with DAPI and washes with PBS; c.
SEM image of porous PEG-Man microgels after incigvatvith bacteria E. coli ORN178 and washes.
Upon drying PEG microgels collapsed but bacteriaenill visible on the surface of the hydrogel.

In order to prove that binding also occurs in mmeplex, protein-containing media, where a
protein corona preventing bacteria binding may fanmthe particle&>® 5
were performed in PBS and DMEM (Dulbecco's Modifieable Medium) solutions containing 1 wt%

of BSA (bovine serum albumin protein). CLSM revehthat the bacteria were still able to attach to

incubation experiments

PEG microgels in the presence of BSA. This was rposibably due to the nature of PEG hydrogel

limiting unspecific adsorption of proteins.

As a negative control, no binding of bacteria wasevsved with unfunctionalized PEG and
PEG-COOH microgels (Figure 5.4), proving that thedimg was not due to unspecific interactions
with the hydrogel scaffold. For the final removdllmcteria, PEG microgels will be functionalized
with both cationic amines and carbohydrate ligail®rder to prove that no unspecific targeting wil
occur with the cationic functionalization, bindings also tested with PEG-NHmicrogels. Again, no

binding of bacteria could be observed (Figure 5.4).

b. PEG-cooH C. PEG-NH,*

Figure 5.4.CLSM images of porous PEG microgels after incumatvith bacteria E. coli ORN178 in
PBS buffer, staining with DAPI and washes with PBSporous unfunctionalized PEG; b. porous
PEG-COOH,; c. porous PEG-NfAmicrogels.
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Section 5.2. Binding of Bacteria

To further prove that the binding of bacteria wae do specific ligand-receptor interactions,
PEG-Gal particles were incubated with bactefiacoli ORN178 under the same conditions. Gal
cannot bind to the Man-binding receptorskofcoli ORN178 and indeed, no binding of bacteria to
PEG-Gal microgels was observed (Figure 5.5.a).nlotleer control experiment, instead Bf coli
ORN178, a mutarit. coli strain ORN208, which does not bind to Man, wasii$& **"' As expected,
no binding to PEG-Man microgels was observed (Fdub.b). A similar selectivity was maintained
by incubating PEG-Man particles with a 50/50 migtaf bacteria ORN178 and ORN208, showing
that only the bacteria ORN178 were able to attadhe particles (Figure 5.5.c-d). These experiments
all confirmed that the binding of bacteria was tlu¢he specific interactions between the Man ligand
on PEG microgels and the carbohydrate-binding tecepon bacterieE. coli ORN178. Thus, the
Man-functionalized PEG microgels could be usedamdy for the binding of bacteria but also for the

discrimination between different strains.

b. PEG-Man/
ORN208

a. PEG-Gal/
ORN178

d. PEG-Man/
ORN178/208

C. PEG-Man/
ORN178/208

Figure 5.5. CLSM images of a. porous PEG-Gal microgels aft@ubation with bacteria E. coli
ORN178 in PBS buffer, staining with DAPI and wasiéh PBS; b. porous PEG-Man microgels
after incubation with bacteria E. coli ORN208 (muitastrain which does not bind Man); CLSM
images of porous PEG-Man microgels after incubationa 50/50 mixture of bacteria ORN178
labeled with the dye SYBR and ORN 208 labeled adtldine orange at emission wavelengths of
. 500 — 520 nm and d. 500 — 600 nm. Bacteria ORNldbeled with SYBR are not fluorescent in the
emission range 500 — 520 nm but in the range 5@8060-nm while bacteria ORN 208 labeled with
acridine orange are always fluorescent on both esdinding was only observed between PEG-Man

and E. coli bacteria ORN178, proving its specificit
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Since bacteri&. coli ORN178 are 2.1 + 0.4 um long and 0.8 + 0.1 um wikdey should be
able to penetrate the external pores of 1 to 3 futimneoporous PEG microgels. In order to demonstrate
the better binding capacities of the porous strmectthe binding efficiency of the porous PEG
microgels was compared with that of non-porousaqnas. For this, the non-porous PEG microgels
of 10 um were functionalized with Man ligands. CL&d optical microscopy were used to visualize
the bacteria bound to the non-porous particless@hmages showed that the non-porous microgels
bound bacteria only on their surface (Figure 5§.&or the porous microgels however, bacteria did
not only bind to the outer surface but also paytidiffused into the larger pores of the particles
(Figure5.3.a-b). Thus, a higher binding efficiency wasanied for the porous microgels, due to the
greater surface area offering binding sites. Fomere quantitative comparison, the area of
fluorescence was calculated from CLSM images ferghrous and non-porous particles, taking the
85% fluorescence intensity of the bright outer ipbrtsurface as a threshold. These calculations
showed that the porous microgels could bind tweéhtee times more bacteria than the non-porous

microgels (Figure 5.6.c).

d. Non-porous - -. 7 \ C.
PEG-Man = Bacteria binding
(= area of fluorescence)
Porous Non-porous
92 +/- 4% 31 +/- 15%

Figure 5.6. a. CLSM and b. optical microscopy image of nomepsr PEG-Man microgels after
incubation with bacteria E. coli ORN178 in PBS buffstaining with DAPI and washes with PBS;
c. Table presenting the efficiency of binding cklted from the area of fluorescence due to the Houn
labeled bacteria for comparison between porous aod-porous PEG-Man microgels. Two to three
times more bacteria bound to the porous particles.

5.3. Removal of Bacteria

After successful incorporation and separate charaetion of the two features, magnetic
properties and ability to bind bacteria via carldraye ligands, both features were combined to pbtai
magnetic, porous, sugar-functionalized (MaPoS) RiiGogels (Schems.2.A+B) ™ To this effect,
the porous PEG-Man/Nfimicrogels were used and loaded with the supergagaetic, citrate-coated
iron oxide NPs. The combination of both features wawever challenging since the presence of

carbohydrate ligands may hinder the loading of MBselectrostatic interactions and the presence of
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Section 5.3. Removal of Bacteria

NPs may prevent bacteria binding. Therefore, theessibility of both functional groups for the

loading of iron oxide NPs and binding of bacteriasviirst tested again on MaPoS particles.

In spite of the presence of the Man ligands, th&MRE&n/NH;" microgels still exhibited a
positive {-potential of + 16.1 +5.8 mV at pH 6.5 which wasmparable to that of the PEG-NH
particles (Table 4.5). This surface charge wasefbes suitable for the electrostatic loading ohiro
oxide NPs. Moreover, it was anticipated that toghhtoncentrations of NPs should be avoided
because they could lead to a full coverage of tiveagels, hide Man groups and prevent final binding
of bacteria. The initial amount of NPs availablelfmding was therefore reduced to a concentration
0.2 mg.mi* which still conferred magnetism (Figure 5.7.a)eFhsulting concentration of loaded NPs
was 41 wt%, as measured by UV-visible spectroscilaRoS microgels stayed magnetic, not leaking
NPs in PBS buffer (pH 7.4) for at least 12 weeks.

Figure 5.7.a. Picture of the magnetism of MaPoS microgelst BnCLSM image of MaPoS particles
after incubation with bacteria E. coli ORN178 artdiging with DAPI. Both magnetism and capacity
for bacteria binding are preserved on MaPoS mictsge

As for the accessibility of the Man ligands, inctiba experiments with bacterig. coli
ORN178 showed binding of a large number of bact¢Figure 5.7.b) comparable to the pure
PEG-Man patrticles. Thus, binding occurred in spftthe presence of NPs most probably because part
of the Man ligands were freely exposed on PEG mgelodue to the low concentration of NPs and/or
the pili of the bacteria were flexible enough todfithe Man ligands hidden under the NPs. Even
though it could be shown that no bacteria targetiogld be done with the cationic amines of PEG
microgels, it is most probable that their presergi@forced the binding initially established by
carbohydrate-protein interactions. All in all, ibudd be concluded that the incorporation of both

features, magnetism and specific bacteria bindirag, possible.

MaPoS microgels were thereafter used for the remoivéacteria from aqueous solutions.
They were incubated for one hour in a PBS buffert@ining bacteri€. coli ORN178. Afterwards,

the sample vials were set on a magnet, resultingagnetically-driven sedimentation of microgels
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with bound bacteria. Already with bare eye, a dase in turbidity compared to the untreated bacteri
solution could be observed, indicating the isolatd bacteria with MaPoS microgels (Figure 5.8.a,
samples 2 and 3). In order to quantify the bindamgl removal efficiency of MaPoS patrticles, the
supernatant was removed and the final concentrafidracteria in the supernatant was measured by
flow cytometry. The yield of removal was then cddtad from the concentration of bacteria in the
supernatant after incubation and that of a conswlution of bacteria incubated at the same
concentrations but without PEG microgels.
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Figure 5.8.a. Pictures of a solution of pure MaPoS microdeglal 1), pure bacteria E. coli ORN178
(vial 2) and bacteria incubated with MaPoS micragélial 3) after incubation (left) and use of a
magnet (right); b. Yield of removak) and number of bound bacteria per partictg §s a function of
the initial ratio of bacteria to MaPoS particles ofucentration of particles: 1xfOparticles.mr’,
concentrations of bacteria measured by flow cytoynéhes are no fits but a guide for the eye).

The results for a series of isolation experimentifferent initial ratios of bacteria per particle
while keeping the particle concentration constaft particles.m[*) are shown in Figure 5.8.b. First,
the evolution of the number of bacteria bound petige was investigated. At lower initial ratios o
bacteria to particle (less than 30/1), a strongetation between the number of bacteria bound per
particle and the concentration of bacteria in sotutvas observed. This could be attributed to tbe s
diffusion of bacteria in diluted samples, limititge contact between bacteria and particles and
therefore reducing the probability of a binding mvéOnly at higher initial concentrations of bacer
all accessible binding sites of MaPoS microgelsladind bacteria and a maximum coverage of
~ 30 bacteria per particle was reached. Furthere@&se in the initial concentration of bacteria in
solution (ratios higher than 30/1) did not incre&s® number of bound bacteria since the maximum

binding capacity has already been reached.
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Secondly, the yield of bacteria removal was deteehi An average efficiency in means of
bacteria removed from solution of around 70% waseoled for initial bacteria to particle ratios
below 30/1. This yield was even increased to 90%pénforming a second incubation with MaPoS
microgels. Above the ratio of 30/1, the maximum&age of bacteria per particle was reached and
the yield of bacteria removal started decreasingh\Wese numbers in hand, it is now possible to
calculate the optimal concentration of MaPoS mietsdor the removal of bacteria from a solution of
known bacteria concentration. If solutions of unknobacteria concentrations are employed, a
stepwise addition and removal of MaPoS microgets le& used to allow for maximum isolation of

bacteria from the sample.

Up to now, the most commonly used magnetic beaddifiechnological applications are
DYNABEADS. Generally, isolation and removal expeeims using DYNABEADS are performed at
low concentrations of bacteria (< ®1Bacteria.mLl}) and low initial ratios of bacteria per particle
(< 1/1)B3 103 17 1213 ynder these conditions, the yields obtained forPB® microgels are
comparable to those described for DYNABEADS inréitere™” ****2IThis can be explained by the
fact that bacteria binding is essentially limitedthe diffusion of bacteria in diluted samples ttis
case, particle porosity does not play an importaté. However, for the isolation and removal of
bacteria from more concentrated solutioBNABEADS have to be applied in large quantities
(e.g.ratio of bacteria per particle < 1/1) and the Hirsy yields of removal decreaSé.>* 2 For
example, Hatclet al. reported less than 35% yield using Man-functiaeai DYNABEADS for the
removal of bacteriaE. coli ORN178 at a concentration of “Uacteria.m*.*?* Here, MaPoS
microgels still achieve high yields of removal vehilsing small amounts of particles (70% yield for
ratio of bacteria per particle up to 30/1). Soleymparing the conditions and yields described in
literature, MaPoS microgels therefore showed hidhiading and removal efficiency compared to
non-porous particles. This better performance le&s lzonfirmed experimentally since it was already
shown that MaPoS microgels were able to bind twithtee times more bacteria, compared to non-

porous PEG analogues (Figlr®).

In conclusion, the multifunctional, magnetic, papMan-functionalized PEG microgels were
successfully used for the detection and removatrains of bacteri&. coli. Using MaPoS microgels,
bacteria were easily removed from solutions by $§mapplying a magnet. It has been shown that no
unspecific binding occurred and that the carbohgdigands allowed for the specific detection oéon
strain of bacterid&. coli, even in a mixture of strains. Furthermore, MalRu&ogels allowed for the
removal of 70% of bacteria, thereby showing higb#iciency compared to standard particles. This

could mainly be attributed to their porous struetuallowing for a maximum binding efficiency of
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around 30 bacteria per particle, which correspdondsvo to three times more bacteria compared to
non-porous beads. It is believed that due to themdges of biocompatibility, reduced unspecific
interactions and higher binding efficiency, MaPolSGmicrogels represent a novel generation of

magnetic beads for the removal of bacteria, esihediam fermented food or microbial cultures.

Selective Efficient a / ‘ /.
o~

bacteria magnetic

binding removal

Magnetic, porous
PEG-Man particles

Targeting of other types of bacteria tHancoli should be allowed by incorporating different
carbohydrate ligands using the straightforward fiena@lization of PEG microgels. For
biotechnological applications where bacteria mayfuréher used, carbohydrate-protein interactions
should allow for a straightforward release of theumd bacteria from the microgels by inhibition
e.g.with a methyla-D-mannopyranoside solution, as was shown for tbeACreceptor in chapter 4.
The high number of small ligands in solution widlnagpete with the binding of MaPoS microgels to

the bacterial receptors and thus should lead &tacment of the bacteria from the particles.
In addition to the bacteria removal presented ia thapter, it would be interesting to load

drugs such as antibiotics into the microgels atmebse them upon contact with bacteria. A first step

towards this application will be presented in tleatrand last chapter of this thesis.
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6. Functional Porous PEG Microgels for the
pH-sensitive Loading and Release of Charged
Molecules

In the previous chapters, porous PEG microgelsifef interconnected pores of several tens
of nanometers and larger pores on their surface baen synthesized and functionalized with amine
groups and carbohydrate ligands. These microgelddcbe successfully used for the magnetic
removal of bacteria and may find applications iotéthnological processes as well as in the detectio
and elimination of pathogenic bacteria. Furthereali@ping antibacterial materials, another obvious
way to eliminate bacteria would be to deliver aiotios. Therefore, the functional porous PEG

microgels will be evaluated for a potential loadargl release of drugs in the next chapter.

Microgels have received considerable attentiondfolg delivery applications in the past two
decade$?® ™ 1® ®The most common strategy applied for the loading eelease of drugs relies on
the stimuli-sensitive swelling and collapse of ragels. For example, drugs can be loaded into the
intrinsic pores of the hydrogel upon swelling aeteased when the microgels collapse. The major
disadvantage of this method is that only small muales can be loaded through the pores of the gel
network. Microgels based on the thermosensitivgrpel PNIPAAmM have been the most extensively
investigated for drug delivery since they are cégalb releasing drugs close to body temperdidte.

However, the neurotoxicity of this polymer prevemts biomedical applicatiors: ™

The functional porous PEG microgels synthesizedthis work therefore present great
potential as new carriers for drug delivery. PEG@ isiocompatible polymer which has already been
FDA approved and employed in a great variety ofrtadical applications. In addition, the pores of
several tens of nanometers in the microgels shaliv for the loading of large drugs or drug
conjugates, thereby increasing the loading capaeity protecting drugs from degradation. However,
PEG microgels are not intrinsically stimuli-senadtiunder physiological conditions of pH and
temperature. This is the reason why no loadingratghse can be performed on pure PEG microgels.
It is therefore of primary importance to incorperat surface functionalization which will assume the
task of loading and release. The new procedurthéofunctionalization of PEG hydrogels now allows
for the potential use of PEG microgels as carrfers drug delivery. In this chapter, a novel,
stimuli-sensitive functionalization will be introded to the porous PEG microgels for potential drug

loading and release applications.
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Different kinds of functionalization have been dped to trigger the loading and release of
drugs. One common strategy consists of covalettlaing drugs to their carriers and then using the
reducing or acidic conditions present at the t@gjesiites to cleave them from their supp8HThis
method is however complicated since synthetic ghoees need to be adapted for the covalent binding
of each new drug. Such synthesis may also reqo@euse of solvents and reagents which are not
biocompatible. A more straightforward and biocontgatmethod consists of loading and releasing
molecules via electrostatic interactions in waler.this end, acidic and basic functional groupsehav
been used. Under the pH conditions where thesggrare charged, substances of opposite charge can
be loaded. By changing the pH value to switch tpeatonation state, these groups turn neutral and
can release the charged substances. For examgilexgkates can be loaded with cations at pH above
their pK, and release them at pH bel6W.Accordingly, amine groups can be loaded with asian

pH below their pK and release them at pH abdte’®

This strategy however possesses some major disadyesn Cations and anions cannot be
loaded using the same functionalization. Furtheendue to the pKof carboxylic acids and amines,
release of cations is usually obtained at pH beloand of anions at pH above 9. Thus, release of
substances in the more relevant physiological ptdeaf 5 to 7 is not possible. A major improvement
would therefore be achieved by using a mixed fumetization presenting both acidic and basic

groups of pK around 7.

Such a functionalization can be obtained from amuomrcarbamate groups prepared by
reaction of CQ with amines. This functionalization presents batidic and basic groups, with the
carbamates exhibiting a pkround 7*** Wanget al. applied ammonium-carbamate species for the
loading of anionic and cationic dyes but studiegirthelease as a function of ionic strength ¥y
In the following chapter, an ammonium-carbamatefionalization will be presented and used for the
loading of anionic and cationic molecules and thelease as a function of pH. It will be shown that
PEG microgels after modification with this functedization can be used for potential delivery

applications.

The concept of loading and release of PEG-ammormiarbamate microgels is presented in
Scheme6.1. Porous PEG microgels will be first functioaeli with poly(amines) and the unbound
amines will be converted into ammonium-carbamatpenuintroduction of C@ The resulting
microgels will then be loaded with cations at pHvid interactions with their carbamate moieties and
release them at pH below 7.4 (path 1). The micsogdl also be loaded with anions at pH 5 and will
release them at higher pH values (path 2). Theitiond for the formation of ammonium-carbamates
in aqueous solutions will be preliminarily investigd in section 6.1. Then the porous PEG microgels

will be functionalized with ammonium-carbamates saction 6.2. In the last section 6.3 of this
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chapter, the pH-sensitive loading and release ti baions and cations using this functionalization
will be investigated. In particular, the releasenir the zwitterionic PEG-ammonium-carbamate
microgels will be compared to that of PEG microgeisely functionalized with either carboxylates or

ammonium groups.

Loading Release .
*
*
X * NH A2 NH
ﬂ#*:*:*%NﬁCOO 3<pﬁ>7.4 * & i dNcoon
W e * WMy N NH
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Scheme 6.1.Principle of the loading and release of anionicdanationic molecules for PEG-
ammonium-carbamate microgels.

In order to achieve high loading of both anionid aationic molecules, high concentrations of
ammonium and carbamate groups are required. Shic@umber is directly correlated to the number
of initial amines before reaction with GQpolymeric amines were used for functionalizatasrthe
particles. The porous PEG microgels have alreadsn bieinctionalized, in chapter 4, with four
poly(amines) of different sizes, structures and, pKable 6.1). Here, the formation of ammonium-
carbamates and the effect of size, structure andpKarbamate formation will be investigated for al

four poly(amines).

Table 6.1.Name and intrinsic properties (number of primamiaes, structure and pKof the four
poly(amines) investigated for functionalizationhémmonium-carbamates.

Name and structural formula Number Structure pKa
of NH
) ) ) 8 Almost -86
A. Oligo(amidoamine) OAMAM linear .
B. Poly(amidoamine) dendrimer, generation 4.0, PAMA M 64 Globular ~6.9
C. Poly(allylamine), PAH, M, =56 000 ~ 600 Linear ~8.6
D. Poly(L-lysine), PLL, M, = 150 000-300 000 21200 Linear ~105

71




Chapter 6. Functional Porous PEG Microgels fomtHesensitive Loading and Release of Charged
Molecules

6.1. Carbamate For mation on Poly(amines) in Solution

Before functionalization of PEG microgels, the #pilof each poly(amine) to form
ammonium-carbamates in agueous solution was igatet. For the envisioned loading of anions and
cations, both ammonium and carbamate groups shbeldormed at high concentration. This
preliminary study therefore aimed at providing direvidence and quantification of the ammonium
and carbamate species in order to select the mitabke poly(amine) for further functionalizatiofi o

PEG microgels.

As depicted in Scheme 6.2, carbamates are formetebgirect addition of gaseous £€6n
nucleophilic amines which first leads to carbamicids, which are then deprotonated into
carbamate8®* ¥ However, a competitive reaction occurs in wate®, @ets solvated into carbonic
acid (HCG;), leading to a decrease in pH and protonatiorhefamines, which prevents carbamate
formation. Ammonium ions are therefore easily fodrfeom the deprotonation of carbonic and
carbamic acids while the formation of carbamatesnre delicate, reducing the proportion of
carbamate groups relative to that of ammonium. &foee, this study aimed at obtaining the highest

possible yield of carbamation compared to thatrofgmation.

-H* CO, -H*
R-NH;* = R-NH; == R-NH-COOH — R-NH-COO"
Ammonium  +HY  Amine Carbamic acid + H* Carbamate
© @O Oy ;
CO,

AN R-NH;* + HCO5"
Ammonium carbonate

&

Scheme 6.2 Presentation of the two competitive reactions ofirees with CQ@ in water. Direct

fixation of CQ on nucleophilic amines leads to the formationarbamic acids and carbamates after
deprotonation. Simultaneously solvation of J&xds to carbonic acid and protonation of the arsine
into ammonium-carbonate species.

In order to favor the formation of carbamates, fantyines) were dissolved in a carbonate
buffer prior to introduction of C® A carbonate buffer was used because it is kn@acohsiderably
increase the concentration of €@mpared to other buffef$? Moreover it was adjusted to pH 12
before addition of C¢) so that the poly(amines) were fully deprotonated the solution could longer
buffer the introduction of carbonic acid. €¢@as then bubbled into the solution for one mirare

the pH rapidly decreased to 7.4. Afterwards thea@d slowly increased again in order to deprotonate
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the amines and make them available for further aradtion reactions. It has been shown that
nucleophilic amines are also able to react witkatiionate ion§%” Since too fast addition of base led

to carbamate hydrolysis, the pH was slowly raisgdtiding drops of a carbonate buffer and KOH
solution.

The presence of carbamates was demonstrated byeFtwansform infrared spectroscopy
(FTIR) in water as well as proton and carbon nuckeagnetic resonance spectroscofyt and
¥C NMR) in D,O and is first exemplified with the poly(amine) OAMI. Since many signals
overlapped at lower pH, the pH was increased tbetdre each measurement to evidence the presence
of new signals due to carbamate formation. FTIRcspscopy after CO bubbling revealed an
increased intensity of the absorption band at 1&6%, which is commonly attributed to the COO
asymmetric stretch of carbamates (Figure 8%31)**® A new peak appeared at 1080 temd may be
attributed to the stretching of the C-N bdtia.**”

100 tertar—o. . .. BeforeCO,
B R T ey d )
:\a Al ~~ After CO,
c i
Q9 95T
()] |
% {
[%2]
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S 9T
|_
< K,CO,4
1 ] ] ] | ] |
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2000 1600 1200 800
Wavenumber (cm 1)

Figure 6.1. FTIR spectra in HO at pH 14.0 of the poly(amine) OAMAM before (tepd after
(bottom) treatment with CO

'H NMR spectroscopy showed a decreased intensityegpeak at 2.55 ppm which is assigned
to the methylene protons GHIH, at the eg-amines of the lysine residues (Figure 6.2.a).
Simultaneously, a new peak appeared at 2.96 pprhvdain be attributed to the methylene protons in
the vicinity of the carbamates GINHCOQO. These protons were shifted downfield since theyew
de-shielded due to the high electronegativity @& tlarbamate groups. New peaks also appeared on
*C NMR spectra in the range of 40.8 - 41.1 ppmliertcarbon and 29.1 - 29.5 ppm for thearbon
of the lysine residues which were carbamated (Eigu?.b). In addition, direct evidence of
carbamation was provided by the formation of a peak at 164.8 ppm which could be assigned to
the carbon of the carbamates (Figure 62%)°® Finally, this reaction was proven to be specific t
CO, since no carbamates were formed without gas onvaingon was bubbled instead of C@ere,

there is no need for final addition of buffer tcliease pH).
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'H NMR spectroscopy also enabled to calculate yiefdsarbamation from the integration of
the peaks for CHNHCOO and CH-NH,. Yields of 75% for the-amines of the lysine residues were
obtained for the poly(amine) OAMAM. Such high yielsvere obtained when the initial carbonate
buffer was present at a molar ratio of carbonataniine at least higher than 2. By decreasing this
ratio, yields decreased as well, reaching 22% wherpbuffer was used. Therefore the presence of
carbonate buffer had a crucial impact on the yiefdsarbamation. To determine the effect of thalfin
step, where the pH was increased again aftey li®bling, its contribution to the final yield was
estimated. To do so, the carbonate buffer con@i@AMAM was neutralized to pH 7 with HCI
instead of bubbling COand then the pH was increased as before. Undee tbenditions, yields
of 47% were obtained, demonstrating that the lastgsing step of the procedure also had a strong
influence on carbamation. Therefore, it could bactaded that carbamation yields as high as 75%
could be obtained by the combination of three fisctase of a carbonate buffer, €ubbling and

final increase of pH.

Extending this study to the other three poly(amjinsisnilar observations could be made with
'H NMR proving that carbamates were formed understirae conditions (Figure 6.3). For PAMAM
dendrimer and PAH, up to 70% of carbamates werenddr similar to the yields obtained for
OAMAM (Table 6.2). However, only 50% yields weretaimed for PLL. PLL has the highest pK
among all tested poly(amines) 10.5)**® Therefore a higher pH was required to get theeuphilic
amines able to form carbamates. However, the coratEms of CQ and bicarbonate ions are very
low at high pH values and such pH could not be m@med upon introduction of GOThis explains
why the reaction was more difficult and lower camiagion yields were obtained. All in all, it couleé b
demonstrated that carbamate formation did not départhe size or structure of the poly(amines) but

solely on their pK

Table 6.2.Table of carbamation yields for all investigatealygamines).

Poly(amine) OAMAM PAMAM PAH PLL
Yields of carbamation
0, 0, 0, 0,
(1H NMR) 75% 70% 70% 50%
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Figure 6.2.a.'"H NMR spectra (for chemical shifts between 1.2 ppth4.0 ppm); B°C NMR spectra
(for chemical shifts between 27 ppm and 46 ppm)cati€ NMR spectra (for chemical shifts between
160 ppm and 185 ppm) in,O at pH 14.0 of the poly(amine) OAMAM before (tapdl after (bottom)
treatment with C@ Analysis of peak integrations witH NMR allowed for the calculation of yields of
carbamate formation.
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The highest yields of carbamate formation wereettoee obtained from OAMAM, PAMAM
and PAH. In addition, it was shown in chapter 4t thanctionalization with PAMAM dendrimer
resulted in the highest surface functionalizatibPBG microgels. Internal functionalization was mos
probably non-existent but is not relevant for tlwisioned loading of drugs since large molecules
may not be able to diffuse into PEG hydrogels ary ilme mostly loaded on the surface. From this
point of view, functionalization with PAMAM seems be the most advantageous. Another major
advantage of PAMAM dendrimer lies in the low p&f its terminal amines~(6.9) allowing for a
charge switch under physiological conditiét{d. PAMAM dendrimer was therefore chosen for the

functionalization of the porous PEG microgels vathmonium-carbamates.

6.2.Ammonium-Car bamate Functionalization of Porous PEG Microgels

The ammonium-carbamate functionalization was adudevby first functionalizing
PEG-COOH particles with PAMAM dendrimer and themwerting the remaining amines into
ammonium-carbamates with gaseous,Ckbie synthesis of PEG-PAMAM microgels has alrelegn
described in chapter 4.2. These microgels wereed#fiter modified to present ammonium-carbamate
moieties using similar conditions to the ones auplin the preliminary study in section 6.1. The
microgels were first dispersed in a carbonate butgH 12, C@Qwas bubbled for 1 minute and the
pH of the solution was finally raised to 14 by sladdition of base. The microgels were then washed

three times with deionized water.

The presence of carbamate groups could not be tigirevidenced, neither by FTIR
spectroscopy since the associated absorption basdo® weak, nor by NMR spectroscopy since no
detectable signal for the functionalization on PEirogels could be measured. Indirect proof was
however provided by thépotential of the particles measured in water aftesrt treatment at pH 5.0
(Table6.3). The initial PEG-PAMAM microgels presented.-potential of + 23.0 £ 7.3 mV which
was slightly lower than after treatment at pH 1iue do a reduced degree of protonation. The
{-potential then decreased to - 9.5 + 23.0 mV afigosure to CEObut kept constant upon exposure to
argon (control). Due to their low surface chardgmse microgels slightly aggregated, which explains
the higher error values (+23.0 mV) for these memwents. The observed decrease-potential
indicated that a Cg&specific reaction leading to the formation of am@species occurred and was

interpreted as evidence for successful carbamateatoon.
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Table 6.3.Characterization {-potential, titration of functional groups) and ldag of PEG-PAMAM

microgels before and after GO

PEG-PAMAM (control) LIS
carbamate
¢-potential (mV) +23.0+£7.3 -9.5+23.0
Concentration of NH , (umol/g) 150 + 20 100 + 20
Concentration of TBO (umol/g) 50+£10 100+ 10
Concentration of MO (umol/g) 1100 + 100 2100 + 300

The concentration of carbamates was indirectlyrdeteed by measuring, via TNBS titration,
the concentration of amines which reacted with,.(8efore addition of C¢) the concentration of
amines was 150 = 20 umol/g but decreased to 1@naol/g after introduction of CQTable 6.3).
Thus, 50 umol/g of amines were converted into cadias giving a yield of carbamate formation
of 33% on PEG-PAMAM microgels. This is only halftbie yield obtained for PAMAM dendrimer in
solution. This loss in yield might be correlatedth® stability of carbamates. This stability was
therefore investigated in solution witH NMR spectroscopy. It could be observed that cagi#n in
solution reached 70% after a few minutes but deedéo 40% after a few hours (Figure 6.4). In spite
of these lower yields, thepotential of PEG particles decreased by nearlyn®0due to the presence
of carbamates and seemed to remain stable overldagse, the concentration of carbamates was still

high enough to drastically and durably change thfase charge of PEG-PAMAM microgels.
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Figure 6.4."H NMR spectra in BD at pH 14.0 of PAMAM dendrimer a. immediately rafiteatment

with CO, and b. 2 hours after treatment.
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6.3. pH-sensitive Loading and Release of Anionic and Cationic
Molecules

The porous PEG microgels functionalized with ammoncarbamates were thereafter tested
for the loading and release of charged model drdgsa first step, the pH-sensitivity of the micrtsmge
was demonstrated. It was shown already that the-&&@onium-carbamate microgels contain
100 pmol/g of amine and 50 pmol/g of carbamatetfanalization. Since both of these groups can be
charged or neutral as a function of pH, they shaaldfer a pH-sensitive charge to PEG microgels.
The basic, primary amines of PAMAM dendrimer anitliaccarbamates are known to present a pK
around 6.9 and 7, respectivél{f: 1> "°The ammonium-carbamate functionalization shoudefore
be cationic at pH values below 7 due to the prasthammonium and neutral carbamic acids, but
anionic at pH above 7 due to the carbamates andraheamines (Schem@&3). Therefore
PEG-ammonium-carbamate microgels should be aldeviteh their charge from positive to negative
by increasing the pH and this change should oamuwmal pH 7. This was confirmed by ttg@otential
of these particles switching from + 25.2 + 4.0 miVpad 5.0 to - 19.8 £ 5.1 mV at pH 10.5. In the
following section, such a charge switch will be diger the pH-sensitive, electrostatic loading and

release of both anionic and cationic molecules.

X NH* X NHy A NH
.’v&, 7 L NBCOOH } O ENbCOO ! & NHCOO
'NTNH,* "N NH \ 'NNH
{} NHCOOH 4“_} NHCOOH & LY NHCoO
pH 5.0 pH 7.0 pH 10.0
I Cationic B Neutral 1 Anionic

Scheme 6.3pH-sensitivity of PEG-ammonium-carbamate microgels

The concept of loading and release of cationic mdés using the ammonium-carbamate
functionalization is presented in Sche®d. Loading of cations was performed at pH 108 vi
electrostatic interactions with the anionic PEG-aninm-carbamate microgels. The cationic dye
toluidine blue O (TBO) was used as a model foraradi drugs (Figure 6.5). Within two hours of
incubation, PEG-ammonium-carbamate microgels tubhe€, indicating that the dye was taken up by
the particles (Figure 6.7.a). In order to determiin¢he loading was homogeneous, the cationic
fluorescent dye Rhodamine 6G (Figure 6.5) was ldadeler the same conditions. CLSM confirmed
that the loading was uniform throughout the mictegé-igure 6.6.a). As a control, the cationic
PEG-PAMAM microgels which were not treated with Ofere also incubated with Rhodamine 6G
and showed much less fluorescence (FiguBeb). The little fluorescence observed was mosbgbly

due to the electrostatic interactions between tlgeashd residual carboxylates. It was indeed exgdecte
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that PAMAM dendrimer did not functionalize the cooé the PEG hydrogel network, leaving
unreacted carboxylates. The stronger fluoresceh®EG-ammonium-carbamate microgels however

indicated that additional anionic carbamate groupee present on the microgels.

a. Toluidine Blue O (TBO) b. Rhodamine 6G C. Methyl Orange (MO)

=0

-0 Ma*

'\.z-‘"'
QZ
o=t

Figure 6.5a., b. and c. Structural formulas of the catioaitd anionic dyes used for loading and
release from PEG-ammonium-carbamate microgels.

In order to quantify the amount of loaded dye, Usible spectroscopy was performed on
TBO solutions before and after loading, as welbaghe supernatant after release of TBO at pH 1.0.
Both methods confirmed that 100 £ 10 umol/g of TR@s loaded into PEG-ammonium-carbamate
microgels whereas only 50 + 10 umol/g of TBO wasadkd into the untreated PEG-PAMAM
microgels (Tables.3). The loading of TBO observed on untreated FEAMIAM particles probably
arose from the electrostatic interactions with thesidual carboxylates. However, an excess
of 50 umol/g of TBO was loaded into PEG-ammoniunmbaamate microgels and can be attributed to
the interactions with carbamate moieties. This @aluas also in good agreement with the
concentration of 50 + 20 umol/g of carbamate groaptined from TNBS titration. It is indeed
usually assumed that TBO dye reacts in a 1/1 stoiwgtry with anionic group$:® Furthermore, the
loading proved to be stable over at least two wéekgater adjusted to pH 10 with NaOH, since only

minimal release of dye was observed by UV-visilplectroscopy (Figure 6.8).

Figure 6.6. CLSM images of a. PEG-ammonium-carbamate microgeld b. PEG-PAMAM
microgels (control) after loading of Rhodamine 6G.
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Release of the loaded dye was performed by deagetst pH below 7.4 (Scheme 6.1). Under
these conditions PEG-ammonium-carbamate microgaetaed cationic, which resulted in the
electrostatic repulsion of the loaded cationic dyelease was studied at pH 7.4 in PBS buffer, 8H 5.
and pH 3.0 in a 0.1 M acetate buffer. Already atp# the buffer turned blue after a few minutes in
contact to the microgels, indicating that a releasmurred (Figuré.7.a). This release was quantified
as a function of time. To do so, microgels weraibated in 1 mL of buffer and the absorbance of the
supernatant was regularly measured by UV-visiblecgpscopy. To evidence the influence of both
carbamate and ammonium groups, release from PEGeamam-carbamate microgels was compared
to that from PEG-COOH microgels. These microgelsasid a purely anionic functionalization and

were used for the loading and release of TBO utidesame conditions.

The results for release at pH 7.4 and 5.0 are ptedeén Figure 6.7.b. The release plotted on
the y-axis corresponds to the ratio between theuatmaf released TBO and the amount of TBO which
was initially loaded. The presented values weresmes after 60 minutes of release since release
profiles seemed to reach a plateau within one fmuboth types of microgels. At pH 7.4 as well
as 5.0, TBO was released more efficiently from PdE@nonium-carbamate than from PEG-COOH
microgels. For example, 71% TBO was released fr&Gammonium-carbamate at pH 5.0 whereas
only 8% was released from PEG-COOH microgels, whticiresponds to an eight-fold increase in
release efficiency. The main reason for this diffee is that PEG-ammonium-carbamate microgels
are already cationic at pH below 7.4 due to thé Ipig, of carbamate groups and presence of amines.
On the other hand, PEG-COOH still remain anionidh&ise pH values (piK~ 4.4). In addition,
PEG-ammonium-carbamate microgels show an increaagdnic charge at pH 5.0 compared to
pH 7.4, which explained why release was even mifi@ent at pH 5.0 than 7.4. By further decreasing
pH to 3.0 both types of microgels released 100%hefdye and no difference could be noted, since
PEG-COOH turned neutral. However, under mild coodg (pH 5.0 - 7.4), ammonium-carbamate

functionalization enabled a more efficient releesmpared to simple carboxylate functionalization.
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Figure 6.7. a. Picture of TBO loading and release from PEG-amimm-carbamate microgels at
pH 7.4 in PBS buffer, after 3 minutes; b. Quandificn of TBO release from PEG-ammonium-
carbamate and control PEG-COOH microgels after Lithat pH 7.4 in PBS buffer and pH 5.0 in
0.1 M acetate buffer.

Following the same principle, also anionic molesuteuld be loaded into PEG-ammonium-
carbamate microgels and released as a functioidSgheme 6.1). For this study, the anionic dye
methyl orange (MO) was used as model for anionigsr(Figure 6.5). MO could be successfully
loaded into the cationic PEG-ammonium-carbamateagels at pH 5.0, as indicated by the particles
turning orange within two hours of incubation (Fig6.9.a). The amount of loaded dye was
quantified by UV-visible spectroscopy and compaethe one of control PEG-PAMAM microgels,
which were not treated with GOut loaded with the same dye. Such purely catiomirogels are
indeed traditionally used for the loading of anomniolecules. For untreated PEG-PAMAM microgels,
the amount of loaded MO was estimated to be 1100Qt1mol/g (Table6.3). This concentration was
extremely high but similar to that already obserbgdGhoshet al™¥ It could be shown that this
loading did not result from interactions with PEGutb mostly with PAMAM since
only 320 £ 100 pmol/g of MO could be loaded intdfumnttionalized PEG microgels. Such a high
loading most probably resulted from the interndiora of dye molecules into PAMAM dendrimer
cavities by host-guest association, supported bytmstatic interactions, hydrogen bonding and/or
hydrophobic interactions between PAMAM and the (% .This concentration was expected to
decrease when MO was loaded into PEG-ammonium-getgamicrogels, since less ammonium ions
were available for attractive electrostatic intéicats. However, the concentration of loaded MO was
found to be even higher on PEG-ammonium-carbanestehing 2100 + 300 pmol/g (Talfie3). One
possible explanation for this higher loading ist tterbamic acids induced stabilizing hydrogen bonds
with MO sulfonate groups resulting in an additiona&ding. Carbamic acids were indeed not
hydrolyzed at this pH, as could be seerfldiNMR spectra showing the same pattern before &ad a
treatment at pH 5. Furthermore, the loading praeetde stable over two weeks in water adjusted to

pH 5 since almost no release was observed by UWlgispectroscopy (Figure 6.8).
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Figure 6.8.a. Stability of TBO loading in PEG-ammonium-carladenmicrogels in water adjusted to
pH 10 with NaOH, within 1 hour and up to 2 weeksidab. Stability of MO loading in
PEG-ammonium-carbamate microgels in water adjustedH 5 with HCI within 1 hour and up to

2 weeks.

Release of MO could be observed by increasing p&lG@nd 7.4, respectively (Figure 6.9.a).
Under these conditions, PEG-ammonium-carbamateogets slowly turned neutral, which induced
release of the dye (Scheme 6.1). To evidence thesirte of carbamates, this release was compared
to release from untreated PEG-PAMAM microgels vathiely cationic functionalization. The release
reached a maximum at pH 7.4, where 100% of theeldalO could be released for both
PEG-ammonium-carbamate and PEG-PAMAM microgelsui€§.9.b). At the lower pH 6.0, MO
release was not maximal but slightly more efficiznimm PEG-ammonium-carbamate since a higher
proportion of loaded MO was released (Figbr@.b). This higher performance was most probabby d

to the electrostatic repulsion between the dyethednionic carbamates.
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Figure 6.9. a. Picture of MO loading and release from PEG-amim-carbamate microgels at
pH 7.4 in PBS buffer, after 3 minutes; b. Quandificn of MO release from PEG-ammonium-
carbamate and control PEG-PAMAM (no carbamates)rogjels within 1 hour at pH 7.4 in PBS
buffer and pH 6.0 in 0.1 M acetate buffer.
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In conclusion, the porous PEG microgels could bedengH-sensitive by a novel
functionalization based on ammonium-carbamate speand used for the loading and release of
anionic and cationic model drugs. The ammonium-aadie functionalization was obtained from the
reaction of CQ with PAMAM dendrimer, giving 30% carbamate and 7@ monium groups. The
resulting functionalization switched from negatatepH 10 due to their carbamate moieties to p@sitiv
at pH 5 due to their ammonium moieties. PEG-ammuortarbamate microgels could therefore be
loaded with both cations at pH 10 and anions abphh electrostatic interactions as well as release

them at pH values between 5.0 and 7.4.

Compared to PEG microgels functionalized with pcseboxylate or ammonium groups, the
PEG-ammonium-carbamate microgels enabled to lodad &nionic and cationic molecules. Since
these molecules have been loaded under differerditians, only one type of molecules could be
loaded at a time. Conditions for release were hewsimilar, so that a simultaneous release of both
anions and cations should be possible using a mexdfimicrogels, one type loaded with anions, the

other type with cations.

Compared to pure carboxylate or ammonium, the evighic PEG-ammonium-carbamate
microgels also led to a release up to eight timeserefficient at pH values between 5.0 and 7.4.eMor
accurately, a higher proportion of the total amoahioaded molecules was released. This higher
efficiency could be explained by two factors. Rirsthe pK, of carbamates is higher than that of
carboxylates, which allowed for a charge switctuacbpH 7 rather than 4 for carboxylates. Secondly,
the functional group which was not used for theling via electrostatic attraction can be employed t
enhance the release via electrostatic repulsiora &swback, compared to a pure cationic or anionic
functionalization, a lower total concentration oblecules can be loaded with the mixed ammonium-
carbamate functionalization. This was for exampkedase for TBO (but not MO), but is compensated
by a more efficient release. Therefore, PEG-ammuorearbamate microgels overall represent a novel
system especially suitable for the release of esipermolecules, since lower amounts are required fo

loading and a greater proportion is released.

It should be noted that loading was already effectvith molecules bearing only one charge.
However, stability of this loading could be onlytained in media of low ionic strength, since ions
compete with the loaded molecules and lead to thlgase. It is however expected that the stataifity
the loading would be considerably improved in meafichigh ionic strength by loading molecules
bearing multiple charges. For example, a wide raxigmtibiotics are oligo- or polycations. On-going
work therefore focuses on loading polycationic laiotics and testing the stability and release & th
loading in media of high ionic strength such as PBS8er and serum-containing media. Further work

will also focus on obtaining a sustained release,irfistance by coating the ammonium-carbamate
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functionalized microgels with a semi-permeable memb. It is believed that, by including such
further improvements, the porous PEG-ammonium-caab@ microgels show great potential for the
loading and release.g. of antibiotics and could be advantageously combiwih their magnetic,

sugar-functionalized siblings.
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7.Conclusions and Per spectives

In this thesis, the preparation of functional pardeEG microgels has been presented.
Microgels have a great potential for biotechnolagiand biomedical applications such as the
detection, retrieval and elimination of bactericheTenthusiasm for microgels arises from their
versatility, colloidal stability, stimuli-sensitity and large specific surface area. The currentoggls
however present some major limitations since massyesns are not biocompatible and/or show low
performance due to their restricted loading cagadihis thesis therefore presents a new platform of
microgels based on a biocompatible polymeric stiffehich reduces unspecific interactions, allows
for surface functionalization and features a himgding capacity for a straightforward incorporatifn

large drugs or functional nanopatrticles and bindihgells or bacteria.

To achieve this aim, PEG microgels presenting bioternal nano-sized and external
micro-sized interconnected pores have been sym#ebsand functionalized. Such porous PEG
microgels have been prepared by a hard templatethaod based on porous CagQ@icroparticles'*®
This method allowed for a precise control overgtze and porosity of PEG microgels. The resulting
microgels were exact inverse replicates of Ca@troparticles, thereby presenting the expected
porosity. Internal pores of 20 to 60 nm and extiepoaes reaching up to 3 um could be evidenced by
a diffusion study, cryo-SEM and TEM. These poro&SPmicrogels were thereafter functionalized
for targeting as well as loading and release apfptins. Radical surface chemistry based on
benzophenone allowed for the grafting of carboxybugps which could be used for further
functionalization via amide bond formatifff! Mannose ligands were thereby introduced for bicter
targeting and cationic amines were incorporatedttier loading of molecules and nanoparticles via
electrostatic interactions. Both functional growmailld be added separately or simultaneously via a
one-pot synthesis. The presence and uniform digtoit of these groups was verified by CLSM after
fluorescent labeling, the final surface charge loé tmicrogels was determined vigpotential
measurements and UV titrations were performed terdene the mass concentration of functional
groups. The final degree of functionalization washiggh as 1200 umol per gram of particles, most
probably due to the porosity of PEG microgels. €bacentration of amines could even be increased

on the surface of PEG microgels by functionalizatioth PAMAM dendrimers.

The potential of the resulting functional, porouE@ microgels was then tested in two
important areas where microgels have been sucdigssiplied: the detection and removal of bacteria
as well as drug loading and release. First, pofanstional PEG particles were employed for the

detection and removal of bacteli&! Magnetic properties were introduced to the micl®bg loading
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citrate-coated, superparamagnetic iron oxide natiof@s via electrostatic interactions with cationi
amines. Mannose ligands were employed for the tdete@nd binding of bacteri&. coli via
carbohydrate-protein interactions. The resultingymedic, porous, sugar-functionalized (MaPoS) PEG
microgels were able to bind bacteria and removenthg simply using a magnet. As shown by CLSM,
these microgels were able to selectively Hnaoli strain ORN178 but not the strain ORN208 known
for not binding to mannose ligands. Similar selettiwas observed in a mixture of both strainswrlo
cytometry indicated that up to 70% of bacteria OR8!Tould be removed. This yield of removal
could be even increased to 90% by performing a rgkdncubation. Compared to the standard
non-porous beads used for such applicatieng. DYNABEADS), the biocompatible MaPoS PEG
microgels allowed for the binding of two to threeés more bacteria and showed higher yields of
removal at high concentrations of bacteria. On-goirork now focuses on targeting other types of
bacteria by employing other carbohydrates but alsincreasing the selectivity of targeting by using

more complex carbohydrates.

In a second part, the potential of functional par®EG microgels for the loading and release
of drugs was investigatéd” To achieve this, a novel, pH-sensitive functiaretion was
implemented on the microgels. This functionalizati® based on the introduction of amine groups and
their subsequent conversion into ammonium-carbanagereaction with C© The carbamates were
employed for the loading and release of cationidemdes and the ammonium for the loading and
release of anions. Successful functionalizationtred microgels with various poly(amines) and
ammonium-carbamate formation were proven by FTIRd adMR spectroscopies, CLSM,
measurement of-potential and UV titration. In particular, PEG magels functionalized with
PAMAM dendrimers showed 70% of ammonium and 30%arbamate functionalitieg-potential
measurements also revealed that this functionadizaobuld switch its charge from — 20 mV at pH 10
to + 25 mV at pH 5. The resulting pH-sensitive PEierogels could therefore be loaded with both
cationic and anionic model drugs via electrostatieractions at pH 10 and pH 5, respectively.
Release was observed at pH values between 5 andCoipared to PEG microgels purely
functionalized with carboxylate or ammonium groufige zwitterionic PEG-ammonium-carbamate
microgels allowed for a release up to eight timesarefficient under physiological pH conditions.
On-going work focuses on loading polycationic aiotibs and testing the stability and release dof thi
loading in media of high ionic strength such as PBS8er and serum-containing media. Further work
will also be devoted to obtain a sustained rele&megexample by coating the PEG-ammonium-
carbamate microgels with a semi-permeable membifane.to their size, such microgels could be
adapted for transdermal delivery but for other sypédelivery smaller microgels would be required.
This could be achieved for instance by using sm&iCQ templates or by switching to mesoporous

silica nanoparticles.
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Overall, the biocompatible, functional porous PE@rogels allowed for high performance in
binding and retrieval of bacteria as well as logdamd release of model drugs. This was due to the
high surface area resulting from their porosity &igh degree of functionalization. These microgels
therefore show great potential for the treatment bafcteria but also for a wider range of
biotechnological and, in long term, biomedical &miions. Following the same principle as for
bacteria retrieval, the magnetic, porous, functiégtaG microgels may be used for the detection and
removal of other pathogens such as viruses orsiblation and separation of cells. Moreover, these
microgels can be employed for the separation oimblecules such as proteins, as currently
investigated in collaboration with Dr. D. Kolaricand Dr. C. Rademacher (MPIKG, Berlin).
Combined with enzymes, the porous PEG microgels afsy be used in catalysis, where PEG would
advantageously provide a biocompatible protectionptoteins. The hard templating procedure
presented in this thesis could already be adaptegrithesize porous protein particles in coopematio
with Dr. S. Schmidt (MPIKG, Golml}”® Further work is now on-going in collaboration withe
group of Dr. D. Volodkin (Fraunhoher IBMT, Golm) é&rDr. R. Georgieva (Charité, Berlin) to

develop mixed microgels composed of both PEG aatkjns.
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8. Appendix

8.1. Experimental Part

8.1.1. Materials

Benzophenone (99%) and ethylenediamine (99%) werehpsed from Acros Organics,
benzotriazole-1-yl-oxy-tris-pyrrolidinophosphonium hexafluorophosphate (PyBOP) from
Novabiochem and 1-hydroxybenzotriazole monohyd(et®BtH,O) from Iris Biotech GmbH. All
other chemicals including PEG, acrylic acid (99%2-Hydroxy-4-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure 2959, 98%), PAMAM dtimer generation 4.0 with an
ethylenediamine core (10 wt.% in methanol), poly(aimine) solution (M, = 56 000, 20 wt.% in
H.0O), poly(L-lysine) hydrobromide (M = 150 000-300 000), fluorescein isothiocyanateleth
Concanavalin A (Type IV from Canavalia ensiform&)d the different dyes were purchased from
Sigma-Aldrich and used without further purificatioh technical grade was used for gaseous carbon
dioxide & 99.7 vol.%, Air Liquide).

CaCQ microparticles with an average diameter of 173®4tum (template 1) were kindly
provided by Dr. D. Volodkin, synthesized referritaya protocol described by the same autidr.
CaCQ microparticles with an average diameter of 6.9%m (template 2) and 7.3+1.2 um
(template 3) were purchased from PlasmaChem Gmtddi(B Templates 2 and 3 come from two
different batches and do no exhibit the same dgnwmplate 2 presenting a higher density than
template 3. PEG-dAAmM (M= 4600 Da) was synthesized from PEG by D. Pussdlbowiing a
procedure reported by Hartmanret al®** *? (2-aminoethyl)-2,3,4,6-tetra-O-aceiylb-
mannopyranoside hydrochloride and (2-aminoethyd)46-tetra-O-acety-D-galactopyranoside
hydrochloride were synthesized by S. Mosca accgrtinthe protocol from Ponadet al**” The
small oligo(amidoamine) OAMAM was synthesized bpracedure reported by Hartmaen al*®!
The citrate-coated magnetite ¢(Pe@citrate) nanoparticles were synthesized by Dr.Q¥ianana

according to a modified method published by Sadtoal. and Racuciet all"* ™)

Vii.
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8.1.2. Methods

Optical andconfocal laser scanning microscopy (CLSM) images were taken with a TCLS system
attached to an inverted microscope equipped witB0x oil immersion objective (DM IRBE, Leica).
The size, size distribution and average volumg,M, of swollen PEG microgels were determined by
measuring the diameter of 100 particles, assintlate perfect spheres. The diffusion of
macromolecules into PEG microgels was studied hgasblute exclusion method, using Rhodamine-
labeled dextran of 70 kDa and FITC-labeled dexwarb00 kDa and 2000 kDa. The diffusion of
dextran was evaluated as the ratio between theelleence intensity in the microgel core and that in
the surrounding solution. The fluorescence intgnsis determined as the grey value measured with

the image processing program ImageJ.

Energy dispersive X-ray spectroscopy (EDS) was performed by Dr. J. Hartmann using ansiceay
electron microscope (DSM 940 A, Carl Zeiss, Germamguipped with an EDS link ISIS-system
(Oxford Instruments). These measurements wereecarout at a voltage of 20 kv and under

high vacuum conditions. The energy resolution eflthk ISIS-system was 133 eV.

Atomic force microscopy (AFM) was conducted to measure the volumg, @f dry particles and
determine the water content in PEG microgels. Mesmsants were performed by A. Heilig using a
Bruker Digital Instruments Dimension 3100 and a ®Wforld silicon SPM-Sensor with a resonance
frequency of 285 kHz and a force constant of 42\ in tapping mode. A droplet of the microgels
suspension was air-dried 72 hours on a mica plat®an tempature before measurements. The
volume of dry microgels was calculated from AFM gea using the software SPIP 5.1.1 (Image
Metrology, Denmark). The water content was caledas the ratio between the volume of water per
particle and the volume of swollen particles,)» The volume of water was determined as the
difference between Moien and Viy. Vswoien Was calculated from the diameter of PEG microgels

measured from optical microscopy images.

Scanning electron microscopy (SEM) images were obtained with a GEMINI LEO 15B@roscope
operating at 3 kVCryo-scanning electron microscopy (cryo-SEM) images were taken with a JEOL
JSM-7500F microscope operating at 2 kV. For crydASEeasurements, 3-5 puL of the microgels
dispersion were plunged in a liquid nitrogen slushnsferred to a Gatan Alto 2500 Cryotransfer
system and cooled to -130 °C. The samples were fileeze-fractured, freeze-etched at -95 °C for
2-3 minutes to make the microgels visible with SBRI were finally sputter coated with 2 nm of
platinum at -130 °C.

Transmission electron microscopy (TEM) was carried out by R. Pitschke and H. Ruagea Zeiss
EM 912 Omega microscope operating at 120 kV. PE@agels were first embedded in LR white

viil.
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resin and samples were solidified in gelatin cagsak 60 °C for at least 2 days. Cross-sectiorts avit
thickness of ca. 70 nm were then prepared by ultratomy and deposited on TEM grids coated with

a thin layer of carbon, for observation with TEM.

The electrophoretic mobility of PEG microgels was measured with a Malvern ZeatasNano Z
instrument at 25 °C, after several washes withrdegal water. Thé-potential was then calculated by

the integrated software using the Smoluchowski ggua

Infrared spectroscopy (IR) was performed in water using a Perkin-EImpe@rum 100 instrument
with ATR samplingNuclear magnetic resonance spectroscopy (*H and**C NMR) was conducted in
D,0 using a 400 MHz Varian instrument at 25 B/-visible spectroscopy (UV-vis) was carried out

on a Varian Cary 50 spectrophotometer.
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8.1.3. Experimental procedures

Synthesis of porous PEG microgels:
» Synthesis of 17.6 um porous PEG microgels (SamplBdlmg of 17.9 um CaGQemplates

were dispersed in 2 ml of deionized water in a dulmottom flask. Subsequently, 100 uL of a
100 mg.mt* aqueous solution of PEG-dAAmM (PEG-dAAM/CaC®O 20 wt.%) and 125 pL of a

4 mg.mi* aqueous solution of Irgacure 2959 (Irgacure 295&/RAAM = 5 wt.%) were added. The
resulting dispersion was allowed to stay at roomperature for 30 minutes and regularly shaken to
promote diffusion of the hydrogel precursors irte templates. Water was removed under vacuum, at
60 °C, on a rotary evaporator and the particlesevierther dried for 90 minutes at 100 °C. The dry
particles were scratched from the flask to recavdine powder. 10 ml of diethyl ether were then
added and the mixture was vigorously stirred fonmi@, at least. Afterwards, the dispersion was
treated 2 x 90 s with UV-visible light, using a ldeus HiLite Power curing unit (300-500 nm,
Heraeus Kulzer, Germany) to photopolymerize PEG-thAAfter polymerization, the suspension was
vigorously stirred for 5 minutes to prevent aggtegaand the composite particles were washed twice
with deionized water to remove PEG that did notctear reacted outside of the templates. The
composite particles were subsequently dispersédnihof deionized water and 70 pL of concentrated
HCIl were added to reach pH 2.0 and dissolve Ga€@plates. Finally, the microgels were washed by

centrifugal filtration on 0.45 um pore size filtensd redispersed in deionized water.

« Synthesis of 9.2 um porous PEG microgels (Sample32)3 pl of a 4 mg.ril aqueous

solution of Irgacure 2959 containing 2.5 mg of P&&AM were added to 50 mg of 6.9 um CaCO
particles (sample 2) in an 1.5 ml Eppendorf tubEGRIAAM/CaCQ =5 wt.%, Irgacure 2959/PEG-
dAAmM =5 wt.%). Water was removed at 100 mbar a@d@ for 90 minutes. The remaining steps

were similar to the ones presented above.

+ Synthesis of 8.3 um porous PEG microgels (Sampl&2® pl of a 4 mg.ril aqueous solution
of Irgacure 2959 containing 10 mg of PEG-dAAmM wadsled to 50 mg of 7.3 um Cag@articles
(sample 3) in an 1.5 ml Eppendorf tube (PEG-dAANZOa= 20 wt.%, Irgacure 2959/PEG-

dAAmM = 5 wt.%). Water was removed at 100 mbar a@d@ for 90 minutes. The remaining steps

were similar to the ones presented above.

Synthesis of non-porous PEG microgels. Non-porous PEG microgels (diameter ~ 10 um)
were synthesized with a protocol adapted from Fussal"?® PEG-dAAm (M, = 4600 g.mot) was
added to 10 mL of a 0.5 M sodium sulfate solutiaha concentration of 0.5 wt.% and vigorously

shaken until a homogenous dispersion was formeel. U photoinitiator Irgacure 2959 was added at
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a concentration of 0.01 wt.% and the dispersion nggted at 70 °C for 1 hr. The dispersion was then
photopolymerized for 90 s using a Heraeus HiLitev®ocuring unit (Heraeus Kulzer, Germany). The

resulting microparticles were centrifuged at 50pt rfor 10 minutes and washed 3 times with water
to remove salts. Functionalization of these norepsiPEG microgels into PEG-COOH and PEG-Man

was done following the same procedure as for theysoPEG microgels.

Functionalization into porous PEG-COOH microgels: The functionalization of PEG
microgels was adapted from the procedure reporiedPiissaket al** Porous PEG microgels
obtained from a batch of 50 mg Caf@ere washed once with ethanol and redisperse® mL1of
absolute ethanol containing 250 mg of benzophef@®ewt.%) and 0.5 mL of acrylic acid (5 vol.%).
The resulting dispersion was allowed to stay atmrdemperature for 5 minutes to promote the
diffusion of acrylic acid into PEG microgels. Afteairds, the dispersion was flushed with argon for
30 seconds and treated 5 x 90 s with UV-visiblbtligsing a Heraeus HiLite Power curing unit (300-
500 nm, Heraeus Kulzer, Germany). The dispersion fisshed again with argon for 20 seconds
between each irradiation to avoid inhibition of thdical polymerization with © The microgels were
then washed with ethanol by centrifugation andspelised in 1 mL of deionized water. 10 uL of a
1 M aqueous solution of NaOH were added to fatdithe redispersion of PEG-COOH microgels.

Finally, the microgels were washed with deionizedder by centrifugation.

Functionalization into porous PEG-NH, (from EDA), PEG-Man, PEG-Gal and PEG-
Man/NH; microgels: PEG-COOH microgels were washed once with DMF addéspersed in 10 mL
of DMF containing HOBt (76.6 mg, 0.5 mmol), PyBOs20Q mg, 1 mmol) and triethylamine (TEA,
140 pL, 1 mmol). The microgels were activated fdnolir on a shaker and the desired amino-
terminated compound was finally added. In the adeEG-NH microgels, EDA (67 pL, 1 mmol))
was added. For PEG-Man or PEG-Gal, (2-aminoethyd)42%6-tetra-O-acetyd-D-mannopyranoside
hydrochloride or (2-aminoethyl)-2,3,4,6-tetra-O4gt§-D-galactopyranoside hydrochloride (43 mg,
0.1 mmol) was usef” For PEG-Man/NH, 1 mL of DMF containing (2-aminoethyl)-2,3,4,6#&0-
acetyla-D-mannopyranoside hydrochloride (21.5 mg, 0.05 thm&DA (3.4 uL, 0.05 mmol) and
TEA (50 pL, 0.35 mmol) was mixed with the 10 mLg@n. In the last case, TEA was added to
deprotonate the hydrochloride salt of mannose pddhe addition to PEG-COOH in order to have
similar reactivity to EDA and incorporation of mase and EDA at approximately equal proportions.
The reaction was carried out for 4 hours on a ghake the microgels were finally washed with
ethanol by centrifugation. Afterwards, PEG-NHhhicrogels were redispersed in 1 mL of deionized
water and 10 pL of a 1 M aqueous solution of hydiaric acid (HCI) were added to facilitate the

redispersion of the microgels. For PEG-Man and REGmicrogels, the grafted carbohydrates were

XI.
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deprotected by dispersing the microgels in sodiugthoxide (MeONa) solution in methanol
(10 mg.mL*, 1 mL) for 1hr, and then the microgels were washagain with ethanol by
centrifugation. PEG-Man/NHwere submitted to the same treatments with degtiotefirst and then
the acidic treatment. Finally, all types of micrlsgevere washed with deionized water by

centrifugation redispersed in 1 mL deionized water.

Functionalization into PEG-poly(amines) particles: PEG-COOH particles (3.6 x Tanmol
COOH, obtained from 50 mg CagOwere first washed with dimethylformamide (DMF)dan
dispersed in 10 mL of DMF containing 76.6 mg of H@B400 equivalents), 520 mg of PyBOP (2800
equivalents) and 140 uL of triethylamine (TEA, 28&flivalents). The particles were then activated
for 1 hour on a shaker. Meanwhile a DMF solutiontaming the desired poly(amine) at high excess
(> 500 equivalents of N)l was prepared. The solvent from the initial pahyif@e) solution was first
removed under vacuum, the dry amine was dissolvdaMF at 60°C for 5 minutes and excess TEA
was added to deprotonate the ammonium salts. Fonge, 500 uL (500 equivalents) of PAMAM
dendrimer (B) solution in methanol were dried amssalved in 1 ml of DMF. This solution was
finally added to the solution of activated PEG-CO@#tticles and the reaction was carried out for
3 hours on a shaker. Afterwards the functionalizmatticles were washed with ethanol by
centrifugation, redispersed in 1 mL of water andedi on a vortex for 5 minutes after addition of
40 pL of a 1 M aqueous solution of HCI to facilgaheir redispersion. Finally, the particles were

washed once more with deionized water by centrifaga

Labeling and quantification of the functional groups on PEG microgels:

* The presence of carboxyl groupa PEG microgels was evidenced by CLSM after label

with the cationic dye Rhodamine &&" ** For this, 10 mg of Rhodamine 6G were dissolved in
10 mL of a phosphate buffer (PBS, pH 11) and etdchtwice with 100 mL of toluene. 50 uL of this
solution were then added to PEG-COOH particlesspedised in 1 mL of DMF and PEG microgels
were incubated 1 hour in the dark. The labeled ogels were then washed with water and CLSM
images were taken within one hour after samplesgpetion.

Carboxyl groups were titrated with the toluidineudlO (TBO) dye adsorption assd{ The
microgels were dispersed in an aqueous solutidxd®* molL™ TBO adjusted to pH 10 with NaOH
and incubated for 5 hours at room temperature.rificeogels were then rinsed five times with NaOH
solution (pH 10) to remove the non-complexed TBQawules and centrifuged. Desorption of the dye
was performed in 50 wt % acetic acid solution. Taecentration of released TBO was measured from

the adsorption at 633 nm and the amount of COOlpgavas calculated with the assumption that
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1 mol of TBO had complexed with 1 mol of carboxgkat An equivalent sample was dried under

vacuum and its dry mass was measured to calchiatmass concentration of COOH groups.

* The presence of amine groups PEG microgels was evidenced by CLSM after lagekith
FITC. For labeling amines on PEG microgels werst fiteprotonated by addition of 20 uL of a 1 M
aqueous solution of NaOH. The microgels were tlsaated by centrifugation and redispersed in
1mL of a 0.1 mg.mt solution of FITC in phosphate buffer (M0, 10 mM, pH 10). PEG
microgels were then incubated for 2 hours in thekdand washed with deionized water by
centrifugation before measurements.

The concentration of primary amines on PEG pasdickas determined by titration with 2,4,6-
trinitrobenzenesulfonic acid (TNBS: "® The amines were first deprotonated by adding 1®fia

1 M aqueous solution of NaOH into a 500 pL aquesuspension of particles. The particles were then
washed by centrifugation, redispersed in 1 mL dbuieed water and added to 5 mL of 0.2 mM
solution of TNBS in borate buffer (0.1 M, pH 9.3he particles were incubated for 2 hours, in the
dark, at 37 °C. After incubation the absorptiontleé supernatant was measured at 350 nm and
compared to the one of a control solution wheree puater was incubated instead of particles. The
concentration of primary amines on PEG particles determined from the amount of reacted TNBS,
resulting from the difference in absorption betwé®n control and the sample. An equivalent sample

was dried under vacuum and its dry mass measurealdolate the mass concentration of Mjrbups.

* The presence of mannose groups PEG microgels and their ability to bind to mase

binding protein receptors was evidenced by CLSMWETC-labeled Concanavalin A (FITC-ConA).
For this, a buffer containing 50 mM NaCl, 1 mM MpCl mM CaC} and 10 mM HEPES (pH 7.4)
was first prepared. 20 pL of this buffer were dégedson a glass slide, then 20 pL of a solution of
PEG microgels and 5 pL of a 5 mg.thqueous solution of FITC-ConA were added. CLSMgesa
were taken within one hour after samples preparatieor the experiments on the release of
FITC-ConA, PEG-Man microgels were mixed with FITOGRA as described above and incubated
for 15 minutes. Then 20 pL of a solution of metyiD-mannopyranoside of 2 M were added. CLSM

images were taken within 1 hour after samples petioa.

. The presence of carbamate groogpsPEG microgels was evidenced by CLSM after lagel

with the cationic dye Rhodamine 6" ***! An aliquot of particles was redispersed in 100qfla
10 mM phosphate buffer at pH 9. 20 pL of this sasjpn were deposited on a glass slide and 3 pL of
a 0.1 mg.m[* solution of Rhodamine 6G in a 10 mM phosphate dsuéft pH 9 were added for

measurements.
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Loading of citrate-coated iron oxide NPs into PEG-NH, or PEG-Man/NH, microgels:

PEG microgels were redispersed in 1 mL of deionizater in a 2 mL glass vial. Then 1 mL of either
a 0.2 mg.mL* or a 2 mg.mL* aqueous solution of citrate-coated iron oxide K&2$5 nm) was added.
The dispersion was shaken and then incubated fayud at room temperature. Afterwards, the
magnetic microgels were collected with a superma@idFeB, 30x30x10mm, BR Technik Kontor
GmbH) over 2 min, the supernatant was removed hadnrticrogels were redispersed in 1 mL of
deionized water. The mass concentration of unboNR®d in the supernatant was measured by
UV-visible spectroscopy using a calibration curved acompared to the initial concentration to
determine the mass of NPs which effectively boum®EG microgels. By dividing this mass to the
total dry mass of PEG microgels, the mass fracbbrNPs and therefore the loading could be

estimated.

Bacterial growth: The strains of bacteri&. coli ORN178 (mannose binding strain) and
ORN208 (mutant strain which does not bind mannagede kindly donated by Prof. Orndorff
(College of Veterinary Medicine, Raleigh, NC Unit8thates). Cells were grown in the nutritionally
rich LB (Luria-Bertani) medium. The inoculated cult was incubated overnight at 37 °C by shaking
on an incubator shaker at 220 rpm. Aliquots of &datwere removed from the batch culture to
monitor growth until they reached an optical dgnsit 600 nm of 1.0 (OD600, 8xd@ellsmL™).
Aliquots of cultures were then centrifuged for 1thates at 1600g. The resulting pellets were then
washed twice with PBS buffer and resuspended in.PBf¢ final concentration of bacteria was
measured again via the optical density at 600 nchtha solutions of bacteria were diluted to the

desired concentrations.

Binding of bacteria on PEG-Man and PEG-Man/NH; microgels with and without NPs:
100 pL of PEG microgels functionalized with mannasaeties in PBS buffer were added to 100 pL
of solutions of bacteri&. coli ORN178 in PBS buffer at the concentration of 8xtéllsmL™
(OD600=1.0). The suspension was incubated for 80 atiroom temperature, with gentle shaking. As
a control, pure PEG, PEG-COOH, PEG-NREG-Gal and non-porous PEG-Man were also incdbate
with bacteria ORN178, while PEG-Man was incubatéith whe strain ORN208. After incubation, the
suspension was centrifuged and washed three tintesRBS buffer. The bacteria were then fixed
with 100 pL of a 4% (w/v) solution of paraformalgele for 15 minutes. The suspension was then
centrifuged and the resulting pellet was resuspemule.00 pL of PBS buffer containing the organic
dye 4',6-diamidino-2-phenylindole dihydrochlorid®API) at dilution of 1/300 and incubated for
15 minutes. The suspension was then centrifugesh&dtwice with PBS and resuspended in 100 pL

PBS for observation by confocal microscopy.
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For binding in protein-rich media, incubations weesformed under the same conditions but
in PBS or DMEM (Dulbecco's Modified Eagle Mediunglgions containing 1 wt% of the protein
BSA (bovine serum albumin) instead of pure PBS.s8ghent washes were performed in pure PBS
buffer, bacteria were fixed with paraformaldehyded dabeled with DAPI following the same

procedure as mentioned above.

Binding of PEG-Man in a mixture of E. coli bacteria strain ORN178 and ORNZ208:
Bacteria ORN178 were first labeled with the orgaiye SYBF Green | in PBS buffer at dilution of
1/5000, while bacteria ORN208 were labeled withdace orange in PBS buffer at dilution 1/6500 for
15 minutes. Both bacteria strains were then caxgieid, washed twice with PBS buffer, diluted to the
concentration of 8xT0cellsmL™ (OD600=1.0) and then mixed in equal proportion0 AQ of this
mixture were then added to 200 pL of PEG-Man mielogn PBS buffer. The suspension was
incubated for 60 min, at room temperature, withtigeshaking. After incubation, the suspension was
centrifuged and washed three times with PBS buffee bacteria were then fixed with 100 pL of a
4% (w/v) solution of paraformaldehyde for 15 mirsut&he suspension was then washed twice with
PBS and resuspended in 100 pL PBS for observagi@omfocal microscopy.

As a control pure solutions of labeled ORN178 afiN”208 were also observed by confocal
microscopy. We found out that at an excitation iewvgth of 488 nm, bacteria ORN 178 labeled with
SYBR® were not fluorescent in the emission range of 80820 nm but in the range 500 — 600 nm
while bacteria ORN 208 labeled with acridine orangere always fluorescent on both ranges.

Therefore fluorescence in the range 500 - 520 nmuwsad to differentiate both bacteria strains.

Isolation of bacteria with MaPoS particles: 500 puL of PEG microgels were added to 500 pL
of solutions of bacteria at the desired conceminaéind the suspension was incubated for 1 hroatro
temperature, with gentle shaking. For the negatimetrol, 500 pL of PBS buffer instead of PEG
microgels were added to the solutions of bact&isG microgels were then isolated with the help of a
magnet. After 2 min, the supernatant was removett &i pipette and reduced to 500 uL after
centrifugation. The bacteria were then fixed wi® 3L of a 4% (w/v) solution of paraformaldehyde
at room temperature for 1 hr, centrifuged and paised in 500 pL of PBS buffer. The number of
remaining bacteria was then measured by flow cytgmesing a FACSCantoTM Il flow cytometer
(Becton Dickinson, Germany). The obtained data veexayzed with the FlowJo software (Tree Star,
Inc.). The difference in the amount of bacteriathe sample and the control gave the amount of
bacteria which attached to PEG microgels. The yiélolation was calculated as the ratio between

the amount of attached bacteria and that in the@osample.
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Ammonium-car bamate functionalization in solution:

* NMR study 10 mg of poly(amine) were dissolved in 1 mL gfDcontaining KCO; at a ratio
of at least 2 carbonate ions per amine, and KO®#l rattio of one hydroxide ion per amine. Gaseous
CO, was then bubbled through a syringe into the smbufor 1 min, which decreased pH to 7.4.
Afterwards a 2 M KCGO; solution in DO was added dropwise until pH 10 was reached, éhgriv
KOH solution in BO was added dropwise to reach pH 12, and the sabi¢ solution was finally
added dropwise till pH 14. Before each new addjttbe solution was allowed to rest for 5 minutes.
'H and**C NMR were measured after pH was adjusted to Btder to be able to differentiate peaks.
The intensities of the signals attributed td NHCOO and CH,-NH, were integrated and the yield
of carbamation was calculated as the ratio betvibenintegration for carbamates and the sum of
integrations for carbamates and amines.

« IR study Similar conditions have been used but at higleercentrationsg.g. 50 mg.mL* of

poly(amine)) and in water instead ofM

Functionalization into PEG-ammonium-carbamate microgels: porous PEG-PAMAM
microgels were dispersed in 1 mL of water at pHchtaining 0.1 M of KCO; and 0.1 M of KOH.
Gaseous Cowas then bubbled through a syringe into the smiufibr 1 minute. Afterwards 150 pL of
a 2 M K,CO; aqueous solution, 100 uL of a 5 M KOH aqueoustgiiand 50 pL of the same KOH
solution were dropwise added to reach pH 14. Bedaigh new addition, the solution was allowed to
rest for 5 minutes. The obtained particles werenwadly washed 3 times in deionized water by
centrifugation at low speed. These particles sameishowed tendency to aggregate when transferred
to pure water, most probably due to the ammoniurbaraates moieties making the particles almost

neutral. However, it was possible to easily redisp¢hem in phosphate buffered saline (PBS buffer).

Loading of Toluidine Blue O (cationic dye) into PEG-ammonium-carbamate microgels:
PEG-ammonium-carbamate particles were redispers&00 uL of a 5 x IOM aqueous solution of
TBO adjusted to pH 10.0 with 1 M NaOH beforehanide Toading was allowed to proceed 2 hours, at
room temperature, on a shaker. Afterwards the ghastiwvere rinsed 5 times with an aqueous solution
of NaOH at pH 10, by centrifugation at low speedrégmove the non-complexed TBO molecules. In
the final wash, the particles were kept 30 minutethe rinsing buffer prior to centrifugation. As a
control to prove that loading was due to the cadianmoieties, PEG-PAMAM particles which were
not treated with C®were also loaded with TBO. Since it was obsenfed the initial pH had an
influence on the loading, PEG-PAMAM particles wérst treated with a 0.1 M aqueous solution of
KOH at pH 14 for 10 minutes and washed three timéh deionized water. The particles were

afterward incubated with TBO under the same comlitias mentioned above.
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The concentration of loaded dye was directly mesbsty UV-visible spectroscopy, from the
difference in the absorption of TBO solutions befand after loading. Absorptions were measured at
635 nm after 1/20 dilution in a 50 wt.% acetic asiolution. This value was confirmed by the
absorption of the solution obtained by completeod@fon of the loaded dye in a 50 wt.% acetic acid
solution. An equivalent sample was dried under uatand its dry mass measured to calculate the
mass concentration of loaded TBO. This concentratiould be correlated to the concentration of
anionic groups€.g.carboxylates and carbamates) assuming that TBQleaes anionic groups in a
1/1 stoichiometry**®!

Release of Toluidine Blue O from PEG-ammonium-carbamate microgels. Release was
performed at pH 7.4 in PBS buffer, pH 5.0 in a ld.;acetate buffer as well as pH 3.0 ina 0.1 M
acetate buffer and measured after 2 min, 5 mimnib) 30 minutes and 60 minutes. 1 mL of buffer
was each time added to the loaded PEG particlegtenduspension was shortly shaken. After due
time, the particles were centrifuged at low spdbd, supernatant was removed, 1/3 diluted in a 50
wt.% acetic acid solution and its absorption wassueed at 635 nm by UV-visible spectroscopy.
1 mL of fresh buffer was then immediately adde@ucsue the release study. It was however observed
that each new addition of buffer artificially indeet release of the dye, regardless of incubatioa.tim
This error was estimated from the release at 62it@#nsince release was so slow after 60 minutés tha
there should be no dye released between 60 miante§2 minutes. Therefore the observed release at
62 minutes could be mainly attributed to the additiof buffer. Measured concentrations were
consequently corrected by subtracting the concmtraneasured at 62 minutes (except for the initial
one, after 2 minutes release). To quantify releéaggercentage, concentrations were then added over
time and divided by the total concentration of askd dye obtained after complete desorption in a
50 wt %acetic acid solution (see above). As a cbntvading and release from PEG-COOH particles

were performed under the same conditions.

Loading of Methyl Orange (anionic dye) into PEG-ammonium-carbamate microgels:
PEG-ammonium-carbamate particles were first wagh@dl M acetate buffer at pH 5 for 5 min, then
washed with deionized water and redispersed inp0@®f a 3 x 1¢ M aqueous solution of MO
adjusted to pH 5.0 with 1 M HCI beforehand. Thediog was allowed to proceed 2 hours, at room
temperature, on a shaker. Afterwards the partigkr® rinsed 5 times with an aqueous solution of HCI
at pH 5, by centrifugation at low speed, to remtwe non-complexed MO molecules. In the final
wash, the particles were kept 30 minutes in thsing buffer prior to centrifugation. As a control t
prove that loading was due to the ammonium moigtie$unctionalized PEG and PEG-PAMAM

particles were also loaded with MO under the saomglitions as mentioned above.
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The concentration of loaded dye was directly messitny UV-visible spectroscopy, from the
difference in the absorption of MO solutions befarel after loading. Absorptions were measured at
450 nm after 1/100 dilution in a 0.1 M phosphatéfdyuat pH 10. This value was confirmed by the
absorption of the solution obtained by completeoga®on of the loaded dye in 0.1 M phosphate
buffer at pH 10. An equivalent sample was driedannghicuum and its dry mass measured to calculate

the mass concentration of loaded dye.

Release of Methyl Orange from PEG-ammonium-carbamate microgels: Release was
performed at pH 7.4 in PBS buffer as well as pHif.@ 0.1 M acetate buffer, following the same
protocol as for the release of TBO. Absorptiongadéase solutions were measured at 450 nm after
1/3 dilution in a 0.1 M phosphate buffer at pH 2& a control, loading and release from PEG-

PAMAM particles that were not treated with €®ere performed under the same conditions.
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8.2. Analysisand Spectra

Figure 8.1.Optical microscopy image of non-porous PEG mictegé~ 10 um.
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Figure 8.2. Energy-dispersive X-ray spectra (EDS) of a. pu@CQO; microparticles of 17.9 um
(sample 1) and b. resulting pure porous PEG miclogé17.6 um after washes (sample 1).
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Figure 8.3. AFM images and analysis of a porous PEG microgd76 um after drying (sample 1).
The volume of the dry particle,y was determined by using the software SPIP 5.1hg. dverage
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Figure 8.4. TEM image of the R®,@citrate NPs used to prepare magnetic porous PECagels.
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Figure 8.5. Calibration curve of the absorbance of the solutaf iron oxide NPs in function of its

concentration (UV-vis spectroscopy).
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List of Abbreviations

PEG

PEG-dAA
PEG-dAAmM
PEG-dmAA
PEO

PLGA

PLL
PNIPAAM

PyBOP

List of Abbreviations

Acrylic Acid
2-Aminoethyl Methacrylate
Atomic Force Microscopy

Brunauer-Emmett-Teller (model)
Bovine Serum Albumin

Confocal Laser Scanning Microscopy
Concanavalin A

Cryogenic

4’ 6-Diamidino-2-Phenylindole Dihydrochloride
Dulbecco's Modified Eagle Medium
N,N-Dimethylformamide
Deoxyribonucleic Acid

Escherichia Coli
Ethylenediaminetetraacetic Acid
Diethyl Ether

Ethylenediamine

Energy-Dispersive X-Ray Spectroscopy
Food and Drug Administration
Fluorescein Isothiocyanate

Fourier Transform Infrared

Galactose

1-Hydroxybenzotriazole
Interpenetrated Network
Layer-by-Layer

Mannose

Magnetic, Porous, Sugar-functionalized
Methyla-D-mannopyranoside
Number Average Molecular Weight
Weight Average Molecular Weight
Methyl Orange

Nuclear Magnetic Resonance
Nanoparticles
Oligo(amidoamine)

Optical Density

Poly(acrylic Acid)

Poly(allylamine) (Hydrochloride)
Poly(amidoamine)

Phosphate Buffer Saline
Poly(ethylene glycol)

Poly(ethylene Glycol)-Diacrylate
Poly(ethylene Glycol)-Diacrylamide

Poly(ethylene Glycol)-Dimethacrylate

Poly(ethylene Oxide)

Poly(lactic-co-glycolic Acid)

Poly(L-lysine)

Poly(N-isopropylacrylamide)
Benzotriazole-1-yl-Oxy-tris-Pyrrolidinophogptium Hexafluorophosphate
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List of Abbreviations

RNA
SAXS

SEC
SEM

TBO
TEA
TEM

THF
TNBS

uv
Vary

szollen

Ribonucleic Acid
Small-Angle X-Ray Scattering

Size Exclusion Chromatography
Scanning Electron Microscopy

Toluidine Blue O
Triethylamine
Transmission Electron Microscopy

Tetrahydrofuran
2,4,6-Trinitrobenzenesulfonic Acid

Ultraviolet
Volume in the Dry State
Volume in the Swollen State
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