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1 Introduction

While manifold examples of the synthesislamaracterization of ampholyteicrogels can be
found in literature, only little attention has been paid to the spatial distributimmiatble
groups within the thredimensional polymer network of microgel particles andirthe
influence on the particlesd6 properties. Oof t
systems. In this regard, the location iohizable groups in the microgels is agssential
parameter to control and predict effective release of drugs and proteins.
T. Hoare and R. Pelton were the first to introduce the problem of different distribofions
ionizable groups They synthesized microgels based orolypN-isopropylacrylarde
(PNIPAmM) with different acids as comonomers and showed that different microgel
morphologieswere obtained depending on the typecofnonomers used due to different
reactivity parameters of the monomé¥s They summarized that a comonomer that reacts
slower than NIPAm is more localized on or close to the microgel surface.
A later work by the same authors analyzed the influenctheflistribution of ionizable
groupsin PNIPAmbased microgsl on the uptake and release of various dRigslere, the
microgels were functionalized with different acids such as acrylic acid, methacrylic acid,
vinylacetic acid, and fumaric acid. Again, the different reactivity ratios between the respective
acid and NIRm resulted in microgels with varying distributioof ionizable groups
Microgels containing vinylacetic acid led to particles with a high sufiacetionalization,
while methacrylic acid containing microgels led to particles vattizable groupdocatedin
the core of the particle. Uptake and release experiments revealed that a higher amount of
drugs could be loaded in the microgels when the charges were situated in the core. Charges on
the surface of the particlesleadtoacsa | | ed 0 s k i sarfade afythe paiticles thatt h e
prevents further uptake of drugs.
In 2006, T. Hoare and D. McLean attempted to develop a kinetic model in order to firedict
distribution of ionizable groups microgel particles®!. They state that predictions can be
made on copolymerization ratios, hoipolymerization constants, anditinl monomer
concentrations alone. A comparison between the radial density diagrams based on kinetic
model predictions and TEM images (in which carboxylic groups are stained with s))(Ac)
show a good correlation with regard to the distribution of carboxybups. The model could
also be used to predict the radial distribution of crosslinker density within the particle.
The work by T. Hoare and R. Pelton show that the distributfaonizable group#nfluences
the swelling and electrophoretic propertigls microgel particles and is crucial for many
applications such as drug delivery or chemical sensing.
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2 Thesis Outline

The aim of this work ighe understanding of how the distribution of functional groups (i.e.

basic and acid moieties added through copolymerizatiatjinvthe polymer network of
environmentally responsive microgels influert
microgels are manifold and range from encapsulation/controlled release of drugs and genes
(121 and chemical sensing and/or filtratiin membrane&!™ to coating for nosbiofouling

and proteirrepellent surface$!® and magnetic resonance imaglA§l. With regard to each
application, the microgel architecture plays a crumbd as discussed in the previous chapter.

This work is thereforéivided into three parts:

(1) Synthesis and characterization @mpholytemicrogel particles.
Microgels are based on poly-vinylcaprolactam) (PVCL) and poly{N-
isopropylacrylamide]PNIPAm) with various distributions dbasic and acid moieties
within the microgel particle. Here, mterionic as well as ampholyteicrogelsare
synthesized anthe functionalgroupsareincorporated either statistically, as cateell
or Janudike (seeFigure 2.). Depending on the amount of hydrophilic comonomers
used, either surfactafrtee freeradical precipitation polymerization in water or free
radical inverse minemulsion in heptane/water are used as polymerization techniques.
The synthesis of statistical iocnogels of both zwitterionic and ampholyteature
requires a onstep synthesis, while ceshell particles are prepardyy a two-step
synthesis. For the synthesis of Jafike microgels the particle formation in the
beginning of the synthesis is clogaltudied to predict the right moment for mixing

separate microgel dispersion at the right time so they form <Jixeyzarticles.

W W R

statistical core-shell core-shell Janus-like

Figure 2.1 Various distributions oionizablegroups aimed at in this work.

The influence ofthe distribution of ionizablegroupsas well as their amount in the

mi crogel on the microgel sé properties suc
radius, temperature@nd pHsensitivity, and softness is looked at. Another focus is on

the special behavior and the degradatiateptial of norcovalently crosslinked

zwitterionic microgels after the addition of salt.



(2) Interactions ofampholytemicrogels with charged species
The second part looks closely at the influence of different microgel architecture on the
uptake and rele® of charged species. Subsequently, the size of the charged species is
increased from simple salts t o protein
hydrodynamic radius and swelling behavior are greatly influenced by the addition of
charged species. In caskthe protein, where cytochrome c is used as a model protein,
not only the uptake is studied, but also the release using various triggers such as
temperature, the addition of salt and a change in pH. Here, the focus is on how
different distributionsof ionizable groupslead to different uptake and release

mechanisms.

(3) Microgel-based materials.
Hybrid materials of the above discussed microgels are studied in this part of the work.
First, ionizablemicrogels are used as naoontainers for biomineralizatioof CaCQ
and for bone s-TAPs Eurthermore, @witterianic t nhicrogbls are
depositedon surfaces to study the influence o

hydrophilicity, proteirrepellency, and seliealingproperties
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3 State of the Art

3.1 Microgels

Microgels are intermolecular crosslinked, thoemensionalcolloidal polymer networks with

a porous structure and a high capability to absorb water, Hereetn ame figel 0. The
water that can be absorbed ranges fromi 9Dwt-% and depends on the hydrophilicity,
presence of charges, and the crosslinking density within the microgel p&ltiGleeir sizes

lie in the range of 56m to 5pm M. Ther ef or e, tshmisleadiagsimce theni ¢ r o ¢
part Amicroo is referring to the size of th
appropriate term, in this work, the word Aimi

microgel dispersions is highly dependent bnet par ti cl esd sizes as v
swelling: Dispersions with small or collapsed particles are milky white, while dispersions
with larger or highly swollen particles are nearly transparent, since their refractive index is
close to that of watdf!. Though the swelling of microgels in water is a result of their high
hydrophilicity, they do not dissolve in water due to their internal crosslinking. This
crosslinking can be of covalent nature, but alstepenént on the kind of polymers used
originate from hydrogen bonding, electrostatic interactions or entanglement of polymer chains
[ Microgels that are crosslinked cowvatly are also referred to as chemically crosslinked
particles, while the others are physically crosslinked. The latter ones are only stable under
certain conditions: changes in the environment such as salt or temperature will lead to the
dissolution of micogels into loose polymer chains. Covalently crosslinked microgels can be
obtained by either the copolymerization of a crosslinker such Ms NO
Methylenebis(acrylamide) (BISY® or a chemical reaction between functional groups in the
polymer chain”®l. The latter is often done in a pasilymerization and leads to microgels

that are only crosslinked on the surface.

Microgel particles obtain their colloidal stability by threeeams: steric hindrance,
electrostatic repulsion ax combination of botf!. Sterichindrance is caused by the loose
ends of polymer <chai ns omodificatien, epgaviatgrafing with s s ur
PEGMA [OIL or PEQPI?, Electrestatic repulsion is based on the repulsion forces between
charges on the particle surface and is mostly gained by the use of a charged initiator during
the synthesis, e.@,2'Azobis (2methylpropionamidine) dihydrochloride (AMPA) or the use

of charged sdactants such as sodium dodecyl sulfate (SDS). The third method combines the
preceding two methods. The good colloidal stability goes so far that microgels are able to re

disperse in water after being freedged or centrifugeét.



Microgels can be divided into nemsponsive and stimulussponsive gels. This chapter will

only focus on the latter. Stimuksensitive microgels undergo volumetric changes when
responding to small variations in the environment. This fascinating behavior has been
extensively studied experimentally and theorelycalver the past decades. Most studies in
literature concerning sensitive microgels focus on temperaamsitive microgels, i.e. they

swell or shrink in size dependent on the solution temperature. The temperature at which the
chemical and physical chatadstics change dramatically is called Volume Phase Transition
Temperature (VPTT). Typical examples for temperataesitive polymers are poN-
isopropyl acrylamide (PNIPAm) and peNrvinylcaprolactam (PVCl:-pased systems. Both

have a VPTT of around 3Z ¥4 This closeness to body temperature makes these
monomers therefore very attractive for biomedical applications.

By the use of comonomers further sensitivities for example to pH, ionic strength, ligh
magnetic or electric field, can be incorporated. Because their behavior can be controlled and
tuned externally, they d%08 Inocontrastnto ncaerdstogiad 7 s m
gels, nicro- and nanogels respond very fast to external stimuli, usually within few seconds
(1718 due to their high surface aremvolume ratiol*®l. The reaction of macroscopic gels
usually is within several hours because their reaction is dependent on the diffusion speed into
the network. Many authors have reported on the relationship between size and response time
(20211 The responsiveness of microgels to exa stimuli makes them attractive for a wide
range of applications. They range from targeted drug dellR@&I?4, catalysid?>I?¢ tissue
engineerindg®’, to chemical separation proces8&sand colostunable colloidal crystalg?.

Microgels have a bulk phase behavior very much different than that of hard microspheres
such as polystyrene (P8YEU. They are liquid at low volume fractions, and show cryéthl

and glassy phases at high volume fractions. With regard to their softness, they are located
between molecular polymers and hard collbiparticles. As a result, they have a higher
packing density that is beyond the random close packing fraction of hard spheres due to their
ability to deform®3l,

The softness of microgels can be changed by variation of the amount of crosslinker as well as
through its response to environmental changes like temperature, pH, and ionic strength. A
different approach was used by Z. Zhou et al. who prepared microgédsnoom a PS core

and a PNIPAm shelP3. They could tune the softness of the particles by variation in
temperature and shell thickness. The softness of partigltestly influences their
deformability. Contrary to hard spheres, deformation and interpenetration of polymer chains

can occur for microgels. The softness and deformability of particles are an important factor
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for the stabilization of Pickering emulsiorSlassically, Pickering emulsions are emulsions
stabilized by solid particles. In the last years, thermosensitive microgels were used as
stabilizers due to their high deformability in order to obtain responsive emuléthni
contrast to hard spheres, microgels deform strongly at theatdr interface and loose their
spherical shape. The extent of deformation is greatly influenced by the degree of crosslinking.
This effect was intensively studied by M. Destribats ef®8ll. They showed that a higher
deformability leads to kinetically well stabilized emulsions, while a higher crosslinking or an
increase in temperature (resulting in an increase in crosslinking density due to particle
shrinkage)reduces the stability. The degree of deformability also becomes important with
regard to substrate deposition. Deformable microgels can be deposited on surfaces that are not
accessible for rigid particles such as PS or sftita



3.2Poly-N-vinylcaprolactam and Poly-N-isopropylacrylamide

N-Vinylcaprolactam (VCL) is a sevemembered vinylamide with a lactam ring that is
soluble in both polar and neguolar solvents. It is a white, crystalline solid with a melting
point of 35- 38°C 81, |t is amphiphilic due to its hydrophilic carboxylic and amide group
and its hydrophobic vinyl groupN-isopropylacrylamide (NIPAm) is an adaynide with a
melting point of 60" 63 °C [¥71. Both monomers are commercially available. The structures of
both VCL and NIPAm can be seenkigure3.1.

K ~

N O

(6] NH

PN

Figure 3.1 Chemical structures of (left)N-Vinylcaprolactam (VCL); (right) N-
isopropylacrylamidéNIPAm).

In comparison to NIPAm, VCL is more biocompatible. When NIPAm hydrolyses, it produces
toxic amines of low molecular weightl®?, Hydrolysis of VCL can occur under strong
acidic conditions and results in the formation of caprofadtee Figure 3)A40.

Most articles in literature disss the polymerization of VCL via radical polymerization
(42430441 M. Hurtgen et al. prepared thersmesponsive block copolymers of VCL and
vinylacetatein a cobaltmediated radical polymerizatidft!. The reported polydispersity of

b = 1.1 confirms the advantage of this method. M. Beija et al. report the polymerization of
PVCL via Reversible AdditioaFragementation Chain Transfer Polymerization (RAFT) and
Macromolecular Design via the Interchange of Xanthates (MADAX) They were able to
synthesize polymers with Mof 150,000g/mol and dispersities belo® < 1.2. A different
approach was foll owed by S. C. Cheadigtionent a l
high yields. They demonstratéww the molecular weight could be tuned with the radiation
dose as well as the monomer concentrafion

Synthesis procedures to obtain-enosslinked PNIPAmM polymers are rare in literature since
most authors f ocus o ityfohtke preparbtipmoé RNGPAM dels.d.r mo s e
H. Ho et al. obtained PNIPAm polymer chains with Bwof 1.05 via RAFT polymerization

48] There are, however, many reports about using PNIPAm hormmpolymers as brushes

or manolayer for the stabilization of nanoparticles. X. Jiang et al., for instance, prepared
poly(acrylic acid)g-poly(N-isopropylacrylamide) graft copolymers to coat wateluble iron

oxide nanoparticle§l. The polymer was obtained in thrsep synthesis and served as a

8



template for the preparation of weléfined FeO4 nanoparticles. It was shown that the length
of the graft polymer chain infenced the size of the nanoparticlesYBZhang et alprepared
a copolymer of PNIPANMand poly(ethylene glycol) via ATRFY. In a subsequent step, this
block copolymer was added to pdWlN-dimethylamineethylmethacrylate) in a click

reaction. Thdinal terpolymer was both temperatueand pHsensitive.

T
1
1

caprolactam
+
7

acetaldehyde

Iomeaenc]
O I-00~Y

Figure 3.2 Hydrolysis ofN-vinylcaprolactanm*!,
Both poly:N-vinylcaprolactam (PVCL) and poli-isopropylacrylamide (PNIPAmM) are non

ionic, watersoluble, and temperatusensitive polymers with a lower critical solution
temperature (LCST) at around 32 in waterl*¥IBl52 The temperatursensitivity is based

on the presence of both hydrophobic (alkyl chains or vinyl backbone) and hydrophilic groups
(amide or carbonyl groups). Below the LCST, rowasslinked PVCL polymer chains form
random coils in water because its hydroghdarbonyl group forms hydrogen bonds with the
surrounding water molecules (polyrralvent interactions) giving a favorable contribution to
the free mi xn € Q). Semulamegusly, thegqitydrophobic alkyl ring forms
polymerpolymer interactions. 8ce the hydrogen bonds are stronger than the hydrophobic
interactions, PVCL is soluble in water. When the temperature reaches the LCST, PVCL

undergoes dramatic changes in its interactions with the surrounding water molecules. The



polymersolvent bonds ardisrupted and the polymguolymer interactions become stronger.
PVCL turns from a random coil to a globular polymer that is insoluble in water. As formerly
ordered water molecules are released by this process, an increase in entropy results. This
processs similar for norcrosslinked PNIPAmM polymer chains. The LCST can be tuned by
the ratio between hydrophobic and hydrophilic groups in the polymer. The higher the number
of hydrophobic segments, the lower the LCST becdfhgs!i>4l,

Berghman et al. distinguish three different types of LCST: type I, type Il, and typa§il.

PVCL shows a type | LCST transitidrehavior, i.ethe position of the critical point can be
shifted towards lower concentrations by an increase in the polymer chainf&ngth

Sine PVCL has a type | transition behavior, its LCST is dependent on the molecular weight
of the polymer as well as the concentration. An increasevramdi concentration leads to a
decrease of the LCST of PVC#I*6l, M. Beija et al. could show how the cloud point of
PVCL microgels can easily be tuni8l. By increasing the molecular weight from 18.000 to
150.000g/mol, the LCST was shifted from 33 to 46. The incorporation of comonomers is
another possibility to influence the LCST of polymEf#>7l. For instance, A. Kermagoret et

al. synthesized copolymers of PVCL withvinylamide and vinylester and were able to shift
the LCST fran 32°C to 81°C and 19°C for molar fractions of 0.5% of N-vinylacetamide

and 0.43% of vinylacetate, respectiveRy..

PNIPAmM exhibits an LCST in the same range as PVCL. In contrast to PVCL, PNIPAm is a
type Il polymer, i.e. its critical point is almost independent of the polymer chain length.
Poly(vinyl methyl ether) (PVME) is a typal polymer having a type lll transition behavior.
Type 1l polymers have two critical points: one for low and one for high polymer
concentrations, thus showinype | and type Il behavior, i.ethe LCST of PVME is
depending both on the polymer molar masd the concentratidpfi>%l,

Polymers having an LCST are of great interest as their behavior resemblesaheaat®n
process of proteins and enzymes. As |. Bischotberger et al. explain, the gtebaike
transition of a polymer is similar to the denaturation of proteins. Above the LCST, a polymer
is in a compact, #Afol ded &oilbetowthelC®H't it unf ol
Polymers basedn PVCL are used in a wide range of applications. The great potential of
PVCL for the preparation of thermassitive microgels is discussed in the next chapter.
Copolymers of VCL andN-vinylpyrrolidone (VP) are sold by BASF under the trademark
LUVITEC® and are used dsotmelt adhesives, glue sticks and hydrogel adhes®#g],
Copolymers of VCL and -Yinylimidazole (Vim) were used to prepare protdike

10



copolymers with hydrophobic units in the core and polar units in the shell of a githule

VCL copolymers are also usé@dhairsprays and hafixation resins®4.
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3.3 PVCL and PNIPAmM microgels

The first microgels were synthesized via dispersion polymerization by R. Pelton irf1986

They obtained PNIPAM microgels with sizes of about 1000below the VPTT.

Generally, PNIPAmM and PVCL microgels are obtained in a free radical polymerization at
synthesis temperatures above tI@ST of the respective monomer, i.e.i680 °C. The main
requirement is that the polymer is insoluble at this temperature, otherwise a macrogel instead

of a microgel will form. At this temperature, the wasetuble, freeradical initiator
decomposes andtarts the growth of a monomer radical to a polymer chain via radical
propagation(see Figure 3). Through the use of an ionic initiator such as AMPA or
potassium persulfate (KPS), the charge at the polymer chain end will contribute to the
resulting micogel 6s col | oi dal stability. I n contr a:
however, initiators such as KPS cannot be used to produce PVCL microgels due to the
sensitivity of the VCL ring to oxidation (séegure3.2) (418 Beyond a critical chain length

of the collapsed polymers,als e s epar ati on occurs due to the
and the aggregates form precursor particles that grow in size by further aggregation, by the
addition of monomer molecules or by the addition of growing elaghcals.The reaction

stops when the amount of mamers is exhauste®uring the cooling down of the solution at

the end of the polymerization to T < LCST, the microgel network swells in \Wat&} 28]

[68]  After synthesis, the microgel dispersion needs to be purified due to the presence of
unreacted monomers, réactants and/or linear or slightly branched polymer chains. Common

techniques are centrifugation, filtration, decantation, and dialysis.

| M Initiation + Precipitation Particle @ T<VPTT
, chai ng rowth nucleauon gwwth
_—
M ﬁ? @

I

Monomer / Ohgoradlca\s Precursor Growing
initiator particles particles

Swollen
microgels

solution

Figure 3.3Microgel formation during free radicglecipitationpolymerization.

The synthesis with free radical lpmerization technique is advantageous since it produces
monodisperse particles and particle properties such as particle size and charge are easily
controlled®®. Still there are some limitains that make other polymerization techniques more
attractive. First, the incorporation of comonomers is very much dependent on their
hydrophilicity (67, Very hydrophilic monmers may not precipitate at the critical chain length

to form precursor particles. ifflerenaes in polymerization parameters between different

12



comonomers as well as between monomer and crosslinker lead to the formation of
inhomogeneous particles. Usuallyjcnogels have a higher crosslinking density in the core
than in the outer shell of the particlé¥. Furthermore, J. Gao and B. J. Frisken have shown
that monomers are able to setbsslink’™®. They could prepare PNIPAM microgels without

the use of the crosslinker BIS and obtained particles with a narrow particle size distribution.
The authors explained this result by chain transfer reagtieefsrably at the hydrogen atom

on thetert-C of the main chain backbone. This leads to problems regarding the possible
application as a drug delivery system for microgels containing cleavable crosslinkers (with
regard to biocompatibility and removal cdnticles from the body) where a sehosslinking

of monomers results only in partial degradation. Another drawback is the encapsulation of
temperaturesensitive drugs during the synthesis due to the high temperatures used during
precipitation polymerizatin (usually 60C 'Yl - 70°C 27374 X, Hu et al. proposed a
different mechanism to obtain microgels via precipitation polymerization at low temperatures
68 They assumed that because the LCST of PNIPAm is &€ 3Rucleation of particles
should be possible at temperatures far belo®@ut above 32C. Classical precipitation
polymerization is carried out at high temperatureseithe number of radicals decreases with
decreasing temperature. X. Hu bypassed this using two different approaches: (a) the use of the
redox initiator system ammtetramatmletylenedaming at e
(TEMED) which allows initiationbelow the thermal decomposition of APS. As already
shown by X. D. Feng, the mechanism is based on a contact charge transfer complex and a
cyclic transition state between APS und TEMEB, (b) the decomposition of the initiator

2 , -&z0bis isobutyronitrile (AIBN) was realized by UV radiation. Both a@ons allowed the
preparation of spherical PNIPAM microgels with a narrow particle size distribution.

The size of the particles can be controlled by various means. An increase in the synthesis
temperature leads to the formation of smaller parti¢fd&]l. Smaller particles can also be
obtained by the addition of an ionic surfact&htD. Dupin et al. describe how the surfactant
absorb onto the PNIPAmM surface and thus lead to stabilization at an early stage of particle
formation["®. A higher concentration of surfactants leads to even smaller particles. Nonionic
surfactans are usually used for steric stabilizati6h A. Lee et al. used poly(vinyl alcohol)

of various molecular weight and showed that PNIPAm microgels could be stabilized over a
wide ionic strength. If, in contrast, the size of particles is to be increalgetiolytes can be
added during the synthesis procedure. H. Shimizu et al. added sodium chloride to the
monomer solution to obtain particles with sizes between 0.55 anguh&9. An increas in

size, however, is accompanied with an increase in polydispersity. The particle size of

13



PNIPAM microgels prepared by T. Still et al. in a sdraich emulsion polymerization could

be tuned between 0i84 um depending on the charge concentraibrSince the particle size
increases linearly with time, the reaction can be stopped at specific times in ordemohabta
desired patrticle size.

Micro- or hydrogels based on polymers possessing a LCST such as NIPAm and VCL show a
volume phase transition temperature (VPTT) themselves. That means that particles are
swollen and hydrophilic below the VPTT, above the VPh&y collapse and expel water

from the polymer networksee Figure.4). Similar to their polymers, the VPTT of microgels

can be tuned by varying the ratio between hydrophobic and hydrophilic comonomers.

260 T T T T T T T T

VPTT

swollen

120 T T T T T T T T
10 15 20 25 30 35 40 45 50 55
T[°C]

Figure 3.4 Hydrodynamic radius Rof PVCL microge$ as a function of temperature.

This phenomena for neonic microgels was first shown for PNIPAm microgels by
Hirokawa et al®ll, PNIPAmbased microgels exhibit a VPTT of-32 °C [14I[81lE2] Below

the VPTT, the behavior of crosslinked PNIPAm is similar to that oferosslinked PNIPAmM

as described above. Crosslinked microgeés surrounded by structured water molecules and
thus swollen. I. Bischotberger et al. have discussed the increased solubility of the hydrophobic
parts of PNIPAm at low temperatures resulting from the formation of a hydration shell around
the hydrophobic ups that involves stronger hydrogen bonds between the water molecules
than in the bulk®l, With an increase in temperature, however, contact batwike
hydrophobic groups becomes thermodynamically more favorable than contact between the
hydrophobic groups and watéf®l. Subsequently, the paoner network undergoes a
conformation change so that hydrophobic groups are surrounded by more hydrophilic groups.
In contrast to noitrosslinked polymers, however, crosslinked polymer networks cannot
dissolve in water above the VPTT due to the crosslinks

When NIPAm is modified with an additional hydrophobic methyl group, it shows a much
higher phase transition temperatuxeisopropylmethacrylamide (NIPMAm) has an LCST of
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38 - 45°C which is attributed to the steric hindrance of the methyl group tmakters
favorable association due to restraints of the chain conformational df8fde

Mi crogels based on PVCL retain its monomer so
agree that PVCL microgels hava VPTT at around 3Z in water®I*24l tough their
transition is not as sharp as the transition of PNIPAmM micrd§@f]. High-sensitivity
differential scanning calorimetric studies by L.M. Mikheeva et al., however, show that PVCL
microgels reveal two sepaeatransition temperatures: at 31® and at 37.8C 3. The
authors assign the higher transition to the gel volume collapse, while the @ornuti
hydrophobic domains within the microgel occurs at the lower temperature. These
hydrophobic domains are a result of the amphiphilic character of the PVCL polymer chain. It
consists of cyclic amide with a hydrophobic polymer backbone Esgere 3.1). The
formation of the hydrophobic domains is thermodynamically more favored than the complete
collapse of the overall gel which occurs only at a higher temperature ¢f(37.6

The VPTT is influenced by changing tpelymersolvent interactions. This can be realized

by a variation in crosslinking densit§®!, pH, solvent® the presence of salt” or
surfactant$®®l, and the amount of ioniéY, hydrophobid®? or hydrghilic groups®®®4 in

the polymer. For instance, Mikheeva et al. studied the effect of NaCl and sodium dodecyl
sulfate (SDS) on the transition temperature of PVCL microgels. They showed that the
presence of NaCl results in increased hydrophobic irtters¢ hence both transition
temperatures are shifted to lower temperatures, i.e. room temperature. Amphiphilic SDS on
the other hand promotes the formation of hydrophobic domains, therefore pronouncing the
difference between the two separate transitionperatures while at the same time shifting
them to higher temperatures. At an SDS concentration of 5.2 mM, the transition temperatures
shift to 67.6 °C and 78.8C, respectively. A. Pich et al. showed that the amount of ethanol in
an aqueous PVCL microgedolution greatly influences the transition temperatlifé
Depending on the amount of ethanol, the VPTT decreases, increases or vanishes completely.
All theseexamples, however, are not suitable if it comes to applications under physiological
conditions. Variations in solvent or ianstrength, for instance, are hardly or not at all feasible
within the body. Also the use of ionic surfactants is not without difficulty since they cause the
denaturation of protein€®. Therefore, the most practicable approach is the incorporation of
hydrophobic or hydrophilic comonomers. Hydrophilic units chatigee VPTT to higher
temperatures, while hydrophobic comonomers shift it to lower temperatures. A. Pich et al., for
instance, prepared VGto-AAEM-co-Vim microgels and showed that a higher amount of

Vim leads to an increase in the VPTT. At pH = 4, the pration of the Vimsegments leads
15



to a drastic shift of the VPTT to ~ 8C compared to ~ 28 for pure PVCELco-AAEM
microgels®l.

While properties of PNIPAmM microgels such as a VPTT close the human body temperature
are important for applications in the biomedical field, the problem of colloidal stability under
physological conditions must be solved. -M. Tsai report the aggregation of PNIPAmM
microgels in buffer solution when the temperature rises over the transition temp&fature
Steric stabilization or the incorporation of acid or basic moieties improves the stability.
Another drawback of PNIPAmM microgels is the toxicity of the monomer NIPAmM and it
carcinogenetic propertie€’l. PNIPAm microgels threfore are neither biocompatible nor
biodegradable. VCL, on the other hand, is more suitable feajgtications since it is stable
against hydrolysi&€. Its biocompatibility*’®3 nontoxicity 8% solubility in both water

and organic solvents, inexpensiven&$s and high absorption abilit{}® makesits use
attractive for manymedical and biochemicalpplicatons S. Peng and C. Wu showed that
microgels of PVCL and sodium acrylate are able to build complexes with Bg*, Ce*,

and N& making it suitable for water treatmeft. Y. Wang et al. prepared nanogels based
on PVCL with ketal linkages that are acid cledealihey studied the drug release behavior

using the drug doxorubicin (DOX) and demonstrated the fast and efficient release at low pH.
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4 Experimental Part

4.1. Chemicals

N-vinylcaprolactam (VCL, 98 %, destilled before use}(rf#ethacryloyloxy)ethyHdimethy}
(3-sulfopropylyammonium hydroxide (sulfobetaine, SB, B) -N, NO
methylene(bis)acrylamide (BIS, 98) , itaconic aWwiirdyI(ilmi,dalx o99% %
99 %), N-isoproylacrylamide (NIPAm, 97 %), SpP80 (sorbitan monoolate) Tweer80
(polyethylene  glycol  sorbitan  monooleate) ZazoBis{2methylpropionamidine)
dihydrochloride (AMPA, 970) ammoni um c% Mbsobasis), @hosphéxe 3 0
buffered saline (PBS, tablets), -@&inopropyl)trimethoxysilane (APTMS, 98), 2
(methacryloyloxy)ethyl acetoacetate (AAEM, 95 %)2-( N ,-dwethylamino)ethyl

met hacryl ate (DMAEM, 98 %) , c Y0), and hcetonen@or ¢ ( f r
HPLC, @) vee .pBrchased from Sigma Aldrich and were used without further
purification. 2-(methacryloyloxy)éhyl 2-(trimethylammonio)ethyl phosphate (phospho
betainePB,O0 98 %) was purchased f b-popiol&@met{9d %)Cr uz |
was obtained from Alfa AesaAlbumin from borine serum tetramethylrhodamine conjugate

(BSA) waspurchased from Life technolog®s Toluene (min. 99.%) was obtained from

VWR Chemicals. Calcium chloride (95, granulated) was purchased from RiedeHa vy r .
Potassium chloride (pro analysi) and sodium chloride (for analysis) were obtained from
Merck Millipore. Water used in the experiments was purified using a Millipore water
purification system with a minimum resistivity of 18 g¥cm. For light scattering

experiments, sterile water from Roth was used.

4.2  Analytical Instrumentation

Dynamic Light Scatering (DLS) The hydrodynamic radius-Rof the microgel particles as
measured using an ALV/CGS goniometer with an ALV/LSE 7004 Tau Digital Correlator

and a JDS Uniphase laser operating at 633 nm. The measurements were taken at 25 °C at an
angle of 90 °Cafter equilibrating the samples for at least 10 min. Temperature trends were
measured in a temperature range of 15 °C to 50 °C in -8t€)63 with at least five
measurements per temperature step. Before all measurements, the samples were filtered with
a 12 um PTFE filter. Water was filtered with 5 pm, 1.2 um, and 0.45 um filters prior to use.
Another device for dynamic light scattering is the Zetasizer Nano ZS (Malvern Instruments,
UK) equipped with a 538m laser. Measurements were performed at a scejtangle of
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173°. Measurement conditions (equilibration time, measurement time, number of
measurements, temperature range) are identical to the measurements performed at the ALV.
Static Light Scattering (SLSYhe molecular weight of the microgel partislevas measured

with static light scattering using a Fica goniometer (SLS Systemtechnik, Germany) with a
laser of 543 im. The samples were measured in an angle range vt®345° with 5°
intervals. For each sample, five dilutions were prepared witbhergration from 0.Ing/mL

to 2mg/mL. Prior to SLS measurements, the change of the refractive index (dn/dc) was
determined using a refractometer (SLS Systemtechnik, Germany). Both measurements were
performed at 20C.

Electrophoretic Mobility The electroporetic mobility was measured at a Zetasizer NanoZS
(Malvern Instruments UK). Each sample contained 1 mM NaCl and was measured at 25 °C
after an equilibration of at least 10 min. The size of microgels at different pH were measured
using 0,1 M HCI and NaOltb adjust the pH. Measurements were taken between pH = 3 and
10 in 0.5 steps at 2%&. Before all measurements, the samples were filtered with a 1.2 um
PTFE filter.

Nuclear Magnetic Resonance (NMR)o determinethe comonomecontent in microgels
H-NMR spectra were taken with a Bruker DPC at a frequency of 300 MM#-% of
freezedried microgels were dissolved in@ and measured at room temperature.
Fourier-transformedIinfrared Spectroscopy (FTIRFTIR measurements were performed on
freezedried micogel samples at a Bruker, AlpiRaapparatus at room temperature. The
samples were mixed with KBr powder and then pressed to form a transparent KBr pellet.
UV-Vis Spectroscopy (UWis) UV-Vis spectra were taken at a UNsible
spectrophotometer using a CAXR100 Bio (Agilent Technologies, USA). A given
concentration of microgel solution in water was measured at room temperature in the range of
9007 200nm using 1 cm path length quartz cuvettes.

For the determination of the UCST and LCST of a solutiontehgerature was controlled
using a heating circulator and a cooler. The temperature was increased i@mo $0°C

with a heating rate of 0.K/min. The UCST or LCST was defined as the temperature at the
maximal slope for the absorbance against the tesyre.

Field EmissionScanning Electron MicroscopyRE-SEM) FE-SEM images were taken at a
S4800 (Hitachiequipped with a field emission cathodde electron high tension was set to

1-2 keV. One drop of the miagel solution was put on alunum foil anddried overnight to
prepare samples f&iE-SEM investigationTo improve the electric conductivity, a gold layer

was sputtered for 1®onto the samples prior to measurements.
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Transmission Electron Microscopy (TEMJEM images were taken using a Zeissrhidi00
(Zeiss, Germany)For the sample preparatione drop othe microgel solution was deposited
at room temperature onT&EM copper grid(Formvar/ carbon film, 200 mesh, Plano GmbH,
Germany)the day before and dried overnight. The TEM was operatednaacaeleration
voltage of 120 kV. The images were recorded using a CCD camera gi#itearScan 1000,
Gatan, Germany

Atomic Force Microscopy (AFM)Atomic Force Microscopy images were taken at an
Asylum Research MFBD (Santa Barbara, CA) in AC mode. @#vers of silicon nitride
were purchased from NanoWorld (Neuchatel, Switzerland) with a force constant of 42 N/m.
Images (10.0 x 10.0 um?2) were acquired using the tapping mode. Fapgenm was done in
contact modeThe rootmeansquare (rms) roughnegsres the height deviation from a mean

line and was determined to quantitatively describe the roughness of the surface:

1, . L. m, 1)
with L = length; Z(x) = profile height function.
Thermogravimetric Analysis (TGAYhermogravimetric analysis (TGAZeasurements were
performed using a Netzsch TG 202@it (Netzsch Geratebau GmpBermany operating
under nitrogen atmosphere with a flow rate ofmilO'min. 2030 mg of samples were placed
in standard Netzsch alumina85. cr uci bl e s K/minflomRE@to @&xrC.at 20
Differential Scanning Calorimetry (DSCMeasurements wengerformed at a Netzsch DSC
204 (Netzsch Geratebau Gmbli&ermany. Samples were solved ini12 drops of RO in
aluminum crucibles and weighed. The crucibles were closed with an aluminum lid. As
reference, pure D was used. The scanning was done froin A °C at a heating rate of
2 K/min under nitrogen flow. An isotherm was recorded fani@ before the sample was
cooled down again to & at a heating rate ofk/min. The cycle was repeated once.
Isothermal Titration Calorimetry (ITC) The measurementsene performed at a TAM Il
from TA Instruments company, Germany. A given amount of microgel and protein were
solved in PBS buffer, respectively. A solution of pure PBS buffer was used as a reference. All
samples were degassed forrih at room temperatur@nd 635 mmHg to remove G@&om
the solution. 50QuL of microgel solution were filled in the ampoule of stainless steel. The
stirrer in the reactio ampoule was set to 2@0m. 64 pL (i.e. 500 uL + half of volume of
titrated volume) of the reference stidun were filled in the reference ampoule. The ampoules
are lowered stepwise into the calorimeter chamber. After being lowered completely, the

system was allowed to edjbrate for at least 6@nin. 28 uL of aqueous Cal(c = 1
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mg/mL) solution was fillednto a glass syringe. It is important that no gas bubbles are inside
the syringe. Measurements were performed &2&nd 37°C. The temperature could be set
with an accuracy of £ 0.000C. 28injections of 1QuL each were done, each injection lasted
10s. Between measurements, the signal was allowed to return to the baselimairn E&ch
measurement was repeated with pure buffer solution in the syringe to determine dilution heat.
Flow Field-Flow Fractionation (F-FFF) Measurements were done using ah 2000 MT
separation system (Postnova Analytics, Germa@jnL of aqueous microgel solutions with

a concentration of tng/mL were filled into the channel that had a thicknes29dfum and a
length of30 cm. The eluent was filtered deionized water. iPl@g were collected using a
regenerated cellulose membrgB68,000MWCO). The eluting particles were detected online
by static light scattering.

Colloidal stability measurement$he stability of the microgel particles was studied with a
LUMiFuge 111233 (L.U.M. GmbH, Germany). Theentrifuge measures sedimentation
velocites of dispersions under centrifugal force. Microgel samples were measured in a 2 mm
LUM, rectangular Polycarbonate cell. Centrifugation was done at acceleration velocity
2000rpm (correspnds to 800 g) at intervals of 10 sTat= 25°C and 5C0°C. The slope of
sedimentation curves was used to calculate the sedimentation velocitygaiadlitdormation

about colloidal stability of the samples.

IGASorp Moisture sorptiordesorption isothermaere measured using an IG#p moisture
sorption analyzer (Hiden Isochema) at°8 The sample was put in a uksansitive balance

and he relative humidity (RH) was increased frorZRH to 94% RH in steps of 19o.

Plasma activation and spheoating The substrates were cleaned prior to use with water and
ethanol and dried with nitrogen to remove impurities. Then they were put in an air plasma
oven (Plasma Activate Flecto 10 USB) and activated atmBa@ for 60s at room
temperature. The substrates weoated with 3QuL of microgel sample via spinoating with

a rotational speed of 100pm/s for 60s at room temperature.

Contact anglemeasurementdVieasurements were conducted at a Contact Angle Measuring
System G2Mk4 from Kriss GmbH, Germany. A watdroplet of Millipore water of fuL

was dropped on a coated\Bafer. 10 images of the droplet on the surface were immediately
taken and the contact angle was measured with the software.

Protein adsorption test3o determine protein repellent propertiesaofnodified surface, the
wafers were incubated with 7@ of a 5uG/mL solution of BSA, BODIFY FL conjugate

for 20min. The protein solution was removed and substituted withuZQ8f PBS buffer for

10min. This step was repeated twice. At last, {@Q0of water were added for Iiin and
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removed again. The measurements were conducted at a fluorescence microscope (Carl Zeiss
Axioplan 2) with 16fold magnification. A halogen lamp XBO 75 was used and the exposure
time was set to 26. As a reference, uncoatedfers were used.

Circular dichroism (CD) spectroscop€D specta were recorded on a JASCE.1I00 CD
spectropolarimeter using guartz cuvette wih a 0.1 cm pattength at room temperature
Protein solutions of cytochrome c with a concentration of 0.@0®% were used in 10 mM

PBS buffer with pH = 3 and pH = 8, respectiveélne reported CD profilesere recorded

from 190 to 300hm to measure secondary protein structure amdan average dhree
successive scans obtained at anb® miri ‘scan rate corréed by a baselineThe measured

spectraareconvertedo mean residue ellipticity (MREs follows:
P

5 @

with [ d] = mean residue ellipticity; d = o0obs

P

(104 for cytochrome &)); ¢ = protein concentration (in mol); | = pathlength of cuvette.
The c o n-hebixnbeta shéet, tUrn, and random coil conformations are determined via the

Structur al Estimation Application software u

4.3 Microgel synthesis
The syntheses of thmaicrogel particlesand their purificatiorare described in the respective

chapters.
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5 Zwitterionic Microgels

5.1. Introduction

Zwitterionic microgels contain the same amount of cationic and anionic groups and are thus
electrically neitral. In contrast to ampholytaicrogels, both charges amchted in the same
monomer unit (seEigure5.1). This ensures that alwayn equal amount of chargepissent

in the particle. In general, the cation does not have an associated hydrogen atom.

A prominent group of zwitterions are betaines. Betainesisbof a quaternary ammonium or
pyridinium group!! and a negative pendant group. In most cases, the latter is either-a sulfo
carboxy or phosphogroup. Hence, the correspondent betaines are called sulfobetaine (SB),
caboxybetaine (CB), and phosphobetaine (PB) [sgare5.1).

The main difference between zwitterionic aachpholytemicrogels becomes apparent by
looking at their behavior in aguessolution. In water, ampholyteicrogels are swollen
through the electroatic repulsion of the charged groups. The addition of salt or the change of
pH leads to a collapse of tlaenpholytemicrogelstructure because the charges are screened.
This phenomenon is called the polyelectrolyte effect. Zwitterionic microgels, on tiee ot
hand, behave differently. Their structure expands after the addition of salt or the change of pH
which is called the anfiolyelectrolyte effectl.

SB issimilar to taurine, an amino acid found in the human B8dyt is an essential part of

the muscles and the nervous syst@mContray to other betaines, SB is electrically neutral
over a wide range of pH due to its high acid dissociation conga&nts similar to glycine
betainewhich is an essential part of the osmotic regulation in living organt¥dmBB is

similar to phosphorylcholin€! which isan essential part of biological membrafésThus

much effort has been done to study the behavior of phospholipid analogues. However, all
phosphobetaines described in the literature are not analogues of the desalibednd
carboxybetaines, i.avhile SB and CB have the anionic gpat the tail of each monomer

unit, PB has the positively charged ammonia group at the end. Even in publications
comparing all three betaines, e.g. by N.Y. Kostfhano remark concerning the different
structures is given.

Betaines arevell known for their ultra lowfouling properties®®l’l. These properties will be
discussed in more detail in chapter 11. In addition to their possible functionalization and their
antipolyelectrolyte effect, polymers containing betaines are highly interesting for biomedical
applications sut asdrug delivery® and tissue engineerird,.
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Figure 5.1 Betaine structwes: (a) sulfobetaine; (b) carboxybetaine; (c) phosphobetaine.
General sucture of (a) zwitterions; (b) ampholytes.

Y. Chang et al. used SB and PNIPAm to obtain zwitterionic copolyffefBhey stress the
usefulness of the particles due to their biocompatibility and their tempessusivity. The
copolymer exhibits both UCST and LCST depending on the copolymer composition, solution
concentration, solution polarity, and ionic strength. For instance, a copolymer composition of
29.0mol-% polySB and 71.@nol-% PNIPAmM exhibits an UCST of51°C and an LCST of

41°C in water at a polymer concentration oiwt%. Furthermore, the authors could show
that the same copolymer exhibits extremely low protein adsorption on surfaces. Y. Su et al.
synthesized poly(acrylonitriledo-SB copolymers for th preparation of zwitterionic
membrane$'?. The onoff behavior for transport of proteins such as lysozyme and BSA can
be controlled by the electrolyte concentati If no electrolytes are present, attractive
interactions between the proteins and the sulfobetaine exists, while those interactions are
screened at higher electrolyte concentrations.

The synthesis of zwitterionic hydrogels has been reported by mamyrsidt(*3*3, |n order

to improve mechanical stability and incorporate further desired properties these hydrogels are
often copolymerized. One drawback is the decreasedfaquiimg properties when other
monomers are inserted. N.Y. Kostina et al. present brushes cogt&BinCB or PB and-2
hydroxyethyl methacrylate (HEMAY. They showed that only GBo-HEMA copolymers
exhibited a sufficient fouling resistance and thus used them to obtain hydrogels. Hydrogels
with a CB content of 1énol-% retained the good mechanical stability characteristic for pure
PHEMA hydrogels while at the same time possessing aftddramount of water promoting

proteinrepellent properties.
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M. Das et al.were the first to synthesize zwitterionic microgels based on PNIPAm using
sulfobetaine as the zwitterionic comonorfierThey showed that only a limited amount of SB

can be incorporated into the microgel network using free radical precipitation polymerization.
With varying pH, no change in particle sizeuld be observed due to the permanent negative
charge of the sulfo group. Interestingly, the authors could detect n@ayeiectrolyte
behavior of the particles. Furthermore, the authors used the zwitterionic microgelsitar in
synthesis of gold ahsilver nanoparticles.

The great potential of zwitterionic structures to synthesize, trap, encapsulate and/or release
nanoparticles is also shown in other literatdfe L. Zhang et al. used polyCB nanogels of
~110nm in size to encapsulate monodisperseOkFenanoparticles that can be used for
enhancing Magnetic Resonance Imaging (MRI) performaliceghey showed that only %

of the nanoparticles are released in PBS, but much fastéo)80 the presere of the
reducing agent dithiothreitol representing an intracellular environment. The release of
nanoparticles occurred through the cleavage of the disulfide crosslinker. Furthermore, the
nanogels are able to degrade into small polyCB polymers that gambged from the body.
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5.2. Synthesis Procedure

Synthesis of Carboxybetain€arboxybetaine was synthesized as described in my diploma
thesis following the synthesis procedure by Z. ZH&hg

50mL of dried acetone were igmoled in a flask. DMAEM (1.5¢, 9.9mmol) andb-
propiolactone (0.99, 13.7mmol) were slowly added with a syringe pump and the mixture
was allowed to stir for & at 15°C. The product was obtained as a white precipitate. The
solvent was removed and the product was washed three times with anhyireusrel
acetone.

H-NMR (300 MHz):t 604 (s, 1H, ), 5.65 (s, 1H, HL), 4.53 (t, 2H, H4), 3.69 (t, 2H,
H-7), 3.55 (t, 2H, Fb), 3.07 (s, 6H, k6), 2.61 (t, 2H, HB), 1.82 (s, 3HH-3) ppm

T ¥ T
Pure Carboxybetaine
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] ] H 9 HsC  CHs
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i g 12 \ /\/N 0)
b H (0] 5 7
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g 8 > 8 & 8 a
< s - cd 8 o« o
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Figure 5.2 H-NMR spectrum of carboxybetaine.

Synthess of Phosphobetain€€ommercially availablgghosphobetaine has its twonizable
groups in reverse order compared to the other betaines used in this work, i.e. the quaternary
ammonium group is terminal. Therefore, phosphobetaine with a terminal phosphag®up

synthesized and friendly provided by Rudiger Bormann (IOC, RWTH Aachen).

Figure 5.3 Structure of phosphobetaine. (a) As commercially available. (b) As synthesized by
R. Bormann; numbers refer to the NMR spectrurhigure5.4.
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Figure 5.4 H-NMR spectrum of phosphobetaine. Numbers above the spectrum refer to the
peak position, numbers below the spectrum refer to the integral.

IH-NMR (300 MHz):li = 6.03 (s, 1H, HL), 5.64 (s, 1H, F2), 4.51(s, 2H, H4), 3.91(m, 2H,
H-8), 3.76(m, 2H, H7), 3.68(m, 2H, H-5), 3.12 (s, Bl, H-6), 2.08 (f 3H, H-3) ppm
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5.3. Precipitation Polymerization

5.3.1. Introduction

Precipitation polymerization is the main synthesi©cpdure for microgel synthesis.
Zwitterionic microgels wth sulfo, carboxy, and phosphobetaines as comonomers were
already synthesized and characterized in my diploma thesis. In addition to crosslinked
zwitterionic microgels, samples without crosslinker BIS were analyzed regarding their
particle size.

In this work, however, noitovalently crosslinked (hence called poosslinked) samples

with varying betaine content were further studied with regard to their degradability upon salt
addition and the particle formation process in comparison to conventionaHgr&dSlinked
microgels.

It is postulated that zwitterionic compounds form internal ionic bridges of two different types
(seeFigure55)*8: (a) The molecular structure is rigid and no internal bridges between the
ionic groups can be formed. (b) Intermolecular bridges between two different zwitterionic
groups are formed throbgantiparallel arrangement. (c) Intramolecular bridges between the
charged groups of one zwitterionic unit are formed; this type is dependent on the length of the

methylene units between the charged groups.

| 0 O !
Figure 55 Types of ion pairing within zwitt@onic structures: (a) rigid structure; (b)
intermolecular bridges; (c) intramolecular bridges.
M. Szafran described the factors that lead to bridges of either type (b) or (c): (1) flexibility of
the chain; (2) bulkiness and hydration of the charged gramks (3) electrical properties of
both the charged group and the soléft S. Chen et al. suggested that the charged groups
arrange antiparallel as to minimiget dipole momentsd.
The formation of ionic bridges of type (b) lead to the suggestion that it is possible to
synthesze microgels without the use of conventional crosslinker such as BIS because
intermolecular bridges are expected to form sufficiently strong ion pairing. These bridges,
however, should easily be dissolved by the addition of saline solution.

In literature,degradation of microgels ratly occurs by the use of a dageable crosslinker

that degrades by the use of UV ligt2924 pH 23123 and enzymek429128 v/, Bulmus for
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instance synthesized microgels based on poly(hydroxyethyl methacrylate) (pHEMA) and used
several diacrylateand dimethylacrylatéunctionalized crosslinkers to obtain adldavable
microgels??. They studied the hydrolysis time at two different pH values, neutral and acidic,
and showed that particles are stable at neutral pH, whiledgnade in acidic medium in less

than 60min. The authors explained this by the cleavage of the acetal crosslinks resulting in
free linear crosslinker chains. In this procedure, the precursor polymers are recovered and the
degradation of the microgel doast lead to toxic or harmful products which is an essential
criterion for the use as bi@nd cytocompatible materials. A. M. Hawkins et al. specifically
focused on the toxicity of-amint esterdhgdyagelsdaad i o n
analyzed tk cellular response of mesenchymal céfls M. Patenaude and T. Hoare show in

their work the possible application of NIPAm hydrogels that can be injected over a syringe to
act asa drug delivery syster?¥. They point outwo challenges: The microgels have to be
robust enough to withstand the shear stress in a syringe. On the other hand, it must be ensured
that the hydrogel degrades without the generation of toxic products and without a¢itgmula

in the body. They could show that their hydrogels degrade in acid and form the formerly used
precursor copolymers. No considerable toxicity or only slight toxicity at high concentrations
was observed in cell tests.

There are only few examples in fature concerning the degradation of zwitterionic
polymers. L. Zhang et al. synthesized carboxybetaine nanogels using a disulfide crosslinker
that can be cleaved in the presence of dithiothreitol (D% TFurthermore, they testetie

stability of their particles in PBS buffer for a period of six month. They showed that the
hydrodynamic radius of about 1bén did not change during this time.

So far, no examples for the synthesis of zwitterionic microgels without the use of &mrsslin
can be found in the I|iterature. I n contrast
decompose in saline solution because the crosslinking ionic groups of the zwitterions are
screened and results in a disintegration of the microgel strudibhesuse of saline solution

offers a simple, nottoxic, and lowcost method for degradation.
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5.3.2. Synthesis Procedure

Microgel Synthesis in ReactoVCL (1.877g, 13.49mmol), the respective betaine (see
Table5.1), and AMPA(0.06g, 0.221mmol) areadded in 150 mL of water in a douballed
reactor. While stirring at 200 rpm, the mixture is purged with nitrogen &C7The reaction

is started by adding the initiat&d#MPA. The reaction is allowed to stir at 70 °C fon.5

Microgel solutions are ebhned via dialysis in a composite regenerated cellulose membrane
from Millipore (NMWCO 30,000) for 3 d against water.

Table 5.1 Amounts of betaines used for microgel synthesis.

m (Betaine) /g | wt-% * n(SB)/ mmol | n(CB)/mmol |n (PB)/mmol
0.02 1 0.072 0.083 0.071
0.04 2 0.143 0.165 0.142
0.06 3 0.215 0.248 0.213
0.08 4 0.286 0.330 0.285
0.10 5 0.358 0.413 0.356

* of betaines with respect to amount of VCL and BIS.

Microgel Synthesis in CalorimeteFor calorimetric studies, the same amounts of m@arem

were used. They were performed out in a reaction calorimeterfR@G1 Mettler Toledo with

a 500 mL 3wall AP01-0.5RTCal reactor equipped with a Hastelloy® stirrer, a baffle and a
TurbidoE turbidity probe f rdoneiniSthdrmal neode,in T h e
which the desired reaction temperature) (I set at a constant value and the jacket
temperature (j changes automatically to maintain @t the desired value. Dataere
evaluatedwi t h t he software i Cont r iohoftReCnbterdactidh. O .
time the end of the reaction was defined to be when the heat flow was back to a value close to
zero and constant.

For insitu DLS studies, the amounts of monomers were dsvated to 100nL H-O.
Immediately after the addition ofdhinitiator, the size of the particles was determined in 99

steps with 42 intervals (3G measurement + E2processing time).
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5.3.3. Results and Discussion

PVCL-based microgels without crosslinker and varying betaines content (uptt&op were
sucessfully synthesized via precipitation polymerization. No aggregation occurred during the
synthesis or after cooling down of the solutibifIR measurements confirmed the successful
incorporation of SB into the microgel polymer network (graph see appendix)

In my diploma thesis, it was shown that the size of the particles changes in the same way as
microgels containing the crosslinker BIS: While carboxybetaine microgels increase in size
with increasing CB content, SB microgels do not change in size, amdié®Bgels decrease

in size. This very same behavior is also observed forcnosslinked particles (seeigure

5.6).
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Figure 5.6 Change of particle sizerRwith increasing amount of betaine for romsslinked
particles.

Both crosslinked and necrossinked sulfobetaine microgelsere further analyzed with SLS
to obtain information about the radius of gyrati(gee Figure5.7). Experiments were
performed below the VPTT (i.e. 2C).

2 VCL microgel with 5 wt-% SB
T

Crosslinked SB p-gel
R; =118 nm
R,=214 3 nm
R./R, =0.55

In1(q)

_g /Non-crosslinked SB p-gel
R, =102 nm

R,=220+2nm
R./R,, =0.46

-10 T T T v T
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q? [nm?)

Figure 5.7 SLS data for crosslinked and nerosslinked zwitterionienicrogels with 5wt-%
SB.
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SLS measuremeniwovidethe radius of gyration R It is 118nm and 10z2ym for crosslinked

and norcrosslinked samples, respectivelye ratio R/Rn gives information about the shape
parameter. It is 0.775 for an ideal, haphere®BY, The ratio R/Ry is 0.55 and).46 for
crosslinked and noeorosslinked microgels, respectively, and is thus much smaller than the
ratio for a hard sphere. V. Boyko gives the range of 0.8 as a typical range for microgels

[33 He explained this behavior by the inhomogenous crosslinking density in a microgel
particle: it has a dense inner core with a less dense outer shell of danglingrpcitgimes.
Figure5.7 shows that zwitterionic microgels crosslinked with BIS are closer to the value of a
hard sphere due to the fact that they are both chemically and physically crosslinked.
Zwitterionic microgels that were prepared without the use ofctbsslinker BIS are only
physically crosslinked over intermolecular ionic bridges are thus less compact and have more
pending segments on the particle surface. M. Antonietti et al. already demonstrated that an
increase in crosslinker results in an increasthe ratio R/Ry 3. They state that a microgel

with Re/Rn < 0.6 is highly swollen both in the core and the shell.

AFM measurements give the particle size in dried state. Both crosslinked antbssdimked
samples with 1 and 5 vl SB were spitoated on Swafer to see differences in the softness

of the particles (sekigure5.8). These measurements were done solely for SB microgels since
a variation in betaine content does not lead to a change jetticle size (sdagure5.6).

The following trends can be drawn from the AFM images: (1) Overview images show that
noncrosslinked microgels lead to a better and more even coating than crosslinked particles.
This might be caused by the fact that fmosslinked samples are softer and can thus adapt
their structure to the surface in a better way than crosslinked particles. (2) The height profiles
reveal that both for 1 and 5 W% SB microgels, crosslinked particles have a bigger height
than noncrosslnked samples: 14dm and 121m, respectively, for Wt-% SB, and 15Gm

and 144nm, respectively, for Wt-% SB. Furthermore, necrosslinked samples spread more

on the surface than crosslinked samples: r682and 46hm, respectively, for Wt-% SB,
and387nm and 3661m, respectively, for &t-% SB. The hydrodynamic radius as obtained
from DLS measurements for all samples is ~ 820 This behavior arises from the fact that
crosslinked particles are better able to retain their shape when in contaatseiil surface

than noncrosslinked particles. The latter spread pandikee and loose thus in height
compared to their crosslinked analogues (BSgire 5.8d). Furthermore, it is obvious that

non crosslinked particles with a betaine content @ft86 do not spread as pronounced as

microgels with Iwt-% SB. The higher betaine content and thus the higher amount of internal
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Figure 5.8 AFM images of 1 and 5 wk SB microgels, crosslinked and norosslinked.
From top to bottom: (a) Overview of -Biafer 225 um2); (b) Zoorin with lines for height
profiles (25 pm?); (c) Height profile of marked particles in (b) with average sizes; (d)
Schematic draft of microgel shape on surface, in proportion to each other; (e}irzoom
(1 um3); (f) Phase image of (d).
ionic bridges lead to a better stability and thus higher rigidity of the particles. (3) The phase
images of the zoomeédn | mages reveal that crosslinked
noncrosslinked parti c tseustureh dhisegues forfaghbnoogendusa r 0
distribution of the crosslinker BIS in the particles, while the sulfo groups lead to a
deformation and distortion of the network.

36

S



As shown in the AFM images above, the use of BIS as a crosslinker leads to different
properties of the microgels regarding their size and morpholodg. the following,
calorimetric and kinetic studies were performed to understand differences during the synthesis
of crosslinked and nearosslinked microgeld=irst, the synthesis was done in a calorimeter
measuring the polymerization heat and the change of turbidity during the synthesis. Second,
in-situ DLS measurements were performed to study the particle growth. Those experiments
were done for PVCISB (5 wt% SB) microgels with and without BIS. Reference
measurements for several monomers and monomer combinations were done to study the

influence and contribution of each monomer to the particle formation process.
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Figure 5.9 Heat profile gr (black), hydrodynamic radius; Red), and turbidity (blue); (a)
noncrosslinked Swt-% SB microgels; (b) crosslinkedvid-% SB microgels. Measurements
were performed at 70C under nitrogen atmosphere.

Figure 5.9 gives the change of the heat profile gr, the hydrodynamic radiysaii the
turbidity for the copolymerizationf VCL/SB without the crosslinker BIS (a) and VCL/SB

with BIS (b). For the heat profile (black curve), two peaks can be identified, belonging to two
separate steps in the polymerization process: one flat peaks shortly after the start of the
reaction (0 to-5 min and 5 to ~10 min), and one sharp peak (10 to ~ 15 min). The first peak is
not clearly distinguishable. Integration of the curve of the heat profile curves gives the
poymerization heat: it is 0.844J and 0.73%J for crosslinked and necrosslinkel
microgels, respectively. Regarding the particle growth (red curve), three steps can be
observed which occur simultaneously with the two peaks seen for the reaction heat: first, the
particles grow for ~ @nin (to 88nm and 14-m for noncrosslinked and rosslinked
particles, respectively), then the particle size remains stable untilminlZollowed by
another growth in particle size (145 and 18/fm for noncrosslinked and crosslinked

particles, respectively). The main difference between-arosslirked and crosslinked
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particles can be observed during the last part: crosslinked particles grow more rapidly in size
than noncrosslinked particles. For namosslinked patrticles, the particle size remains stable
after ~ 24 min, for crosslinked particlesesldy after ~ 12 min. The turbidity only shows two
separate phases: first a slow increase from %10 11% after 10min, then a faster increase

to 14.5 and 166 for nonrcrosslinked and crosslinked particles, respectively.

In order to identify the two dmat peaks, the monomers were synthesized separately with the
initiator AMPA (seeFigure 5.10a). Here, it can be seen that SB does not react when
individually polymerized with AMPA. It is believed that AMPA is not the right initiator if SB

is polymerized ane. Probably, a neionic initiator such as azobisisobutyronitrile (AIBN)
would be better suited for this task. Contrary, VCL reacts immediately after the addition of
the initiator resulting in a narrow and sharp peak. The icracd complete after ~ 1fin.

Integration of the peak givespolymerization heat of 0.9%3.
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Figure 5.10Heat profile gr as measured with calorimetry (a) of monomers SB and VCL with
AMPA; (b) combinations of VCL with BIS and SB; (c) crosslinked and-aasslinked Swt-

% SB mcrogels.

FurthermoreVCL was copolymerized with BIS alor{see Figureés.10b). It can be seen that

the reaction is clearly delayed compared to the homopolymerization of VCL. Furthermore, the
former sharp peak is broadened. Its form resembles the broadseeak in Figure 5.10c.

The polymerization heat is 0.88d. All polymerization heats are summarized in Td&ok
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The following conclusions can be drawn from these observations for the identification of the
three peaks as observed in the copolymerimatioVCL-SB with and without BIS: The first
peak is caused by SB. In a second step, VCL is incorporated into the microgel network.
Therefore, it can be assumed that the resulting microgel has a diffusshetirstructure with

SB mostly located in the o@iof the particle, while VCL is located in the shell.

Table 5.2 Polymerization heatsf copolymerizatiorof VCL with SB, and/or BIS.

Monomers used for polymerization Polymerization heat / kJ
VCL-SB-BIS 0.844
VCL-SB 0.735
SB no reaction
VCL 0.997
VCL -BIS 0.802

As already explained above, the particles are crosslinked internally through ion pairing of the
guaternary ammonium group and the sulfo group Esgere5.5). This is indirectly proven by

the fact that DLS and AFM images show fleemation of microgel particles that would be
loose polymer chains instead if no internal crosslinking would have taken place. Another
possibility to show the presence of those internal ion pairing is FTIR. Y. Su et al. showed for
their poly(acrylonitrile)based zwitterionic membranes that FTIR is able to detect differences
between dissociated and undissociated sulfo grdtths Depending on the degree of
dissociatim, the characteristic peak at 102 belonging to the symmetric stretch vibration

is split into two separate peaks.

Therefore, a crosslinked sample withv6% SB was analyzed with FTIR in three different
states: In dried state, in water, and iM IKCI solution that was stirred overnight. For this
experiment, a crosslinked sample was analyzed to ensure that the addition of KCI does not
lead to the degradation of the microgel particle which would influence not only the peaks of

interest but the whole sptrum.
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Figure 5.11 FTIR spectra of 3vt-% SB microgel sample in (black) solid state; (blue) in pure

water; (red) in IM KCI solution.

The peak of the sulfo group at 1040t most prominent in solid state (sEgure5.11,

black curve).The spectrdor the agueous samples (blue curve) were subtracted with the

spectrum of pure water. After subtraction, the peak of the sulfo group is very weak due to the

small amount of sulfo groups in the sample. The positions of the peaks were identified by

determiring the first deflection. It is 1038m? in pure water and 1045n? in 1M KCI

solution. In agreement with the results shown by Y. Su et al., the peak atri®38

associated with the undissociated sulfo group with the charged groups being oriesrted in

anti-parallel way. The peak at 10451 is induced by the dissociated sulfo groups, i.e. a

sulfo group being surrounded by counterions, in this case potassium. In contrast to Y. Su et

al., no splitting into two different peaks could be observed. Jingests that the dissociation

in 1M KCl is complete and no transition states exist.

The uncrosslinked samples withetihighest amount of betaine (i®wt-%) were analyzed

concerning their change in size with increasing KCI content. It is expectédthba

intramolecular ion bridges are dissolved by the addition of salt because attractive- charge

dipole and dipolalipole interactions are screened leading to the degradation of the microgel

particles.Freezedried microgel samples were dissolved in safiokition and stirred for 8

to ensure complete disintegration of the polymer network.

It can be seen ikigure5.12 thatthe particle size of all betaine microgels are unaffeated

low salt concentrations, i.@ip to an KCI concentration of 0.056 KCI. Beginning at 0..M

KCI for all samples, a second, smaller peak at aroumth2@an be observed. This indicates

the disintegration of the microgel network to loose polymer chains.
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Figure 5.12 Change of particle size distribution with varying salbncentration. (a)
sulfobetaine; (b) carboxybetaine; (c) phosphobetaine.

Images taken with FESEM support the daitéained with DLSFigure5.13 showsimages of
particles with 5wt-% SB (@) before the addition of salt and (b) aftex addition of salt.
Figure 5.13a shows monodisperse particles with a diameter ol29@the particles are in a
dried state and thus slightly smaller then they appear with DUSle the particles in Figure
5.13b show aggregates and single particles of different deredally, the small particles of

~ 20nm form aggregates during the drymg process and are thus not seen in the image.

[ £
DWI0KV-D'6 8mm xzfms(w

Figure 5.13 FE-SEM images of sulfobetaine mlcrogels (5%} without crosslinker BIS. (a)
before the addition of salt; (b) aftigre addition of salt.
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This behavior can also be observed opticafigure 5.14a shows nowrosslinked PVCL
microgels at 70C and 25°C. At 70°C, the microgels are in a collapsed state thus appearing
milky. At 25°C, however, the swelling of the polymeetwork causes a rupture leading to
single polymer chains. Necrosslinked PVCLco-SB microgels, in contrast, are stable at both
70°C and 25°C supporting the assumption that zwitterionic bridges lead to an internal
crosslinking of the particles (FiguBel4b). These internal ionic bridges are destroyed at room

temperature through the addition of salt indicated by the mostly colorless solution.

a b
- ‘—. & .
bt 4
PVCL PVCL-co-SB
s s
70°C 25°C 70°C 25°C 25°C, salt

Figure 5.14 (a) Noncrosslinked PVCL microgels at 7€ (left) and 25C (right); (b) non

crosslinked PVCLco-SB microgels at 70C (left), 25°C (middle), and 28C in the presence

of salt (right).
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Figure 5.15 (a) Sedimentation velocities of crosslinked (X) and {woosslinked (nofK)
samples with 1 and 5 w6 SB, respectively, with and without the additiof salt; (b)
Sedimentation front for samplewit-% SB, noncrosslinked, with salt; drawn in are the
positions of air, water and dispersion for better clarification; (c) Sedimentation front for
sample Wwt-% SB, nonrcrosslinked, without salt.

Since no aparent difference could be observed between SB, CB, and PB, the colloidal

stability of the particles was quantified with LUMiSizer measurements only for samples

containing Iwt-% and 5wt-% SB. Images of the samples after centrifugation show that there
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is dmost no difference between the crosslinked and thecnosslinked samples if no salt is
present. In the presence of salt, the-nmsslinked samples are considerably less colloidally
stable than the respective crosslinked sample.
This behavior is alsanirrored in the sedimentation fronts given kigure 5.150+c. The
sedimentation front is defined as the distance from the rotor center to the phase boundary
between sediment and supernatéht After transforming these curves into transmisdiore
curves (not shown), the sedimentation velocity can be calculated through the slope of the
curves.Figure5.15b shows the sedimentation front for the ronsslinked samplé wt-% SB
after the addition ofalt The sedimentation front moves from thet lief the right side with
time indicating a fast precipitation of the particles. The same sample without the presence of
salt Figure 5.15c) does not exhibit a moving sedimentation front thus showing a higher
colloidal stability.
The sedimentation velooits are summarized Figure5.15a. The following conclusions can
be drawn: (1) Samples with sa#ire less colloidally stable, i.ethey have a higher
sedimentation velocity, than samples that contain no added salt. For crosslinked samples, this
can be exg@ined by the fact that the particles increase in size after the addition of salt due to
the antipolyelectrolyte effe¢tdd371 The relsion between particle size r and sedimentation
velocity 3%is as foll ows

: oy

— )

With op = density difference between the par
viscosity of the medium.
Presuming that both the centrifugal force (for the sedimentation velocity of 2000 rpm and a
cuvette radiusof 2 mm) and the viscosity are constant, it follows that the sedimentation
velocity is dependent on both the particle size and the density difference between the particle
and the medium. Assuming further that the change of density of the particle ghiegthe
sedimentation velocity is increasing with increasing particle size. (2)chmsslinked samples
are considerably less stable in the presence of salt than crosslinked samples: for the sample
1wt-% SB, the sedimentation velocity is approximat@8 times higher than for the
respective crosslinked sample (11fm/s and 4.324m/s, respectively). This is due to the
degradation of the microgel network. (3) The sampleg-% SB is less stable in the presence
of salt than the samplevia-% SB (115.7 m/s and 66.6 um/s, respectively). This is because
the sample with the higher amount of betaine is better able to preserve the internal ionic

bridges than the sample with a lower amount of betaine.
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5.3.4. Summary

In this chapter,noncovalently crosslingd (i.e. without the use of the crosslink&iS)
zwitterionic microgels were studied. Zwitterionic microgels can be synthesized without the
use of a crosslinker since the positively charged ammonium group and the negatively charged
sulfo groups are expectdo build internal ionic groups that are sufficiently strong enough to
hold the microgel network together. The analysis focuses on two main aspects: first, the
polymerization process itself and second, the degradability of the particles in saline solution
The polymerization process was studied with calorimetry anditin DLS. For both
crosslinked and noorosslinked particles, two steps could be identified: first, SB was
polymerized, followed by VCL. This suggests that the resulting microgels haviesedibre

shell structure with SB located in the particle interior. Furthermore, it could be seen that the
presence of the crosslinker BIS fastens the polymerization process.

Differences in morphology and rigidity between crosslinked andcnosslinked prticles

could be seen with AFM. Particles without the crosslinker spread in a higher extent on a solid
surface than crosslinked particles. This is expected since crosslinked particles are more rigid
than norcrosslinked particles. Furthermore, differencesld be observed between particles
with a different content of SB: particles with more SB are more rigid and do not spread in the
same extent than particles with a lower amount of SB.

Since the microgels are crosslinked via internal ionic bridges,dtielps were expected to
degrade after the addition of salt that is able to screen the charges. First, the existence of these
internal bridges was verified with FTIR. It could be shown that the peak of the sulfo group at
1038cmt in water is shifted to@45cmt in 1 M KCI. The first peak indicates the presence of

the undissocaiated sulfo groups with internal ionic bridges. The shift suggests the dissociation
of the sulfo group that is surrounded by potassium ions.

After the addition of KCI, DLS measuremts showed the formation of smaller peaks of about

20 nm at higher KCI concentrations indicating the presence of loose polymer chains. Since no
apparent difference could be observed between SB, CB, and PB, colloidal stability
measurements were done soldébyr SB microgels. Again, it could be seen that non
crosslinked microgels are considerably less stable in KCI solution that crosslinked samples,
the sedimentation velocity was up to 30 times higher. EventualhgE¥ images supported

the assumption of th@egradation of nowrosslinked microgel particles in saline solution.
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5.4. Inverse Mini-Emulsion Polymerization

5.4.1. Introduction

An important factor in precipitation polymerization is the hydrophobicity of the formed
polymers. It is difficult to inorporate larger amounts of hydrophilic comonomers in
microgels by precipitation polymerizatiéi. This behavior was shown imapter 5.3 where
microgels with up to only %t-% of betaines could be synthesized via precipitation
polymerization. To increase the amount of the zwitterionic comonomer in the microgels, a
different technique, namely inverse mamulsion (or nan@mulsian) free radical
polymerization, is used and discussed in this chaptas polymerization technique allows

the incorporation obetaine amounts of 30ol-% and higher.

Mini-emulsions are aqueous dispersions of oil droplets that are stabilized by sastiféc

They are formed mostly through shear forces implied by ultrasonication, microfluidizer or a
homogenizer that break the monomer drophgigch results in the formatio of droplets in a

size range of 20 500nm ¥, In this work, ultrasonicatiois used to create small droplets.

With every wave, ultra sound produces a compoesand rarefaction of moleculeBuring

the rarefaction, small cavitation bubbles form and grow that implode again in one of the
following compressions. The collapse of ttavitation bubbles forms powerful shock waves

in the surrounding liquid. The resultidgjuid jets of high speed are the reason for larger
monomer droplets to disperse in the continuous phase. The longer the ultrasonication time and
the higher the ultrasoad power, the smaller the droplet size becoltfés].

The system usually consists of a dispersed phase, a continuous phase, one or more surfactants
and a strong hydrophobe. The surfactant protects droplets from diffusional degradation
through steg hindrance. Due to the small droplet size, the resulting large droplet surface area
leads to the main amount of surfactant being absorbed on the droplet surface. Thus, only a
small amount of surfactant is able to form micelles. The surfactant greathgrinfls the
resulting particle size. The more surfactant is used, the more the particles are covered by the
surfactant and subsequently the smaller the particles become. Generally, a smaller size will
also lead to a broader particle size distributitth Due to their size, dispersions appear
transparent or transtent. Syntheses found in literature use anionic, cationicjama or a

mixture of surfactants, though the first are the most common used. Sodium dodecyl sulfate
(SDS) is often use for the preparation of remulsions*3#94¢l Nonrionic surfactants are

rarely used in classical emulsions since they are often soluble in the monomer droplets. This

is different for miniemulsons: Here, the larger surface area leads to a larger fraction of non
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ionic surfactant at the surface in a thermodynamic equilibrium. They are mostly used in
controlled living polymerization with atom transfer radical polymerization (ATRP) where
anionic sufactants cannot be us&d.

A co-stabilizer is mostly a lownolecular weight compound that is insoluble in water and
prevents diffusional degradati&¥. The hydrophobe is the key agent in a reiniulsion. It is
monomersoluble, but highly wateinsoluble (less than 10mlI/mL ¥2) and thus does not
diffuse between the different monomer droplets through the aqueous!$fhdsea classical
emulsion polymerization, the diffusion of monomers from small droplets to larger droplets
(i.e. Ostwald ripening) reduces the total surface energy. In aemuision, however, the
monomer diffusion will increase the amntration of the hydrophobe and thus result in an
increase in free energy. An osmotic pressure is created inside the monomer droplet that
counterveils the Laplace pressure that is induced by the interface energy (i.e. the pressure
difference between instddand outside the droplet). This ideally stabilizes the monomer
droplets completely against Ostwald ripening. In reality, however, the hydrophobe only
retards the monomer diffusion, though the destabilization of droplets is in the range of months
[49 It was shown that irontrastto the surfactant, the hydrophobe does not influence the
resulting droplet siz&%59, Usually, highmolecular weight compounds such as kaigin
alkanes and longhain alcohols are used lagdrophobe$®Y. In some papers, the hydrophobe

is also called csurfactant. This, however, is a misleading term, since the hydrophobe
stabilizes the monomer droplet not on the surface but in the$ullbue to the lack of
diffusion between drdpet s t hey a c t53 &s a résoltatheosizecaa well asrtre 0
composition of the latex particles is identical with the composition of the monomer phase. In
contrast to a classicaimulsion polymerization, the polymerized particles have the same size
as the initial monomer droplets as demonstrated by K. Landfester et al. with surface tension

measurements and conductometry (Sigeire5.16) (49,

Mini-emulsion

Monomer po Iymerization
droplets
20-500 nm
o POLYMERIZATION 5 5
.

* Polymer particles
Monomer 3 have almost
supply from v same size as
ithin polym. monomer

droplets

Figure 5.16Schematic representation polymerization processes forini-emulsion.

Waterin-oil mini-emusions are called inverse miamulsions and are used for the formation
of hydrophilic, water soluble polymers such as polyacrylamide, polyacrylic acid or

polymethacrylic acid. Here, initiation can occur in the hydrophobic phase or within the water
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droplet Instead of a strong hydrophobe as required in directenmilsions, a lipophobe such

as water or salt is used. Because oil is used as the continuous phasmicmsorfactants

with a low HLB (hydrophiliclipophilic balance) are favorable.

Inver®e minikemulsions were first introduced by K. Landfester et al. in 2080 They
prepared hydroxyethyl methacrylate polymers in cyclohexane as the continuous phase. They
showedthat the minimal concentration for the surfactant wasant-% with respect to the
monomer. For the synthesis of polyacrylamide, an ionic salt was added as a lipophobe and

greatly increased the stability of the emulsion droplets.

Inverse miniemulsions & used to synthesize a spectrum of polymers. Many examples in
literature deal with the synthesis of acrylamides by inverse-emmilsion. S. Wiechers and

G. SchmidiNaake, for instance, prepared-gkinsitive copolymersf 2-acrylamide2-methyt
1-propanesudbnic acid and dvinylimidazole with a particle size of 200n and demonstrated

that the conversion is dependent on the type of surfactant used during the réactinn
Klinger et al. prepared enzymatically degradable microgels based on acrylamide and dextran
methacrylate in water and cyclohexdf® The use of two different initiators allowed the
synthesis at 70C and 37°C to obtain monodisperse, spherical particles as confirmed with
SEM.

There areseveral examples for the preparation of microgels with various sensitivities via
mini-emulsion. To obtain microgels, they have to be crosslinked before they are transferred to
the continuous phas€®. H. Dong, for instance, prepared magnetic microgels based on
di(ethylene glycol) methyl ether methacrylat@ naneemulsion ®®. The authors used
activatas generated by electron transfer atom transfer radical polymerization (AGET ATRP)
as a polymerization technique to obtain degradable, tempessnsédive microgels that were

used for the entrapment of iron oxide nanoparticles. D. Klinger and K. Lagidégsithesized
photocleavable PMMAbased microgels via mi@mulsion by free radical polymerization

[52 They obtained stable emulsion with particles with a size of 140 tow20Q aer, the

same authors prepared microgels based-byd2oxyethyl methacrylate and methacrylic acid
that were both sensitive to pH and UV lidA¥. In contrat to the previous work, these

particles were formed in an inverse ramulsion.
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5.4.2. Synthesis Procedure

VCL, the appropriate amount of sulfobetaifalfle 5.3, 3 wt% BIS, and 5 w6 NaCl as a
lipophobe were dissolved in 3m8L H20. In a second fisk, 0.60g (1.400 mmol) Span 80 and
0.20g (0.153mmol) Tween 80 (ratio 3:1) were dissolved in 10D heptane and dispersed
with ultrasonic. The aqueous solution was added dropwise to the oil phase while
ultrasonicating for $nin at level 4, 186, under ie cooling to obtain a stable emulsion.
Afterwards, polymerization was carried out withimth. The emulsion was heated up to
70°C under nitrogen atmosphere and vigorous stirring. The initiator AMPA was solved in
0.2mL H20 and added to the emulsion. Toeaction was carried out fori2

After cooling down, heptane was removed from the emulsion via centrifugation at tin®00

at room temperature. The precipitate was washed and centrifuged alternately with water and
heptane for three times each. Betweemtdfugation, the microgels were shaken in the

respective solvent for 3din. Afterwards, the samples were dialyzed against waterdor 7

Table 5.3Amounts of betaines used for microgel synthesis.

Ratio n(VCL) | m(VCL) | n(betaine) | m(betaine)
VCL:SB / mmol /g / mmol /g *
2:1 2.443 0.340 1.222 0.341
1:1 2.443 0.340 2.443 0.682
1:2*1 1.222 0.170 2.443 0.683

*1 For this batchhalf of the amounbf solventsand monomers/asused.
*2 Beforesynthesis, it was ensured that SB is not soluble fitaime in the concentration

range used for the syntheses.

Further experiments were conducted in the same way as described above except synthesis was
performed in a smaller batch using 8@ of heptane and &L of water (a) varying the
crosslinker amont (seeTable 5.4 and (b) substituting VCL foN-vinylpyrrolidone (VPy)
andN-vinylpiperidone (VPi) (se&able 5.9.

Table 5.4Variation in crosslinker concentratioAmounts of other monomers are identical to
amounts given in Tabl®g.3. The ratio VCL:SBvas 1:1.

m (BIS) /g n (BIS) /mmol % BIS in microgel
0.002 0.015 0.5
0.005 0.031 1
0.008 0.053 2
0.013 0.083 3
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Table 5.5 Amounts of N-vinylpyrrolidone (VPy) andN-vinylpiperidone (VPi). The ratio
vinylamid:SB was 1:1 in all casesw&-% of crosshker was used.

n(VPi) m(VPi) n(VPy) m(VPy) | n(betaine) | m(betaine)
/ mmol /g / mmol /g / mmol /g*
1.173 0.147 - - 1.178 0.329
- - 1.19 0.131 1.183 0.330
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5.4.3. Results and Discussion

Inversemini-emulsion was performed using Spét and Tween 80 as surfactants. They are
both nonionic and biodegradablé”. Tween 80 is more hydrophilic than Span 80 duést

high number of PEG groups. In combination with Tween 80, Span 80 acts #sraulsifier.

Span 80 and Tween 80 have HLB (Hydrophile Lipophile Balance) values of 4.3 and 15.0,
respectively. In a ratio of Tween80/Span80 = 1:3, an overall HLB of ~ &clseved

according to the following equation:

(x ~ HLBSpanBO) '100
HLBTweenso — HLB.S’panBO (2)

% Tween 80 =

with X = overall HLB.

According to literature, the mixture of a n@mic surfactant with a low HLB and a nonionic
one with a high HLB improves the stability of inverse meniulsiond®®. The overall HLB
should ideally be between 8859,

Tween80
wx+y+z = 20

Heptane
E‘b 502
Jut:0 M;W
‘\‘vh_b R
o M MWoTween80
Jr R- g, G, S .
,.r"'o M Hydrophilic  Hydrophobic
% part o part

M = Monomer
R- = Initiator (radical)

Span80
Figure 5.17Schematic structure of surfactant orientaiiomwater droplets.

AMPA was chosen as the initiator because of its solubility in water. It therefore starts the
reaction within the water droplets.

Before the synthesis of microgels via inverse maimulsion, various reactions were carried
out to analye the stability of the emulsion droplets. Therefore, the oil and the water phase
were ultrasonicated and the emulsion measured with DLS foni®OAs expected, the
stability of the droplet size could be influenced by the amount of surfactant used in the

reaction(graph see appendix)
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An emulsion with aatio between Tween80/Span80 = 0.1/0.3 breaks immediately. A fourfold
amount of surfactant, in contrast, is stable over the complete measurement timaiof 60
Since a high amount of surfactant requiresrggltime of cleaning via dialysis, a third sample

was analyzed. Here, the amount of surfactant was 0.2/0.6. Measurements showed that the
droplets are only stable up to &0n. This time, however, is thought to be sufficient to initiate

and formulate monodperse microgel particles. Before breaking, the droplets have a
hydrodynamic radius of 257 + 28n. Breaking of the miremulsion can be attributed to two
factors: (1) Droplets coalescence due to Brownian motion and van der Waals forces; (2)
Droplet degradtion through monomer diffusiofi¥. Coalescence occurs when the adhesion
energy between two droplets is equal or larger than the turbulent energy that keeps the
droplets separated.

The concentrationsf surfactants used in the syntheses are above the cmc of both Span 80 and
Tween 80 (1.8 * 18 mol/L and 1.2 * 1@ mol/L, respectively). A test measurement using
concentrations below the cmcds of both surfa
stable and aggregate quickly with a PDI between 0.7 and 1.0 (graph shown in the appendix).
Microgel samples were synthesized viaverse mini-emulsion polymerization.After
synthesis, they were cleaned via repeated centrifugation and digH$IR measurements

(not shown) showed that removal of the surfactants took approximately 1 wedispeesion

in water after freezdrying resultedn stable microgel dispersions. Colloid&lsilization was
obtained through the use of the cationic initiator AMPA.

First, the incorporation of betaine in the microgel was measured with FTIR (for speeteum
appendiy. The peak of PVCL at 167 is set in proportion to the peak of SB at 1@50".

By using a calibration line (see appendix), the actual ratio batw&d. and SB can be
determined. The data is in good agreement with the theoretical yadgeFable 5)6

Table 5.6 Amount of incorporated SB as determined with FTIR spectroscopy.

Sample name | N(VCLtheo) | N(SBtheo) | N (VCLFTIR) | N (SBrFTIR)
/ mol / mol / mol / mol

1:2 1 2 2 3*

11 1 1 1 1

2:1 2 1 1.4 1

* The correct ratio is 61/100 ~ 2/3.

The size of the particles was then determined with Dbl 57). Particles become slightly
smaller with increasing content of SB, while the PDI remains constar@.8d4~Acording to
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K. Landfester the narrow particle size distribution is attributed to the fiaat all droplets
nucleatenearly at the same tin&?. The microgel size obtained for the sample VCL:SB =
1:1, i.e. 227/m, correlates closely with the size of the water droplets befioee

polymerization.

Table 5.7 Hydrodynamic radius Rand polydispersity index (PDI) for samples of different

composition.
VCL:SB Size (tem) | R,dried (tem) | RH (oLs) / | PDI RH (@ous) /| PDI (pLs)
/ nm / nm nm (DLS) nm (after 3 | (after 3
months) months)
2:1 - - 242 +16 | 0.043 | 243+ 7 0.052
1:1withBIS [ 459+ 18 | 2309 227 +19 | 0.044 | 221+8 0.048
1:2 - - 216 £+8 |0.047 | 211+11 0.041

The particle size was measured a second time after a time period of 3 riibetsges of all
particles as well as theil®® remained stable.

In order to obtain an optical confirmation of this result, TEM images were taken of the sample
with a ratio VCL:SB = 1:1. Figure 5.hows that the particles have a spherical shape and are
monodisperse. In dried state, they have augsdf 230+ 9 nm. This is very close to the result
obtained via DLS. One might expect the size in dried state is smaller than the hydrodynamic
radius in aqueous solution, but particles presumably spread pdikeaka the surface, thus
appearing biggenisize.

Next, the influence of varying temperature
PVCL microgels have a broad transition with a VPTT of 30.7 (Fgure 5.18). This
temperature is well reported in literatul¥®Y, The VPTT is shifted towards higher
temperatures for a ratio of VCL:SB = 2:1 to 37(7. Interestingly, a second VPTT appears at
low temperatures if the content of SB is further increasing. For @ oatvVCL:SB = 1:1,
transition temperatures can be seen at 9.7 °C and’@2Both are shifted further to higher
temperatures for a ratio of VCL:SB = 1:2, 18.7 °C and 48.5 °C. Below the first VPTT and
above the second VPTT, particles are in a collapsed, stdile they are swollen in the
temperature range in between. This behavior for linear-¢&€8EB copolymers was already
described by B. Yang et &2, While the transition temperatures are similar, a major
difference between linear copolymers and microgels is visible: While the microgel particles

described here are stable within the whole temperature range, linear copolymers aggregate
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above and below the LCST and UCST,
increases rapidly from ~ 4@m to above 2um.

An increase of both VPTTs can be explained by the weakening of the hydrophobic effects of
VCL induced by the caprolactam ring with an increasing amount of zwitterionic, hydrophilic
SB in the polymer networkThis effect is not yet seen for a VCL:SB ratio of VCL:SB = 2:1
indicating that a specific amount of SB is needed for the formation of a doubly

thermosensitive microgel.
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Figure 5.18Hydrodynamic radius Rof PVCL-co-SB microgels as a function of t@erature
measured with DLS(a) Pure PVCL microgel; (b) VCL:SB = 2:1; (c) VCL:SB = 1:1; (d)
VCL:SB = 1:2.The TEM image belongs to the sample VCL:SB = 1:1.

B. Yang et al. describe the arrangement of different polymer chain segment depending on the
temperaure: Between the UCST and LCST, both VCL and SB are hydrophilic, so that long
linear chains can be observéd. If the temperature falls below the UCST, SB becomes
hydrophobic due to intraand intermolecular bridges between the zwitterionic groups and
subsequently, aggregates with an SB core and a VCL shell are formed. Analogously, at
temperatures above the LCST, VCL becomes hydrophobic whereby hydrogen bonds between
VCL and water break and subsequently, aggregates with a VCL core and an SB shell are
formed.

This behavior can only partly be transferred to V€&ESB microgels. Since the polymer

is chemically <c¢crosslinked
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The position ofa phase transition of the microgels can also be observed wVi&JV
measurements as a change of absorbafigarg 5.19. At the transition point where microgel

particles go from a swollen to a collapsed state, the turbidity of the microgel dispersion

increases, thus leading to an increase in absorbance.

Similar to DLS measurements, two transition temperatures can be seen for the samples

VCL:SB = 1:1 and 1:2. These measurements confirm the results obtained with DLS.
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Figure 5.20Hydrodynamic radius R(right axis, upper curves) and electrophoretic mobility
EM (left axis, lower curves) as a function of pH.
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The sulfo group of sulfobetaine has a low ap¥alue of -3 whereby theit remains
deprotonated over the whole pH rangfe Therefore, the electrophoretic mobility is negative
for all samples within the pB to 10 and hardly ptdependent (seEigure 5.20. The same
can be said about the patrticle size. Due to the foomaf an internal salt within the microgel

network, the particles do not swell with varying pH.

The colloidal stability of themicrogelsolutions was examined measuring their sedimentation
velocities below and above the VPTT (i.e. T =°25and 50FC). The samples were
centrifuged while a laser detects thendixing of the samples over time. The higher the

sedimentation speed is, the lower is the colloidal stability of the solution.
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Figure 5.21 (a) Sedimentation velocities indicating colloidal g for mini-emulsion
samples with different monomer ratios. Measurements were conducted at TC=(l2lack
bars) and 50C (red bars) and pH = 7. (b) Sedimentation diagranv@ir:SB = 1:1

Figure5.21a shows that all crosslinked samples have appratéiy the same sedimentation
velocities. Below the VPTT, the sedimentation velocities are pn2@. They increase by ca.
50% at T = 50°C. This is caused by a loss of steric repulsion and an increase -afe¥an
Waals attractions. Because swollen mictedeve a Hamaker constant close to that of water

at room temperature, attractive VdarWaals attractions can be neglectédl Attractive

forces increase with increasing temperature, therefore leading to a decrease in colloidal
stability above the VPTT. A complete aggregation is, however, prevented by an increase in
electrostatic repulsion between charges on thiaseioriginating from the initiator.

The polydispersity of nowrosslinked samples can also be seen in the sedimentation curves.
Vertical lines that move to the right side of the diagram as seféigure 5.2b are caused by

a slow sedimentation of monagierse particles.

The swelling behavior of the particles can be tuned by varying the crosslinking content.
Samples discussed above containett-36 of BIS. The amount was decreased twt-20,
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1 wt-% and 0.5nvt-%. L. A. Shah et al. claim that a small ingse in crosslinker content does

not influence the position of the VPT. Beginning from 10wt-% of crosslinker content,

the transition temperature is increased due to the solubility of BIS in the polymer network. A
change in the crosslinker content, however, changes the extent of swelling of particles. A
higher crosslinker coanht leads to a higher particle stiffness and thus a suppressed swelling
ability 918 Fgure 5.22shows that the position of both transition tempeestus hardly
effected by a variation in crosslinker content. While all microgel dispersions have roughly the
same size of ~ 20Bm at 5°C, their degree of swelling is considerably different in the range

of 14°C to 35°C. The higher the crosslinking cent, the smaller are the particle size in this

range due to an increase in polymer network stiffness.
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Figure 5.22 Thermosensitive behavior of VGto-SB microgels (VCL:SB = 1:1) with
varying crosslinker content. (afydrodynamic radius R (measured wh DLS). (b)
Absorbance (measured with WWis). Microgels containing only PVCL are given as a
reference.

AFM images(see Figure 5.23confirm the variation in microgel stiffness. Height profiles
show that the particles spread more the lower the conteerios$linker is, thus appearing
smaller on the Sivafer surface. While particles have an average -paeticle distance of ~
90 nm for crosslinker contents of 2 andv8%, there are no gaps between particles with the
lowest crosslinker content of Owg-%.
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Figure 5.23 Height profiles and AFM images of VCL:SB = 1:1 microgels with various

crosslinker content.

Both PVCL and PNIPAm polymers exhibit an LCST of ~ 3137°C 61, For some
applications, a shift of this narrow temperature range to different temperatures is necessary. It
is well known in literature that the copolymerization wétlhnydrophobic comonomer lowers

the transition temperature, while the incorporation of hydrophilic comonomers shifts the
transition to higher temperatures. In the following, a different approach will be followed

where PVCL is substituted for its fivandsix-ring homologues (sdéigure 5.24.

oy
O T

N
N-vinylpyrrolidone N-vinylpiperidone  N-vinylcaprolactam
Myy: 110.16 g/mol My 124.18 g/mol My: 139.19 g/mol

Figure 5.24 Structures ofN-vinylpyrrolidone (VPy), N-vinylpiperidone (VPi), andN-
vinylcaprolactam (VCL).

N-vinylpyrrolidone (VPy) contains a five carbon ring. Its polymer, ptyinylpyrrolidone
(PVPYy) is wateisoluble, hydrophilic, nofmonic and exhibits good biocompatibility and low
cytotoxicity (8¢9 |ts transition temperaturi@ aqueous solution is above 10D. Adding salt

to the dispersion decreases the transition temperature considéfably
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Compared to PVCL and WPy, few

(co-)polymerization ofN-vinylpiperidone (VPi) and the properties of its polymer, pihy(
vinylpiperidone) (PVPi). In 2010, V. N. Kizhnyaev et al. were the first to polymerize VCL
with VPi "3, leong et al. described the syrglse of home and copolymers via RAFT

reports have been published about the

polymerization?. The homopolymer exhibits a sharp LCST betweeii 88 °C depending
on the molecular weight.

SB  vinylamid
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Figure 5.25 H-NMR spectra of monomerd-vinylpyrrolidone, N-vinylpiperidone, N-

vinylcaprolactam, andusfobetaine. Graphs in inset are clages of the respective microgel

spectra (vinylamide:SB = 1:1) that show peaks of the respective vinylamide and sulfobetaine

that were used to calculate the ratio between the two monomers.

H-NMR spectra confirm the suaessful copolymerization of the respective vinylamide and

SB. For the calculation of the ratio between the two monomers, the peaks of the vinylamide

and SB at 2.99 and 3.2pm, respectively, were uséke Figure 5.25The calculated ratios

are in accatance with the feed ratigsee Table 5)8

Table 5.8Feed and calculated ratios between monomers as obtainedHrbiMR.

Sample Vinylamideteed | Vinylamidenvr | SBreed SBnvr
VCL:SB 1 1 1 0.94
VPi:SB 1 1 1 1.07
VPy:SB 1 1 1 1.18
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In the following, the infuence of the lactasing size on the temperature behavior is
examined. Microgels containing homologues of VCL with figed sixring are prepared in

the same way via inverse miamulsion. A ratio of vinylamide:SB of 1:1 withv@-% BIS is

used.

First, the temperature sensitivity is studied with DLS and-\4¥. DLS measurements reveal
that the LCST of the vinylamide is shifted to higher temperatures with decreasing ring size.
PVCL and PVPi have a sharp LCST of 42®and 73.0C, respectively, while noCST can

be observed for PVPy. The UCST of SB remains constant at arout@l It0s noticeable

that additionally, the UCST becomes broader with decreasing ring &l¥&Vis
measurements confirm the results obtained via DLSKgpge 5.2§.
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Figure 5.26 Thermosensitive behavior of vinylamide-SB microgels (vinylamide:SB = 1:1)

with varying ringsize content. (aHydrodynamic radius R (measured with DLS). (b)
Absorbance (measured with W¥s).
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5.4.4. Summary

In this chapter, zwitterionic micreds that were synthesized via inverse ramulsion
polymerization were discussed. It was shown that it is possible to incorporate a higher amount
of sulfobetaine (SB) than is possible with precipitation polymerization. Here, even ratios of
VCL:SB = 1:2 wee accomplishable. The successful incorporation of high amounts of SB was
verified with FTIR. Samples with a ratio of VCL:SB = 1:1 and 1:2 do not show only an LCST
at 42.9°C and 48.5C, respectively, as is typical for VGhased microgels, but also an UCS

at 9.7°C and 18.7C, respectively. Both UCST and LCST increase with increasing amount of
SB. This behavior was also confirmed by W& measurements since absorbance increases
for particles in a collapsed state. As expected for SB microgels, thelgaiie and their
electrophoretic mobility are not dependent on pH due to the lawalide of the sulfo group.
Samples synthesized with varying amount of crosslinker were analyzed with DLS and AFM.
DLS measurements confirm that the degree of swellingeigendent on the amount of
crosslinker in the microgel particles. An increase in crosslinker leads to a suppressed swelling
while the positions of the phase transition temperatures remain constant. The decreasing
stiffness with decreasing content of crodstr was also observed with AFM. Particles with

the lowest amount of crosslinker spread flat on the surface ofveaf8it, while stiffer
particles were better able to retain their spherical shape.

Furthermore, the influence of the caprolactang size @ the temperatursensitive behavior

was studied. Therefore, the VCL homologuésévinylpyrrolidone (VPy) and N-
vinylpiperidone (VPi) were used as copolymers for the preparation of vinylacoi8&
microgels.!H-NMR measurements confirmed the successfudriparation of both monomers

in ratios in accordance with the feed ratios. It was shown that the position of the UCST
originating from the SB moieties remains constant for all samples, while the LCST
originating from the vinylamide moieties are strongly elegent on the ring size. VEland
VPi-based samples have LCSTs of 42Z9and 73.0C, respectively, while VPRpased
microgels have no LCST below 9€.
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6 Microgels with Statistically Distribution of lonizable Groups

6.1. Introduction
Microgels that contain both acidic and basic fummdl groups are ampholytés. They
exhibit different behavior than nonionic, anionic, cationic or zwitterionic microgels.
Polyelectrolyte microgels having only basic or acidic groups swell with a change to acidic or
basic pH, respectively, due to the ionizatf the respective groups resulting in a repulsion
of like charges. Upon the addition of salt, they collapse due to the screening of electrostatic
repulsion forces leading to aggregatidh The particle size of ampholytmicrogels with
anionic and cationic gups based on strong bases and acids, in contrast, is independent on the
pH 2. The paricles do not swell or dewell with a change in pH. Moreommon, however,
are ampholytamicrogels with anionic and cationic groups based on weak bases and acids:
they swell at both high and low pH. In between, both charges are present creating a
zwitterionic microgel that results in a éavelling of the particle due to attractive interactions
between positive and negative charggsThe presence of an isoelectric point (IEP) is a
charcteristic feature of ampholyteicrogels. The position of the IEP can be shifted by
varying the composition of the microdél Ampholytemicrogels deswell in a smaller extent
or even swell if salt is added because intramoledolaic crosslinks that are present in the
absence of salt or at l ow salt concentrat.
pol yelectrolyteo effect.
Many reports can be found in literagduon the synthesis of ampholytécrogels, they have,
however mostly a coreshell structurel®l€l |f no coreshell structure is prepared, the
distribution of acidic and basic groups is hardly investigated or mentighHgd!. K.
Christodoulakis et al. prepared-(diethylamino)ethyl methacrylateo-methacrylic acid
microgels(DEA-co-MAA) with DEA and MAA either located in a coshell structure or
randomly distributed®l. The latter structure was prepared by the simultaneous addition of
both monomers during the reaction. The ratio MAA:DEA was 56:44. SEM images reveal the
spheical shape of the monodisperse particles that have a size ofrnB5[he particles were
stained with potassium hexachloroplatinate or cadmium nitrates>Pa@tH Cd* selectively
stain the positively charged DEA and the negatively charged MAA groegysectively. TEM
images show uniformly stained particles, however, a close-upoéit a single particle for
better visualization is lacking.
In this chapter, ampholytenicrogels with statistically, i.e. homogenously, distributed
ionizable groupsire syntlesized and characterizeéd.Vinylcaprolactam (VCL) was used as a
main monomer to obtain temperats@nsitive microgelsN-isopropylacrylamide (NIPAmM)
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microgels were prepared for comparison. The particles are moreover sensitive to changes in
pH and ionic wength BIMEILO jnfluencing their properties such as particle size and
electrophorett mobility. To obtain ampholytemicrogels, itaconic acid (IA) and -1
vinylimidazole (Vim) (see Figuré.1) were used as comonomers. In this work, Vim and IA
were used because of their favorable, pilues. Itaconic acid has a pkif 3.84 and 5.55

11121 1-vinylimidazole has a pKa of 6. This means that microgel particles containing

both monomers are expectexibe positively charged below p&0 and negativgl charged

above pH5.5. The isoelectric point (IEP) is expected to be betwadn5.5 and 6.0,

depending on the amount of IA and Vim incaigted in the microgel particles.

OH- OH"
H* H*
hydrophobic,
collapsed

positively charged, negatively charged,
swollen swollen

Figure 6.1 Temperature, pH, ahsalt sensitivity of ampholytaicrogels.

C. Erbil et al. have shown for copolymers of NIPAm and IA that copolymers with a statistical
distribution of the monomers in the copolymer areapted!*. A. Pich have demonstrated

for NIPAm and Vim thathe latter is homogenously distributed in partiétés For VCL and

Vim, on the contrast, Vim is thought e in the loosely crosslinked shell. The authors
explain this by the presence of AAEM. A. Pich and his group have shown that VCL and
AAEM form microgels with coreshell structure with AAEM in the center and VCL in the
shell due to different reactivity ias *°I*6I171. T hi s At empl ated forces
the shell and not homogenously throughout the whole particle. Therefore, AAEM was not
used a comonomer because this structure is thought to hinder the formation of microgels
where IA and Vim are homogenously distributed in the particle.

ltaconic acid can easily be used as a comondiiand increases the hydrophilicity of the
microgel due to the presence of two carboxylic gsoin the side chain (s&égure6.2) [*8l, 1-
vinylimidazole is a weak base having a nitrogen atom that is protonated at low pH. In
literature, it is often used as comonomer to NIPBased microgels due to its mebahding

propertiegoli20,
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Figure 6.2 Chemical structure of itaconic acid andihylimidazole.

While the synthesis and characterization of microgels based on NIPAm with eitR&rdA

even more so with Viri®I2223I241 haye been studied in literature, only S. Schachschal et al.
havei to our knowledgé prepared microgels containing both 1A and \lin They prepared
coresshell microgels based on VCL with IA in the coredarim in the shell and studied the
effect of pH and temperature change on the swelling behavior. The properties of and

preparation techniques for cesbell microgels is more closely looked at in chapter 7.

Experimental data described in this chaptereyqaublished in Macromolecules, 201Bdl:
10.1021/acs.macromol.5b01305
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6.2. Synthesis Procedure

Microgels were synthesized via precipitation polymerization in wabeperiments showed
that for microgels with a higher amount of I&ke synthesis p&rmed at pHLO, and for
microgels with a higher amount of Vim or equal amounts of 1A and Vim, thiénagis done

at pH3 lead to colloidal stable pastes. Appropriate amounts (seable 6.1 and6.2) of
NIPAM/VCL, IA, Vim, andBIS were dissolved in 80 mivater and heated up to 70 °C while
purging with N. After 1 h, the initiatoAMPA was added and the reaction carried out for 5 h
under constant stirring. After synthesis, microgelutions were cleaned via dialysis using a

composite regenerated cellulasembrane from Millipore (NMWCO 30,000) for 3 d against

water and subsequentiyophilized

Table 6.1 Amounts of monomers used for PVCL microgel synthesis.

Molar ratio VCL/g BIS/g IA/g Vim/g AMPA / g
Vim:lA
0:20 0.8 0.040 0.187 0 0.03
5:15 0.8 0.040 0.140 0.034 0.03
10:10 0.8 0.040 0.093 0.068 0.03
15:5 0.8 0.040 0.047 0.101 0.03
20:0 0.8 0.040 0 0.135 0.03
5:5 0.8 0.030 0.042 0.030 0.03
15:15 0.8 0.038 0.160 0.116 0.04
20:20 0.8 0.044 0.249 0.180 0.04
25:25 0.8 0.053 0.374 0.270 0.04
Table 6.2 Amounts of monomers used for PNIPAm microgel synthesis.
Molar NIPAmM / g BIS/g IA/g Vim/g AMPA / g
ratio
Vim:lA
0:20 0.8 0.041 0.230 0 0.03
5:15 0.8 0.042 0.173 0.042 0.03
10:10 0.8 0.041 0.115 0.083 0.03
15:5 0.8 0.041 0.058 0.125 0.03
20:0 0.8 0.041 0 0.166 0.03
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6.3. Results and Discussion

In this part, ampholytenicrogels based on either PVCL or PNIPAmM were synthesized. In
both cases, the ratio betare IA and Vim was varied (se€able 6.1 and Table 6.2).
Furthermore, for PZL microgels, particlesvith equal amount of ionizable groupsere

synthesized. Here, the molar amount of IA and Viaswcreased from 5 to 25 rdil.

PVCL and PNIPAmM microgels with unequal amount ofionizable groups

The molar ratio between the twanizable groups is thought to influence the properties of the
microgel particlesTherefore, FTIR measurements were done to ensure that the actual ratio is
in agreement with the theoretical vallde FTIR spectra of the monomers VCL, NIPAm, IA
and Vim are showin Figure6.3.

N-Vinylcaprolactamshows peaks a2934 cm' (C-H stretching band)1654 cm' (C=0
stretching), 1620 crh(amide | band), and 1481 ¢nfC-N stretching). The following bands
derive from the deformation ®CH,: 1433 cmt, 1391 cm', 1320 en'?, 1256 cm', 1183 cn,

967 cmt, and 874 cm. These results are in good agreement with liter&telrél27],
N-isopropylacrylamide has peaks at 2962'c(@-H stretching band)1657 cm! (amide I),
1623 cm' (C=0 stretching), 1548 cim(amide 1), and 1241 cth(amide lIl). These results
are in accordance wititerature!?®,

ltaconic acidshows peaks @070 cm® (CH; vibration), 1675 cm! (C=0 stretching)1372
cmit (C-O-H in-plane bending)1212 en (C-O stretching),1066 cm' (O-H out-of-plane
bending).These results can found in literatlf® =0 31,

1-vinylimidazole shows peaks at 3112 &n{N=CH, C=CH stretching), 3005 ctn(CH;
asymmetric stretching), 1649 cnfvinyl off-ring), 1511 crit (C=N, C=C stretching), 1496
cmt (CH; bending and CHistretching), 1420 crh(CH: bending and rig stretching), 1372
cm? (CHz und CH wagging), 1326 ctn(CH; and CH wagging), 1281 ch{ring vibration),
1228 cm' (ring vibration), 1106 cm (CH in-plane bending), 1081 c¢t(CH in-plane
bending), 960 cm(CH outof-plane bending), 820 ch(CH outof-plane bending), 735 ¢t
(CH: rocking), 655 crit (ring torsion), and 597 ct(N=CH and C=CH wagging). These
results are in good agreement with spectra found in liter&thre

Peaks at ca. 3400 ¢hin all spectra derive from OH from water.

Table6.3 and6.4 give the amounts of IA and Vim incorporated into the microgel particle as
obtained from FTIR measements. The amount of VCL and PNIPAm is set tan8o,
respectivelyFor PVCL and PNIPAm, the peaks of the carbonyl group at 1654 ancct657
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Figure 6.3 FTIR spectra ofa) monomers VCL, NIPAm, IA, and Vim(b) VCL:Vim:IA =
80:10:10 microgel aa representative sampMeasurements were conducte®at°C.

respectively, were used as referendasall cases, the amounts of IA and Vim as obtained
from FTIR are close to the theoretical valwesifying that the incorporation of 1A and Vim

in the desired amounts was successful.

Table 6.3 Amounts ofionizablegroups in PVCL microgels as obtained with FTIR.

Ratio |VCL % |[Vim qVim % FT|IA % t|I A % F
VCL: Vil(1e52 |theol(122% cm (16779
80:0:2(80 0 0 2 0 16
80:5: 1180 5 4 15 14
80:10: 180 10 10 10 11
80: 15: (80 15 13 5 6
80:20: (80 2 0 18 0 0

Table 6.4 Amounts ofionizablegroups in PNIPAmM microgels obtained with FTIR.

Sampl e/ NI PAm |[Vim {Vim % FT|[Il A % t|I A % F
(1657 |[theol(1229 cm (16779

80: 0: 2080 0 0 2 0 16

80:5: 1|80 5 5 15 13

80: 10: /80 10 6 10 7

80: 15: |80 15 17 5 6

80:20: |80 2 0 2 1 0 0
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Microgel particles with different amounts of Vim and IA are expected to behave differently
with varying pH with regard to their electrophoretic mity and their size. Therefore, those
measurerants were conducted between 3+&nd10.

Figure 6.4 shows the dependence of the electrophoretic mobility on the variation of pH. The
black and red curves belong to the mamaic microgels with only IA an&/im, respectively.
Microgels with solely IA as comonomer (black curve) are negatively charged throughout the
whole pH range. No differences can be detected between PVCL and PNIPAmM microgels.
Microgels with solely Vim (red curve) as comonomer are positigierged with varied pH.
Microgel particles with both IA and Vim are positively charged at low pH and negatively
charged at high pH, thus exhibiting an isoelectric point (IEP). The position of the IEP is
dependent on the amount of IA and Vim present. filoee IA is incorporated the lower the
IEP. Thus, PVCL microgels with mol% IA have an IEP of 6.5, 100l% of 6.2, and
15mol% of 5.0. As for PNIPAmM microgels, the respective IEPs are at 5.9, 4.8, and 3.9 and
thus slightly lower.

09- e p\I/CL 'PNIFI*‘A'mI —m—80:0:20 0,9
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Figure 6.4 Electrophoréc mobility of PVCL (left side) and PNIPAm (right side) particles

with varying pH. The horizontal line at 0 umcm/Vs is a visual help to better identify the
isoelectric point (IEP). Error bars are not included in order not to overload the graphic, but are
in average + 0.04 pumcm/Vs.

The shiftsas well as the height of the measured electrophoretic mobilities further support that
varying amounbf ionizable groupsvere incorporated for different samples.

The presence of charges influences tize sf the paticles. Ampholytemicrogels swell in

acidic and basic regions due to electrostatic repulsion. On the other hand, the particles

collapse at or close to the IEP.
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Figure 6.5 shows the change in size with varying pH. To better foreground the dependence
betwe@ electrophoretic mobility and particle size, the electrophoretic mobility is shown for
each sample again.

PVCL ; ’ o PNIPAmM
250 g g VCL.Y|tn.IA— : . RH 0.8
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Figure 6.5 Change of particle size (Rblack curve) and electrophoretic mobility (EM, red
curve) with varying pH. Left side: PVCL microgels. Rigside: PNIPAm microgels. The
content of itaconic acid is decreasing from top (20 mol%) to bottom (0 mol%).

For samples containing boé#tidic and basic groupa minimum in size (black curve) can be
observed that overlaps with the IEP (red curve). &t #6P, no charges are present in the
microgel leading to a collapse in the internal structure. PVCL microgels with a Vim:IA ratio
of 10:10 have an IEP of 6.2 and a hydrodynamic radius ah@4

At pH 3 and pH 10, particles are swollen due to electrostaéipulsion between charged
groups. Vim is positively charged at low pH, while IA is negatively charged at high pH. For
samples with a Vim:IA ratio of 100, the change in size from pH 3 to pH 6.2 and from pH
6.2 to pH10 should be equal if thacidic and lsic moietiesare distributed equally. An
unequal change in size would indicate a egirell structure where the charged monomer that
leads to a more prominent change in size if situated in the shell. FEgushiows an equal
change in size for both PVCand PNIPAmM microgels indicating a homogenous distribution
of ionizable groupsFrom their minimum at the IEPMEL microgels swell 726 at pH 3 and

90 % at pH10. For PNIPAm, thewelling degree is 7% at pH 3 and 7% at pH10.
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In all cases, the change size with varying pH is very broad. Particles do not change their
size abruptly but gradually over the whole pH range. This indicates a homogeneous
distribution ofionizable groupsBecause of their distribution all over the partietsizable

groups @ not interact with the environment simultaneously, but gradually.

These results show that it is possible to synthesize particles that are higbgngitive and

that their response to changes in pH can be tuned and controlled by the amount of
incorporaedionizablegroups.

Furthermore, it is tested whether the presence of charges has an influence on the temperature
sensitivity of the particles.liese trends are measured atdbecause the particles are more
stable due to the presence of positive charlygeasurements at the IEP of each sample were
not possible because the particles aggregated when the temperaturencvessed.
Measurements at pHO are expected to mar the results obtained at B3Hand were thus not
performed.

As shown in various wés by A. Pich®®3l pure PVCL microgels have a Volume Phase
Transition Temperature (VPTT) of Z&°C at neutral pH. S. Schachschlet al. have
shown that the incorporation of Vim kdo a shift of the VPTT at pH¥ to over 35C. A
charged microgel is more hydrophilic and thus better able to contain the surrounding water

molecules and shift the collapse to higher terafures.
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Figure 6.6 Change of R with varying temperature at pB. (a) PVCL microgels;(b)
PNIPAmM microgels.

Figure6.6 shows that all samples<hibit broad temperature transitiohetween 30 and 3%

with no distinguishable trend. It was expattthat the VPTT would differ dramatically
between samples that are fully charged (80:20:0) and samplestigahd charges (80:0:20)

at pH 3. The sample containing only Vim was expected to have a significantly higher VPTT
because the protonated Vim grsuphow a better solvation in water and thus a higher

temperature is needed to disrupt hydrogen bridges.
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While the VPTT does not change significantly, the extent edwdelling differs from pure

PVCL microgels containing nmnizable groupsAs shown in pevious works by A. Pich,

PVCL microgels are twice as big in the swollen as in thewdalen statd®¥ (i.e. the ratio
betwea the size at 20C and 40°C, Rio°dRoocc, is approximately 2.0). Similar behavior can

be observed for the samples 80:0:20, i.e. wittagthe only comonomer. At pB] no charges

are present and the microgel particle is thus neutral. As a consequdrelgvies like pure

PVCL microgels with Byc/R20°c = 2.12 for PVCL and 2.05 for PNIPAm. The opposite can

be seen for the samples 80:20:0 where Vim as the only comonomer is positively charged. For

PVCL and PNIPAmM, B-c/R2o°cis 1.54 and 1.57, respectiveljhe positive charges prevent a

complete collapse of the network. Thame is true for the ampholyteicrogels with both
Vim and IA. Here, the ratio &-c/Rzo°cis between 1.56 and 1.70.

nnnnn

27650 nm 1 291+36nm

. 156+9nm |

Figure 6.7 AFM in-situ images of microgels with matio of VCL:Vim:IA = 80:5:15. First

row: zoomin images of particles; second row: force constants of particles shown in the first
row; third row: cross sections (see red line in first row). Force constant images are slightly
shifted due to adjustmentstbeen measurement modes. (a) pH 3; (b) pH ~ 6.5; (c1@H

All measurements were conducted in water atQ0

AFM in-situ measurementsvere conducted in water at pB, 6.5, and 10Images in
Figure6.7 confirm that the particles are spherical and monmeté® and swollen in water at

pH 3 and pHLO, while they are in collapsed state at pH close to the IEP. This agrees with the

data obtained via DLS. Additionally, the force constants were measured to evaluate
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mechanical properties of the particles (see sg¢aow inFigure 6.7). Hereby, the darker a

spot in the image, the softer the spot is. Purely white spots are generated by the glass
substrate. All particles have two areas: a lightly colored, soft shell and a darker, stiffer core.

This does not display & r e a | -ghell stauctuee, but is caused by different thicknesses of
those two areas due to the spreading of the
thick core and the thinner shell by indentation. Determination of the force constergshgs
Youngds Modulus of the part iFgure68.atSiemccen fscpoor

and Ashell of the polymer particle differ co
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Figure 68 (@) Youngés Modul us for t helb.Eganparseverd/ CL: Vi
determined by evaluating a representablenber of data points ifrigure 6.7. (b) AFM

cantilever approaching the surfadeh e Y o u n g 0 sis dbfioedl ad Bi=sF/z Bvith F =

force and z = distance.

Figure68a s hows t he i(YM)don\yh:gim:Ih e 80bi15 microgels at various

pH. A low YM is attributed to a high stiffness indicating that particles are in a collapsed state.
While the YM for the shell does not change significantly, the YM of the core is strongly
dependent on thpH of the dispersion. At low and high pH, particles have a high YM above
1000kPa. At pH = IEP, the stiffness increases due to attractive forces between opposite
charges that induces the collapse of the particle network. A decrease in stiffnessesorrelat
with a swelling of the particles at low and high pH and confirm the previous DLS
measurements (séggure6.5). It can also be seen that particles have a higher YpHat0

than at pH 3. At pHDO, particles are swollen due to the deprotonation of thieoxglic
groups. The asymmetric ratio of Vim:IA = 5:1%ds to a higher swelling at pH0 and thus a

lower YM.
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PVCL microgels with equal amount of ionizable groups

It was shown that microgel particles with a changing ratio between Vim and IA sxpres
different behavior regarding their location of the IEP and their swelling behavior with varying
temperature and pH. Particles with an equal ratio between Vim and |Agnbntreasing
amountof ionizable groupshould show similar behavior regarding tbeation of the IEP,

but different extends in swelling behavior. In the following, samples with Vim:IA ratios of
5:5, 10:10, 15:15, 20:20, and 25:25 are discussed. Since no significant differences were
detected between PVCL and PNIPAmM microgels for a \Amrdtio of 10:10 in the chapter
above, these particles were only prepared with VCL.

To ensure that the desired amouniasfizable groupss incorporated in the particles, FTIR

measurements weperformed

Table 6.5 Amounts ofionizablegroups in PVCL ntrogels as obtained with FTIR.

VCL % Vim %|Vim % H I A % F
Sample 9 I A % t )
(1619cm') |t heor . (665) cn (1453,)
90:5:5 90 5 6 5 4
80:10:10 80 10 10 10 11
70:15:15 70 15 14 15 15
60:20:20 60 20 16 20 16
50:25:25 50 25 21 25 22

As seen inTable 6.5, FTIR data confirm that the desired amounts of IA and Vim are in
agreement with the actual amounts.
TEM images support the data obtained with FTIR. The sample based on PVCL with a Vim:1A
ratio d 20:20is taken as an example to visualize thdritistion of ionizable groupsThe
sample is stained with uranyl acetate that binds to the negatively charged carboxylic groups.
The heavy metal ion ¥ enhances the contrast by increasing the electron déffignd
black dots visualize its location and distribution in the microgel particle. This method is used
by many groups such as Jones and L§Bmand Xing®l.
Figure 6.9 shows the distributionf ionizable groupgor the sample with a Vim:IA ratio of
20:20. The image shows slightly deformed spherical particles due to the removal of water
while drying. The mages support the thesis of a random distribution of itaconic acid in the
microgel particle. Particles also appear to be rather polydisperse. According t&9.yibis
is an illusion caused by an differing spreading of the particles on the TEM grid. Information
about the plydispersity of a sample is better analyzed with DLS.

75



Figure 6.9 Transmission electron image of PVCL microgel particles with a ratio of
VCL:Vim:IA = 60:20:20. The image on the right side is a zelom

200nm |

0,9-‘ T T % T T L T T d .l " P T ]
a %7 ¢ veL:Vim:IA 1 |
¥ —m— 90:5:5
0,6 -3 e 80:10:10
1 —A—70:15:15
= 037 v 60:20:20
1 50:25:2
E - <« 50:25:25 .
Q 4 [
£ 03] 1%
—da &
W 0,6 .
0,91 N ’
. <
1 ¥+
-172 T T T T T T T ¥ T
3 4 5 6 7 8 9 10

pH

4 m Ao

A®D
[ =)

1
4p A

<4

(]
b4 m
<hr

L ]
@« o

/

| L]

=
A

CL:Vim:IA -
= 90:5:5
® 80:10:10
—A-70:15:15
v 60:20:20
< 50:25:25

9 10

Figure 6.10 Change of(a) electrophoreti mobility EM and (b) hydrodynamic radius #rof

PVCL microgels with equal amount of Vim:IA.

In the previous section, the behavior of PVCL microgels with a Vim:IA ratio of 10:10 was

discussed. Samples with an equal but increasing ratio should show vdey &iehavior

when the pH of the solution is chang&ayure 6.10 shows the change of the electrophoretic

mobility EM and the hydrodynamic radiusiRs a function of pH. The graphwdicatethat

the degree of swelling becomes more pronounced with a hagimerentration ofonizable

groups. This shows that the electrostatic repulsion becomes stronger when more charges are

incorporated. Furthermore, it can be seen the size of particles in collapsed stdsetewith

increasing amount of ionizable groupBarticles with a ratio of Vim:IA= 5:5 have a
hydrodyhamic radius of ~ 108m at pH6.2, while particles with a ratio of 25:25 have a

hydrodynamic radius of ~ 5&m.
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6.4. Summary

This chaptershowed that it is @ssible to synthesize ampholytacrogels wih balanced as

well as unbalanced amounts of acidic and basic moieties with statistical distrilofition
ionizable groupsBoth PVCL and PNIPAmM microgels were prepared with itaconic acid (I1A)
and Zvinylimidazol (Vim) as comonomers. The successful incopmma of both
comonomers in desired amounts was verified with FTIR spectroscopy. Also TEM images of
stained samples indicated the random distributibionizable groupsit was further shown

that the size of the particles can be tuned with the pkhefsdution. For all ampholyte
microgels, a Wshaped curve could be obtained, this means that particles were swollen at high
and low pH and collapsed at the isoelectric point (IEP). These data correlated very well with
measurements for the determination of éhectrophoretic mobility. The position of the IEP

and thus the minimum of the size curve could be shifted to higher or lower pH depending on
the amount of 1A and Vim. Samples containing only Vim or IA as a comonomer were only
swollen in one pH regime. Miogels with a balanced ratio between 1A and Vim, but different
amounts all showed the typicatdhaped curve for their sizes with varying pH with an IEP at

~ 6.2. It could be seen, however, that particles with the highest amount of comonomers
(VCL:Vim:IA = 50:25:25) were smallest in the collapsed state compared to samples with a
lower amount ofionizable groups (VCL:Vim:IA = 90:5:5). Furthermorethe degree of
swelling at pH 3 and pi8, respectively, compared to pH = IEP was higher for samples with a
higher amount ofionizable groups. This was explained thereby that a higher amount of
charges leads to more electrostatic repulsion between the charged groups thus extending the
microgel network.

AFM images in buffer were taken of samplwith an unbalanced amuwf ionizable groups

and verified the production of spherical, monodisperse microgel particles. Force maps of the
same particles revealed that particles are
modulus, at pH = IEP than at pH 3 and 8HTheseaesults correlate with the results obtained
with DLS. At pH = IEP, the particles are in a collapsed state and are therefore stiffer than in

the swollen state.
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7 Microgels with Core-Shell Structure
7.1. Introduction

Due to thebroadapplication range for microgels, microgel architectures tend to become more
and more complex in order to meet multiple reguients in one multifunctional microgel
polymer network. The next step from microgels with a statistical distributionizable
groupsthat were discussed in the last chapter, with regard to advanced architecture are
microgels with a corshell structurewith ionizable groupspatially separated. These are the
subject of this chapter.

Coreshell microgels consist of two chemically crosslinked netwdtksParticles can be
prepared either in a orstep synthesis using monomersdifferent reactivity ratios or in a
two-step synthesis by adding the monomers for the shell after the reaction of the core is
complete. Both steps are carried out at T > LCST. The latter method ensures a strict spatial
separation of core and shell and @lvdefined surface between thel\. A two-step synthesis

is possible because the particles of the first step act as seeds for the second polymerization
step where oligomers gxipitating fromthe agueous phase are connecpngferablyto the
existing particle cores by chain transfer due to their relatively higher hydrophdbilityrhe

total particle number remains constant during the addition of thel$hell

Due to the soft nature of microgels, core and shell influence each other gteSihellingor
collapsing of one network either causes or hinders the swelling or collapsing of the other. I.
Berndt et al. prepared ceshell microgels with PNIPAmM in the core and podly(
isopropylmethacrylamide) (PNIPMAm) in the shé&l. PNIPAm and PNIPMAm exhibit
LCSTs of 34°C and 44°C, respetively. The core thus collapses 34°C, while the shell
remains hydrophilic until a temperature of 42l is reached. In between, core and shell
counteract each other creating a field stress within the particle. SANS measurements
revealed that the shell pulls the core outwards which is intensified with increasing shell
thickness.

Not only the synthetic protocolis important for the successful preparation of esivell
particles, andter important factor is the compatibility of the two monomers as well as the
interfacial tension between the two polyméts

In literature, a wide range of analysis techniques are used to gain information about the
internal structure of corshell microgels. TEM and crybEM measurements give an optical
conformation of the corshell nature of particles and their morpholdfly Staining with
phosphate tungsten aclf, cadmium nitrate, potassium hexachloroplatin&teor uranyl

acetatd® greatly enhances the contrast between core and shell. If nanoparticles are already
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embedded in the microgel network, no furtiséaining is necessaf§’!. CryoTEM images
presented by M. Ballauff and L. Yu of poly(styrene) core and PNIPAmM shiellogels
clearly distinguish between core and shell and show that the shell is slightly deformed due to
density fluctuations of the shéfl. Their data confirm results for the same microgel system
that were obtained earlier in the same group by small ange Xcattering (SAXSYY and

that were predicted in theory by M. Shibayahth These inhomogeneities are explained by
thermal fluctuations of the polymer chains that become stiff when crosslinked. Furthermore, it
was shown that the shell of those particles thete prepared in a twstep synthesis is not
continuously attached to the core and detaches slightly when the particles swell below the
VPTT 2,

Further methods for the chatarization of coreshell microgels are&SANS 13 NMR 4]

AFM B8I8 or titration (1711281,

Multi-responsive microgsl react to more than one external stimg, mostly pH and
temperatureT. Hu et al. synthesizedore-shell particles with a PNIPAmo-acrylic acid 2
hydroxyethyl ester (HEA) core and a PNIPAm shell via -fiagical RAFT living
polymerization *®. They could show that core and shell exhibited different transition
temperaturesDLS measurements revealed that the copolymer core collapsed betwéen 28
32°C, while the collapse of PNIPAM shell is shifted to B25°C. A dual temperature
sensitive coreshell microgelwas also prepared by A. Balaceanu et?@l They prepred
poly(vinylcaprolactam) (PVCL) core and pdNA{sopropylmethacrylamide) (PNIPMAmM)

shell and reverse microgels. PVCL and PNIPMAmM have volume transition temperatures at
32°C and 45°C, respectively. In PNIPMAm core/PVCL shell microgels, DLS measurements
giving the ratio of the core &eto the hydrodynamic radiusyRndicate that the PVCL shell
collapses first upon an increase in temperature as can be seen from an increase in the ratio
ReordRH. A further increase in temperature leads to a collapsehefPNIPMAmM core,
decreasing the &&JRH ratio.

So, faronly few examples for ampholyt®reshell microgels can be found in literature. K. E.
Christodoulakis and M. Vamvakaki prepareqdithylamino)ethyl methacrylate (DEA) or
tert-butyl methacrylatet{BuMA) core and-BuMA or DEA shell, respectively, in a twstep
emulsion polymerization'’l. Both core and shell could be protonated and deprotonated
separately. They compared the swellingtsdeslling results to a microgel of éhsame
composition wheré&-BuMA and DEA are randomly distributed and found that in the latter the
basic and acid moieties are protonated/ deprotanated simultaneously. S. Sahagthath

synthesized ampholyteicrogels with anionic core and a cationieklased orVCL in a
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onestep synthesi§l. The coreshell structure arises from different reactivities and water
solubilities of the comonomers itaconic acid dimethyl ester (IADME) andlimidazole
(Vim). The ampholytecharacter of the particles was obtained after Hydedion of IADME

to itaconic acid (lIA). Using proton higtesolution transverse magnetization relaxation under
magic angle sample spinning (MAS), the authors could show that IA is mostly located in the
core of the microgels. Both the VPTT and the |IEFhefparticles can be tuned by variation of
the IA and Vim content.

Based on the last work, cesbell microgels with NIPAm or VCL as main monomers in the
core or shell and IA and Vim as comonomers in the core or shell were prefpanae.7.1

shows the sticture of the particles and the sample names used in this chapter.

In contrast to the work done by S. Schachschal, the stk microgels are prepared in a
two-step synthesis to ensure a strict spatial separation between core and shell. Particles with
basic moieties in the core and acid moieties in the shell as well as their reverse counterparts
were prepared to study the influence of distributioin ionizable groupson swelling
properties. The locatioaf ionizable groupsvill further be important for ptake and release
studies in later chapters. Moreover, the location of VCL and NIPAM was varied. VCL is less
cytotoxic than NIPAm U224 jts |ocation in the shell might therefore enhance
bioconpatibility of the whole coreshell particle. NIPArrbased microgels, however, have a
lower polydispersity and a sharper VPTT than PMgised microgels®d. The
copolymerization of two temperatusensitive monomers is a facile method for the

preparation of new smart materials.

cVCL+/sNIPAm- cVCL-/sNIPAmM+

cNIPAmM+/sVCL- cNIPAM-/sVCL+

Figure 7.1 Structure of coreshel microgels and the sample names used in this chapter

(c=core, s = shell).
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7.2. Synthesis Procedure

Microgels were synthesizemh a twostep precipitation polymerizationin water. For the
synthesis of the core, appropriate amousgge (lable7.1) of NIPAm/VCL, IA/Vim, and BIS

were dissolved in 150 mL water and heated updt6@ while purging with M After 1 h, the
initiator AMPA was added ahthe reaction carried out fort8under constant stirrind.he
coremicrogels were left in the reactor withoedoling down or purification. For the addition

of the shell, the appropriate amounts (see T&#¢ of VCL/NIPAm, Vim/IA, BIS and
AMPA were added to the aqueous solution without addition of further water. The reaction
was carried out for further 3 unde N». After synthesis, microgedolutions were cleaned via
dialysis using @omposite regenerated cellulose membrane from Millipore (NMWCO 30,000)

for 3 d against wateand subsequently lyophilized ford3

Table 7.1 Amounts of monomers used for syntisesi the core.

Monomer | VCL/NIPAm /g |IA/g |Vim/g |BIS/g |AMPA/g

in core

VCL 1.897 - 0.169 | 0.062 0.063
1.876 0.175 | - 0.065 0.053

NIPAmM 1.568 - 0.156 | 0.062 0.049
1.501 0.179 | - 0.063 0.050

Table 7.2 Amounts of monomers used for synthesis bé tshell (added to the core

dispersion).

Monomer | VCL/NIPAm /g |IA/g |Vim/g |BIS/g |AMPA/g | Sample name

in shell

NIPAmM 1.532 0.182 |- 0.062 0.058 cVCL+/sNIPAM:
1.572 - 0.126 | 0.062 0.056 cVCL-/sNIPAM+
VCL 1.891 0.181 | - 0.061 0.051 cNIPAmM+/sVCL-
1.871 - 0.104 | 0.062 0.050 cNIPAM-/sVCL+

Further, coreshell microgels cVCHsNIPAM+ were prepared with an increasing shell
thickness. Core particles as prepared according to Tdbleere synthesized. The amounts of
the shell can be seen in Talfl8. For he samples with a core:shell ratio of 1:2.5 and 1:5, the
monomers for the shell were dissolved in 1910 and 375mL of water (preheated to 70C),

respectively, and instantaneously added to the core dispersion.
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Table 7.3 Amounts of monomers used for sigasis of the shell with increasing shell
thickness (added to the core dispersion).

Ratio NIPAm/g |Vim /|BIS/g | AMPA/g Sample name
core:shell g

1:1 1.532 0.104 | 0.062 | 0.050 cVCL-/sNIPAM+ (1:1)
1:2.5 3.802 0.250 |0.149 |0.132 cVCL-/sNIPAM+ (1:2.5)
1:5 7581 0.526 |0.312 |0.260 cVCL-/sNIPAM+ (1:5)
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7.3. Results and Discussion

The synthesis of corghell microgels led to colloidally stabtkspersions Measurements of

the colloidal stability (see appendix) reveal that all particles have the same cdtaigiaty
regardless of the distributiaaf monomer and ionizable groups

To ensure that the desired amounts of monomers are incorporated in the microgels, samples
were analyzed with FTIR (sdéigure7.2). The discussion of the monomer spectra and the

respective peak assignment can be found in chapter 6.

T v T % T e T b T
cVCL+/sNIPAmM-
cVCL-/sNIPAmM+
cNIPAM+/sVCL-
——— cNIPAmM-/sVCL+
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Figure 7.2 FTIR spectra for corshell PVCl-co-Vim-co-lIA microgels.

Table 7.4 Amounts ofionizablegroups in coreshell microgels as obtained with FTIR.

Sample nNVCL %|Vim (Vi WFTIR|[IA % t|I A % F
(165 |theolc1287% cn (11573
CVCL+/SNIPAm | 80 10 10 10 8
CVCL-/sNIPAm+| 80 10 9 10 9
cNIPAm+/sVCL | 80 10 11 10 10
cNIPAM-/SVCL+ | 80 10 9 10 11

In all cases, the amounts of IA and Vim as obtained from FTIR are close to thditiatore

valuesindicatingthat the incorporation of IA and Vim in the desired amounts was successful.

TEM images confirm the formation of ceskell microgels(seeFigure 7.3). The particles
were stained with uranyl acetate, U(Acyvhich binds to the carbghc groups. Therefore,
regions withlA appear darker than regions wikfim. Figure 7.3a shows thatA is mostly
located in the core of the particles. A thin shell can be seen surrounding the paiiieles.
7.3c shows particles which are completely séai. IA is located in the shell and thus masks

the inner core.
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Figure 7.3 TEM images of coreshell particles stained with U(
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cVCL-/sNIPAm+, closer look; (c) cVCL+/sNIPAmM(d) cVCL+/SNIPAm, closer look.
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Figure 74 (a) Hydrodynamic radius fRand (b) electrophoretic mobility EM of core
microgels at 20C with varying pH.The horizontal line at fmcm/Vs is a visual help to
better identify the isoelectric point.

Particles were analyzed regarding their-gasitivity. First, the pure core particles were
examined (se€igure7.4). Particles with basic moieties swell at low pH and collapse at high
pH from ~ 270nm to ~ 10(hm (i.e.- 63 %). Particles with acid moieties swell at high pH due
to the deprotonationf the carboxylic groups and collapse at low pH from ~ 280to ~
125nm (i.e.- 46 %). The electrophoretic mobility reflects this behavior. While the EM of the
cores containing Vim decreases frond gmcm/Vs to OQumcm/Vs from pH 3 to pHO, it
decreasedess significantly for cores conténg IA: from 0 pmcm/Vs at pH3 to -
0.5umecm/Vsat pH10. This asymmetric behavior is refted in the FTIR data. Slightly less
IA is incorporated into the core polymer network than Viie swelling of both particle
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types is very broad and constant indicating a homogenous distribution afithe and basic
moieties in the particles.

Pure IA and Vim have pKand pk values of 3.84/5.55 and 6.0, respectively. In the core
microgels, the swelling already starts at pHfe8Vim-core particles and at pH ~ 6 for-lA
core partpirelmag.ur BElve sfived and pHg for ientcaweengcnogels ks
caused by the greater hydrophilicity of VCL compared to Vim due to the carbonyl group of
VCL. Hydrophilic VCL-co-Vim microgels will more readily swell in water than pure Vim. IA

on the other hand is already more hydrophilic than VCL due to its two carboxylic groups,
t herefore, no Aprematureo swelling can be o
results obtained by M.iRdley et al?,

Figure7.4 also shows thahere are no differences between P¥@hd PNIPAmbased core
microgels regarding their EM with varying pH. Looking at thei;, RNIPAmM microgels are
slightly bigger in size than the respective PVCL gl in the swollen state, while both
have the same size in collapsed state. Since FTIR data confirm that both samples have the
same amount of basic or acid moieties incorporated, the difference in swelling might be
attributed to different crosslinker détiss. A higher crosslinker density in the core for VCL
based microgels would suppress the swelling behavior.

Figure7.5 shows the pHesponsive behavior of the respective eshell particles that were
discussed inFigure 7.4. Figure 7.5b shows that corshell particles show very different
behavior depending on the locatiohionizable groupsFor particles with Vim located in the
core with IA in the shell (black and blue curves), the particle sanstantly decreases from

pH 3 to pH10. For this systepthe core is positively charged at low pH, while the shell is
negatively charged at high pH. Therefore, ®haped curve as observed for microgels with
statistical distributiorof ionizable groupgsee chapter 6) was expected. The collapse of the
shell atlow pH exerts an inward pressure on the swollen core, still a strong increase in
particle size (compared toeutral state at pH ~ 6.2) can be observed indicating that the
collapse of the shell has only a small effect. The fact that particles constasstiyetiavith
increasing pH indicates that at high pH, the
counteract the collapse of the neutral core. While thahdéll supposably increases in size
due to swelling, the overall particle size decreasesmuse the Vintore pulls the shell
inwards (see Figuré.6). Though the particle size decreases from low to high pH, two distinct
areas can be differentiated.r@pid decrease occurs from pH 3 to fldnd a slower decrease
from pH 6 to pH10. This indicats that the swelling/ dswelling transitions of the core and

the shell are independent from each other.
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Figure 7.5 (a) Hydrodynamic radiusy and (b) electrophoretic mobility EM at 2Q@ with
varying pH of coreshell microgels. The horizontal lingt Opmcm/Vs is a visual help to
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Figure 7.6 Schematic illustration of p{dependent behavior of ceskell particles. (a) core:

Vim, shell: IA; (b) core: 1A, shell: Vim. Arrows indicate direction of swelling (greandl de

swelling (red). X and y denote the particle size at low (x) and high (y) pH.

A different situation arises if IA is located in the core and Vim in the shell (red and magenta

curves). Additionally, a difference can be seen between NIPAmM and VCL.sy{$tem

cNIPAM-/sVCL+ shows a slight \shaped curve indicating that particles swell at high and

low pH. The system cVGISNIPAmM+, in contrast, reaches a plateau in size at pH > 6.5. For

both systems, results indicate that the positively charged shellwatpld is able to

t he t he
c o n t-ghdl giscussed abovéd. &he feasenafde this i Ikely

to be the nature of the core. The Vaores discusd above dawells highly at high pH and

Acounteracto coll apse of neutr al Co

latter.Thi s i s i n

subsequently pulls the shell inwards. Theddte, on the other hand, does notsdeell in the
same extent as the Vigore when neutralized due to its higher hydrophilicitiis could
already be seen iRigure 7.4. Neutral IA-cores (i.e. at pH8) have an R of 125nm, while
neutral Vimcores (i.e. at pH0) have a lower Rof 102nm.

Theswelling degrees g can be seefable7.5. They are calculated as follows:
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n % (1)
, R 0
n — (2)

The results show that particles with PNIPAm in the shell swell in a higher extent than
particles with PVCL in the shell. This is in accordance with the results obtained for the core
particles where NIPArbased particles swelled more than \B&sed microgels (sd&gure

74). This is attributed to the different reaction parameters between BIS with VCL and
NIPAm, respectively, leading to different incorporation of the crosslinker inptigmer
network and thus a different swelling behavior. The table also emphasizes the difference
between particles having Vim or IA in the shell. Particles with 1A in the shell have a ratio
below 0 indicating that the particles become smaller in volume.

Particles with Vim in the core and IA ithe shell have an IEP of pH5:5, while particles

with a reverse distributioaf ionizable groupfave an IEP of pi8.5. This discrepancy can be
explained by the fact that elegphoresis measures the amountcbfiges on the patrticle
surface. Particles with 1A in the shell have therefore an IEP hat is closer to4bé [pkthan

to the pk of Vim. Accordingly, particles with Vim in the shell have ag#oser that to of

Vim than to the one of IA. For all sampleggardless of the charge location, the absolute
value for the electrophoretic mobility is belowughcm/Vs. M. Semmler et al. state that the
typical value for hard spheres is them/Vsi?4. This indicates that the particles are swollen

therefore showing no distinct, but dfdse surface typical for microgels.

Table 7.5 Swelling ratio qof coreshell microgels at pR3 and 10, respectively, compédr
the minimum in size at pd.2 (~ IEP). Swelling ratios were calculated as follows:
01 = RupHa)*/RH(pre.2® and @ = Ru(pr10/ RHpHs.2*. The table also shows the swelling ratios for
selected microgels with statistical distributiminonizable groups

Sample Qacidic Qbasic
cNIPAM-/sVCL+ 3.70 1.57
cNIPAM+/sVCL- 3.99 0.44
cVCL-/sNIPAmM+ 4.05 1.06
cVCL+/sNIPAM 4.68 -0.40
VCL:Vim:lA = 80:10:10 statistical 5.50 6.91
VCL:Vim:IA = 80:0:20, statistical | - 1.75
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Comparing the swelling degrees at low and high pH of-sbedl particles with particles with

a statistical distributiof ionizable groupgsee Chapter 6 anfthble7.5), it can be observed

that microgels with a corghelldistribution swell less at pH 3 and considerably less at @H

than microgels with a statistical distributiofh ionizable groupsAccording to T. Hoare and

R. Pelton, microgels with a homogeneous distion throughout the particle swell in a less
extent!®, The polyion concentration is lower due to a greater volume that is available. In
coresshell microgels, in contrast, charges a@alzed in a smaller volume thus repelling each
other in a higher degree resulting in a more pronounced swelling.

This, however, is not observed for the above discussed system. Assuming that the core has a
higher influence on the swelling/-@svelling belavior, the swelling degrees of microgels with

a statistical distributiorof ionizable groupss best compared to ceshell particles with a
swollen core and a neutral shell. For particles with Vim in the core, q is approximately in the
same range as foapicles with statistical distributioaf ionizable groupsThe smaller value

can be explained by the stiff shell of neutral 1A suppressing further swelling. For particles
with 1A in the core, however, g is considerably lower. A comparison with the sample
VCL:Vim:IA = 80:0:20 with statistical distributiomf ionizable groupgit should be noted,
however, that this sample has a twofold amount of IA incorporated), shows that this value is

comparable with the value for cesiell particles containing IA in theore.
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Figure 7.7 Hydrodynamic radiu®Rq as a function of temperature for (a) cVCL+/SNIPAmM
and the respective core,easured at phkB; (b) cVCL/sNIPAm+ and the espective core,
measured at pHO0. Pure PVCL microgels are given as a reference.

In the Pllowing, the hydrodynamic radius of the cesteell microgels is compared to the

respective corenicrogels. Measurements were only conducted for particles with PVCL in the
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core and PNIPAm in the shell and at a pH whéee dore is charged, i.e. at @for cores

containing Vim and at pHO for cores containing IA. Measurements at the isoelectric point

Table 7.6 Volume phase transition temperatures for core andsiuelt microgels.

Sample Measured at pH | VPTT Core/°C | VPTT CoreShell / °C
cVCL+/sNIPAmMm | 3 31.8 33.8
cVCL-/sNIPAm+ | 10 31.8 33.0
cNIPAM+/sVCL- | 3 31.8 34.4
cNIPAM/sVCL+ | 10 31.7 33.5

led to aggregation at higher temperatures due to the lack of charges. All samples show a broad

transition temperature compared to pure PVCL microgels ksgere 7.7). Pure PVCL
microgels have a transition temperature of 31 °C. The incorporation of basic or acid moieties
into the core particles does not change the transition temperature significanfialjte=£6).

Also, at all pH, core and cohell microgelsre larger in size than pure PVCL microgels due

to charged moieties repelling each other.

In the following, the thickness dhe shell in the system cVGICNIPAmM+ was increased to
p r o friguret’ 4, thesize oA this sarhptew n
decreases until a pH of 6.5, above this pH, the particle size remains constant. To study

studyitseffectonthepar t i cl ed s

whether the swelling behavior at high pH can be influenced, the same particles with an

increasing shell thickness were prepared. The ratio coliewshs increased from 1:1 (as

discussed above) to 1:2.5 and 1:5.

First, anincreasing amount of-tinylimidazole was confirmed with FTIR (see appendix). It

can be seen that the peak corresponding to Vim at d284increases with an increasing

shell thikness.

Figure 7.8 TEM images of coreshell microgels(cVCL-/SNIPAmM+) with increasing shell
thickness. (a) Ratio core:shell = 1:1, (b) 1:2.5; (c) 1.5. Images with single particles are shown

to better visualize the increase in shell thickness.

TEM images confirm that the particles increase in size [sgere 7.8). Dark spots in the
f r*oagyredates tha sheajl botychey networkihe thickness of

corona

come

the shell increases from 24n to 50nm and 7Inm.
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Figure 7.9 Ry and EMat 20°C with varying pH of coreshell microgels with increasing shell
thickness.

Figure 7.9 gives the hydrodynamic radius and the electrophoretic mobility for samples with
increasing shell thickness as a function of pHr&nains constant for a pH > @& samples

with a ratio core:shell = 1:1 as already discussed above. For a ratio core:shell = 1:2.5, the
particle size slightly increases for pH > 7.5. For a ratio core:shell = 1:5, the particle size
increases in a more pronounced way for a pH > 7. giosvs that the inward force exerted by

the collapse of the neutral core on the negatively charged, swollen shell is diminished by an
increase in shell thickness. Still, the degree of swelling at high pH is considerably lower than
for samples with a statistl distributionof ionizable groupsThe electrophoretic mobility is
shifted to higher pH for an increasing ratio core:shell while the absolute value increases at low
pH. This can be explained by the higher number of positively charged groups in tble part
shell.

The size of the particles was also measured varying the solution temperature. As for-the core
shell microgels discussed above, no significant changes in the VPTT can be detected. The

graphs are shown in the appendix.
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7.4. Summary

This chater discussed the prepsion and analysis of ampholyt®reshell microgels.N-
vinylcaprolactam (VCL) an@N-ispropylacrylamide (NIPAm) were used as main monomers in
either the core or the shell. Itaconic acid (IA) andirlylimidazole (Vim) were used as
comonomers. Particles were prepared in a-dtep synthesis to ensure a strict spatial
separation between the core and the shell. Thestwi structure was visualized with TEM

after selectively staining of the carboxylic groups with UgAdhe succesaf incorporation

of desired amounts of IA and Vim were confirmed with FTIR spectroscopy. The pH
sensitivity of the cores was analyzed with
mobility. Particles containing 1A swell at high pH due to ulsmpn of negatively charged
groups. Particles containing Vim, in contrast, swell at low pH due to the repulsion of
positively charged groups. Ceshkell particles, on the other hand, do not showshaped

curve for the particle size as expected amphdyte microgels. It was shown that particles
swell greatly at low pH, while the particle size either decreases continuously with increasing
pH (for particles containing IA in the shell) or is constant in size above a pH ~ 7. Also the
degree of swelling grélg differs from particles containing a statistical distributioh
ionizable groupslt could be observed that a neutral shell hinders the complete swelling of the
core. Temperaturdependent size measurements showed that particles have a broadened
transtion while particles are larger in size compared to neutral PVCL microgels due to the
repulsion of like charges. An increase of the shell thickness led to an improved degree of
swelling at high pH. Finally, the thermal decomposition of €grell particlesvas studied

with TGA. A two-step decomposition was detected caused by different decomposition
temperatures of PVCL and PNIPAmM.
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8 Janus-like Microgels

8.1. Introduction
Janus is the name of the old Roman god of end and beginning, of entrance and exit,af old an
new. Not only is the month AJanuaryo named :
old and the new year), but due to his two faces (that he used to look in both directions
simultaneously) his name is used in modeéay science to term things or @@fomena that
have two fifacesd or two aspects. The term i
are colloids with clearly distinguished hemispheres with different chemical or physical
properties such as fort, material, chemical functionalization, or polafy
Janus particles exhibit many diffeteshapes and forms (sEgure8.1).

'S U9 F @ e
Figure 8.1 Different forms of Janus particles: a Bicompartmental; b Dumbbell; c- Half
raspberry; d Acorn; e Snowman.
In nature, dissymmetry in a molecule offers specific properiié® best examples are
proteins tha have anasymmetric distributiorof ionizable groupsand thus a large dipole
moment. For Janus particlethe dissymmetry offers an additional level of freeddire
particles can distinguish between left and right, between up and d&wlinis behavior can be
utilized for arranging particles ofor the self-assemblyof complex structuresTuning the
physical or chemical properties of each hemisphere, new materials with dual characteristics
are possible. Simulations predict that these highly complex structures are different from
traditional mateals®!.  Whi le in fAoldod materials, atoms
blocks, anisotropic particles open the pathway to novel supermolecules with exactly the
desired features.
Different synthesis routes have developed addressing the desired properties of the respective
particles.The most common three approaches are discuisskd following.
Immobilization ora substrateln this processthe particles ardeposited o surface and are
i mmobilized. Then, Aifunctionalizationo 1 s ir
hemisphere of the particles. The release of taeigbes from the surface results in Janus
particles.M. Bradley and J. Rowe used a similar technique to prepare Janus mic¢tbgels
Instead of a flat surface, they used negatively charged poiy{Byridine-co-styrene) latex
particles as a surface toask one side of the positively charged polyiylpyridine)

microgels that aggregated onto the much larger latex particles. The exposed side of the
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microgels was functionalized with PNIPAm. They obtained pHd temperatursensitive
microgel particles &ér the dissolution of the latex particles by a reduction of the pH.
Modification of colloids at liquidiquid interfaces The functionalization of the particles takes
place at the liquidiquid interface H. Kawaguchiet al.who were the first to prepare Janus
like microgels PNIPAmM microgels wereopolymerizedwith acrylic acid (AAc) and amino
groups were introduced via a carbodiimide coupling reaction on the side of the patrticles in
contact withwater®. To prevent the microgels from fAwo
et al. stabilized their PNIPAmmo-AAc microgels at the interface by cooling down the
emulsion to £C 6,
oil
water

Figure 8.2 Different swelling behavior of a microgel particle in different solvents.

However, the synthesis of Janus microgels via emulsion polymerization entdds cer
problems, the main one being that microgels swell differently in different solvents, thus
leading to annhomogeneousurface functionalization (see Figu8e).

Microfluidics The relatively new methodf microfluidics mixes o nonmiscible phases

with a photoinitiatorto form droplets due to surface tension effects in dl@eing aqueous
phase at the Yunction of a microchannel. A UV source ensures the polymerization of the
desired particle morphologyshape, size, and functionality are determidsdmicrofluidic

setup, i.e. the geometry and the flowing rate of the media. This approach, however, has two
main drawbacks: firstly, it only allows producing a restricted amount of particles at a time,
secondly, usually only spherical shapes or deforspresan be realizefl!. Microgels in
micrometer size using microfluidics were prepared by S. Seiffert &t dlhey mixed pre
modified and unmodifieghrecursor PNIPAmM polymers and crosslinked them via exposure to
UV light. Functionalization with red and green fluorescence labels enabled the verification of
the Janudike structure with confocal scanning laser fluorescence microscopy.

Further, less fragent used techniques are sadsembly®ll% phase separatioh!*?, and
controlled surface modificatiof!4,

Janus particles find applications in microfluidics, stabilization of emulsions, drug delivery,
electranics, and catalysigl.

In this chapter, ampholyt@anus particles based d®isopropylacrylamide (NIPAm) were
synthesized using a novel technique. Based on phase separation of the monomers in the first

moments after initiation, the precursor partiabesmicrogel nucleiare mixed at the moment
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when two different kindof precursor particles are not able to completely mix with each other

(see Figure.3).

Reaction 1 Reaction 2

Nanogel \Y\‘)

"l 2

Nanogel
nuclei

~ &

%
&

tmix < t; — functional groups tmix = t; — functional groups tmix > t; — separate microgels form
distribute homogenously distribute anisotropically
in one particle in one particle

Figure 8.3 Synthesis procedure for Janus particles. In Reaction 1 micfogeacts with
functional groupA fin reaction 2 microgeB reacts with functional group 6tmix is the time

at which the mixing of dispersiorisad to the formation of Janus particles (b). (a) The
dispersion are mixed beforgixt leading to one particle with homogenous functional group
distribution. (c) The dispersions are mixed aftgik teading to separate particldsand B
bearing separate functional group$andB 6

97



8.2. Synthesis Procedure

Calorimetric measurementsere performed in a reaction calorimeter RGtom Mettler
Toledo with a500mL 3-wall AP01-0.5RTCal reactor equipped with Hastelloy® stirrer, a
baffle, and a Turbidd turbidity probe from SolviasThe measurements wedone in
isothermal mode, in which the desired reaction temperatuyyés(3et at a constant value and
the jacket temperature jjTchanges automatically to maintain &t the desired valuéhe
amounts of monomer used can be seen in Tahle300mL of water was heated up to 70

under nitrogen atmosphere and constant stirring atr@@0 After 30min, the respective
amounts of monomers were added. Simultaneously, a probe recorded the heat generated. If a
stable base line in the produced heat was reached (minimum waiting time was) 3the
initiator AMPA was added. The production of heat and the tugbidere recorded Hsitu
during the reaction using the iControl RCMe5.0 software. The reaction was allowed to
continue for 3h and subsequently cooled down to room temperdtarethe determination of

the net reaction time the end of the reaction vedmed to be when the heat flow was back to

a value close to zero and constartte fractional conversion can be obtained integgatire
reaction heat curve.

Size kinetics were measured in a 10D reactor equipped with a Naikdex probe (Particle
Matrix company, Germany) measuring-situ dynamic light scattering. The aqueous
monomer solution was heated up to°@and degassed under vigorous stirring to avoid
bubbles on the probe surface. After equilibrating under nitrogen atmosphere at 200 rpm for
30min, the initiator was added. The stirring was stopped aftetdbensure accurate DLS
measurements in 33intervals. The reaction was allowed to continue for 99 measurements.
The data was analyzed using the Microtrac Felx (v. 11.0.0.4) software prowing

hydrodynamic radius and the polydispersity index.

For the synthesis of Janus patrticles, separate reactions were carried out in two different
reactorgsee Table 8.1)

Synthesis INIPAm, Vim, and BIS were added in 16€L H>O. After heating up tg@0°C, the
solution was stirred at 200 rpm under nitrogen atmospheretfor 1

Synthesis 2NIPAm, IA, and BIS were added in 1080L H>O. After heating up to 7€C, the

solution was stirred at 200 rpm under nitrogen atmospheretfor 1
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Table 8.1 Amountsof monomersised for the reaction

Chemical Synthesis 1 Synthesis 2
Amount / g

NIPAmM 1.003 1.004

Vim 0.158 -

A - 0.293

BIS 0.049 0.049

AMPA 0.038 0.037

In both reactors, the initiator AMPA was added simultaneouslymQ.9f solution was
removed fom each solution after rhin, 2min, 3min, 4min, 5min, 6min, 8min, 10min,
12 min, 14min, 16min, and 18min. The two solutions were immediately combined in one

flask and allowed to stir for B at 70°C at 200rpm.

To visualize the success of theaction, transmission electron microscopy (TEM) was
performed at a Zeiss Libra TM 120 (Carl Zeiss, Oberkochen, Germanyl 20 each
sample was stained with & of uranyl acetate U(Ag)and one drop was put on a carbon

coated copper grid. Samples wéren dried overnight.
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8.3. Results and Discussion

Januslike particlesbased on PNIPAmM with itaconic acid (IA) afevinylimidazole (Vim) as
comonomers are discussed in this chapter. An anisotropic distribution of acidic and basic
moieties is aimedtaln contrast to corshell particles, where oriend of ionizable groups
located in the core and the other in the center of the microgel,-lllkaysarticles have their
ionizablegroupe n opposite fAsiteso.

The synthesis of Janlike microgels is basd on phase separation phase separation of the
precursor particles. The approach via substrate immobilization and emulsion polymerization
lead to particles with only surfageodified functionalization. The aim in this work, however

is the synthesis of arhplyte microgels withionizable groupdocated throughout the whole
microgel.

First preliminary experiments with either VCL or NIPAm as main monomer and the
subsequent analysis with TEM showed that the synthesis process works better for NIPAm
microgels (TBM images for NIPAm will be discussed later in this chapter). Therefore, the
following experiments were solely performed for NIPAm microgels.

Before the synthesis ofthe actual Jandske particles, experiments to understand the
polymerization kinetics angarticle formatiorwere performed. Therefore, separate reactions
for NIPAM-IA and NIPAmVim as well as pure NIPAm microgels were carried out in a
calorimeer and the change of heat flamd particle size were measured starting with the
addition of the iniator (start of the reaction). Syntheses were performed at different pH
accordig to the type of comonomer (pH 3 for Vim and lbr 1A).

First, the change in reaction heasas measuredlt was shown thait was not possible to
copolymerize NIPAm with A in the calorimeter, contrary to the reactions that were
successfully carried out in the doublelled glass reactors. Instead of a stable microgel
dispersion, a sticky hydrogéke material was obtained. The reason for this is unknown,
though a reactiometween itaconic acid and the metal probes is likely. Both the curves for
pure PNIPAm and PNIPAmo-Vim microgel look similar, though the reaction time is
slightly longer for PNIPArrco-Vim microgels. Both reactions are finished after -nd@.

It was, havever, possible to measuresitu timedependent DLS for all three samples. Figure
8.4 shows that the reaction for pure PNIPAmM microgels is the fastest and that particles have
reached a hydrodynamic radios~ 140nm after already #in. PNIPAmco-Vim microgels

need a slightly longer reaction time of ~m#h at which point they have obtained a

hydrodynamic radius of ~ 25tm. At first glance, these results are contrary to the results
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Figure 8.4 (a) Calorimetric measurements for pure PNIPAmM mic®@elack) and PNIPAmM
co-Vim microgels (red). The numbers give the reaction heat that was createdsifn)time
dependent DLS nasurements for pure PNIPAm (black), PNIP&®mIA (blue), and
PNIPAmM-co-Vim (red microgels.
obtained with calorimetry whickhowed that both reactions continue until ~n8@. This
shows, however, that the particles obtain their final size after a very short time and that further
addition of monomers (generating more heat) does not contribute to an increase in particle
size. Microgels containing PNIPAmM and IA need aboutn#ifi to reach a hydrodynamic
radius of ~ 500m.
Thesynthesis of Janus particles wasalized by mixing PNIPArto-IA and PNIPAmco-Vim
microgel dispersions after a certain amount of time. The resufigime 84 suggest that the
point of mixing time is a crial factor that influences tHerm and properties of ¢éhresulting
microgel particles.Both reactions (1. NIPAm + IA; 2. NIPAm + Vim) were done
simultaneously in two different reactors. After the additiof the initiator, samples were
taken from both reactions and mixed immediately at various reaction times. The reactions
were allowed to continue foriin a shaker at 20@m and 70C. Depending on the time of
mixture, colorless (early mixing time) arilky (late mixing time) dispersions were obtained.
Afterwards samples were stained with U(Acand analyzed with transmission electron
microscopy (TEM) to confirm the success of theration of Janus particles. U(fdinds to
the carboxylic groups dfhe itaconic acid and gives a clear distinction between parts with
itaconic acid and parts withnwinylimidazole.
The reaction times before mixing were changed:

a. NIPAm-co-lA and NIPAmco-Vim were initiated simultaneously. L of

each sample was takernteafl, 2, 3, 4, and 5 min from each reactor and mixed

immediately.
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b. NIPAm-co-Vim was initiated 2.9nin after the initiation of NIPAmco-IA.
1 mL of each sample was taken after 0.5, 1, 2, 3, and 4 after the initiation of
NIPAmM-co-Vim min from each reactoma mixed immediately.
c. NIPAm-co-Vim was initiated 5min after the initiation of NIPAmco-1A. 1 mL
of each sample was taken after 0.5, 1, 2, 3, and 4 min after the initiation of
NIPAm-co-Vim from each reactor and mixed immediately.
Figure 85 shows TEM image for a batch of samples that were started simultaneously
through the addition of the initiator AMPA (case a). PNIR&oVim and PNIPAmco-IA
solution were mixed after 1, 2, 3, 4, andnB. TEM images reveal that different mixing
times lead to the formatn of microgels with different architectures. When mixed aftesiri,
particles with a homogenous distribution of both IA and Vim are obtained. Mixing after 2 min
leads to particles with one side clearly darker than the other. This suggests that tie staine
carboxylic group of IA is located only on one side of the microgel leading to the formation of
Januslike particles. Later mixing times lead to the formation of two separate particles that

exist side by side. Large aggregates are visible for PNH®Amicrogels (se€&igure8.5f).

H K n .
e

Figure 85 TEM images of PNIPAnrto-lA-co-Vim microgelsobtained following route .a
PNIPAmMco-IA and PNIPAmco-Vim solutions were mixed after (a) 1 min; (b) 2 min; (c) 2
mini zoomin; (d) 3 min; (e) 4min; (f) 5 min.
The synthesis was repeated with different initiation times of the two reactions. As shown in
Figure 8.4b, the reaction NIPARto-lIA is slower than the reaction NIPAgo-Vim.
Therefore, the reaction NIPAwD-Vim was started 2.5in after the irtiation of NIPAm-co-
IA (case b). Samples were mixed after 0.5, 1, 2, 3, amth4f the initiation of NIPAmco-
Vim.
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00 nm |

Figure 8.6 (a+b) TEM images of PNIPArto-IA-co-Vim microgelsobtained following route

b. Mixing time was 0.5nin. (c) NIPAm-co-Vim microgels; (d) NIPAmco-IA microgels as

reference.

TEM images reveal that only the mixture of @t produced Jantge particles (se€&igure

8.6). TEM images for different mixing times are not shown as they resemble images shown in
Figure8.5and are of no further interest.

The synthesifollowing route ¢ (NIPAmco-Vim initiated 5min after initiation of NIPAmco-

IA) did not resultin the formation oflanuslike particlesindependent of the mixing time

(It was also tried to vary the amount oblwme of NIPAmco-Vim and NIPAmco-1A,

respectively. Therefore, separate solutions were mixed after simultaneous initiation, but
mixed in different ratios, i.e. NIPAmo-IA:NIPAm-co-Vim = 2:1 and 1:2. However, in

neither case TEM images revealed the foromadf Janudike particles.)

Particles obtained via the synthesis route b were further characterized with temperature
dependent DLS to obtain t heFigwe8i7d).iltcanbetsen hy dr c
that the VPTT is ~ 29C. In comparison torapholytemicrogels with statistical or coighell
distributionof ionizable groupsthe VPTT is only slightly lower.

Furthermore, the particlesd pH sensitivity v
swollen at high (~ 558m) and low (~ 65Gim) pH, while béng in a collapsed state at &

(430nm). This and the fact that the absolute value of the electrefdhonobility is higher at

pH 3 than at pHO, indicates that slightly more Vim is incorporated than IA.

103



T T T
Janus 2.5/0.5 min B-g 4 -
600 - ; il 3
[ _a—" . ] 4 850
1 ™ 0,6
L3
1 | ]
500 - 4 ® o - 600
— 034 5 o
w
2 L *—e o\ o 50 =
a I o ® £
E 400 W VPTT:29.14°C 15 00 - WAL t =
;I L 5 . 500 of"
s -03- o
300 L3 ) 1@ T . 450
b ° [ - .
S 0,6 . . L
i L - L 400
2004
-0.94 { 350
T T T T T T T T T T T T T T T T
15 20 25 30 35 40 45 50 3 4 5 6 7 8 9 10
T[°C] pH

Figure 8.7 (a) R+ with varying temperature at p#; (b) Electrophoretic mobility EM and-R
with varying pH at 25C. Janudike particles were obtained via synthesis route b.

In the following, the pksensitivity of the Janulike microgels is compared to the pH
sensitivity of paitles with statistical and corghell distribution of ionizable groups (see
chapters 6 and 7). Figur8.8 therefore shows the electrophoretic mobility and the

hydrodynamic radius as a function of pH for microgels with various distributions of ionizable

groups.

=— Janus
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Figure 8.8 R4 and EM as a function of pH for microgels with various distribution if ionizable
groups: JanuBke (black), coreshell (red), and statistical (blue). All samples have a monomer
ratio of VCL:Vim: IA = 80:10:10. Measurements were cortddcat T = 25C. The
horizontal line (EM = 0 umcm/Vs) helps to identify the isoelectric point.

All samples have a similar isoelectric pofiEP) of pH ~5 - 6. At lower pH, the microgels
are positively charged, while they are negatively charged at hpitheA difference can be
seen between Janlike and statistical on the one side and esirell particles on the other

side. The latter has a more negative EM than the other two because here itaconic acid is

exclusively located in the shell.
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Furthermorethe hydrodynamic radiusHRs within the same size range, i.e. between 100 and
300nm. Differences can be seen in the swelling behavior. Samples with a statistical
distribution of ionizable groups show asthapedbehavior, i.e. they are swollen at low and
high pH, while the particles collapse at the IEP. Since the sample has a symmetric ratio
between Vim and IA, the particles swell in the same extent at low and high pHslit&dre
microgels, on the other hand, swell only at low pH, while a constant deareaize can be
observed with increasing pH. The reasons are explained in chapter 7. Tep@htlency of
Januslike microgels is W¥shaped for a pH range ofi .5, while Ry remains constant at pH >

6.5. This comparison shows that the distribution ofiziable groups within the microgel
particles is of great importance and highly influences the pH behavior.

Similarly, the colloidal stability of all three samples was studied and compared.
Measurements were conducted at BHbecause the greatest differemdmtween the above
discussed samples is expected to be seen at high pH for the following reason: All samples are
negatively charged at high pH. The ceteell sample has itaconic acid groups located
exclusively in the shell, Jarilige particles exclusiMey on one fAsi deo, whil
statistical distribution have itaconic acid located throughout the polymer network. Colloidal
stability obtained via electrostatic interactions is therefore likely to difiesiderablyThese
assumptions are confined in FigureB.9. Coreshell microgels have the lowest sedimentation
velocity, i.e. they have the highest colloidal stability, while microgels with a statistical
distribution of ionizable groups have the highest sedimentation velocity. Note, however, tha
overall, the sedimentation velocities are relatively low for all samples regardless of their

architecture indicating their good colloidal stability.

pH =10, VCL:Vim:IA = 80:10:10
1 N T

sedimentation velocity [um/s]
'
1

-
1
1

0

1 L) 1 L 1
Janus cVCL+/sNIPAm- Statistical

Figure 8.9 Sedimentation velocities for miaygels with various distribution of ionizable
groups.Samples have a monomer ratio of VCL:Vim: IA = 80:10:10.
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8.4. Summary

This chapter showed that it is possible to synthesize Jdeugarticles by mixing two
separate microgels solutions shortly after initiation of each solution. For this, PNtBAM

and PNIPAmco-Vim microgels were synthesized in different reactors, initiated by the
addition of AMPA and subsequently mixed at a certain mixing time. TEM images confirmed
that Janudike particles were formed at the right mixing time. The formation wasilplesif

both reactions were initiated simultaneously or shortly after each other. For simultaneous
initiation, Janudike particles were obtained afternfin after the addition of AMPA. In a
second experiment, PNIPAoo-IA was initiated 2.5min before PNPAmM-co-l1A. Mixing

after 3min after the initiation of PNIPARto-1A also led to the formation of Janparticles.

Since it was shown that this synthesis procedure leads to a spatial separation of acidic and
basic moieties, further studies are needed sovdratus mixing times lead to variable ratios
between both functional groups resulting in structures such as bicompartmental, dumbbell or

snowmarn
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9 Interactions with Proteins

9.1 Introduction

The low solubility of many drugs in water is a major problem modern, intelligent polymer
systems should address when utilized as drug cariicrogels can be employed due to the
great potential of precisely designing their properties. Functionalization allows tuning the
interactions between microgel and drug that determines the uptake and release of the latter.
Microgels can be tailored tpossess crucial characteristics an intelligent drug carriers must
fulfill: hydrophilicity/ hydrophobicity, sensitivity to environmental changes, biocompatibility,
degradability, and specific size. Using microgels not only offers the possibility of using a
smart polymer network for controlled delivery, they also protect proteins against
environmental hazards such as drastic pH or changes in redox potential by providing a
hydrophilic environment t%hAdditomakysmecrogelsaret he p
capable to store large amounts of proteins in a relatively small véiume

The interactions between microgels antbtpins are complex. Proteins can undergo
conformational changes, while microgels can swell or collapse the@orption of proteins.

The uptake/ release of proteins can be controlled by the following: (a) diffusion; (b) osmotic
pressure; (c) degradalyliof the polymer; (d) responsiveness of the polymer to environmental
changes such as pH or enzyrittsCovalent binding betweemicrogel and protein is avoided
because covalent attachment may change the d
Diffusion The driving force behind diffusion of protein molecules into oppositely charged
microgels is the gain in free energy. Initially, afteixing of protein and microgel, the strong
binding causes a strong increase in protein concentration at the interface between microgel
and surrounding solution. After time, with proceeding diffusion of protein into the microgel,
the concentration become®re homogenous throughout the particle.

Swelling/ Osmotic pressurEhe uptake of protein by a charged microgel causes a release of
counterions. This | owers the osmotic swellin
collapse of the charged micrdgeetwork can induce an increase in charge density, thus
promoting further protein uptake.

Degradability of microgellThe use of a cleavable crosslinker enables the degradation of the
microgel with the help of e.g. enzymes or ac¢ttisddeally, the particle consist$ a shell that

is impermeable to the protein. Degradation of the microgel particle leads to the release of the
protein.
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Responsiveness of microget-sensitive microgels can bind proteins electrostatically. The
increase of ionic strength leads to a scregiof the electrostatic attractions between protein
and the oppositely charged groups in the microgel, resulting in a release of the protein from
the polymer network. Temperatusensitive microgels can either release proteins upon
heating b y thdims autu e eantrary gaiain the protein through entrapment or
increased charge density

Usually, acombination of all factors affects the degree of uptake and release of proteins to

and from microgels.

V. A Kabanov et al. prepared poly(acrylic ac{pAA) andN,N-dimethyltN-ethylaminoethyl
methacrylate bromide) hydrogels and studied théake of different proteind®. They
described that the uptake of protein takes place primarily in the microgel dhslledads to a
collapse of the shell while the particle core is still highly swollEwentually, the protein
microgel complex propagates inward leading to furtheswlelling of the microgel interior

until the complete polymer networks collapses. This e@#irmed by C. Johansson et al.
who further investigated the diffusion of lysozyme into pAA micro§élicrogels were 50

T 150um in size which enables visualization with confocal microsc@pygy could see that a

shell of lysozyme initially forms rapidly preventing additional uptake of lysozyme. After ~
180 s, however, lysozyme diffuses deeper into the microgel core while no furtbeeliag

of the polymer network can be observed. Theyestaat lysozyme molecules diffusing to the
core do not originate from the | ysozyme ads
molecules that diffuse through the already existing shell.

H. Bysell and M. Malmsten looked closer at the interaction betwggne and pAA
microgels as a function of ionic strength, pH, and protein concentfatidiney state that the
de-swelling of the microgel rievork as described by V. A. Kabanov is greatly depending on
the mesh size of the polymer network and the protein size. A protein that is larger than the
mesh size is exclusively located in the microgel shell, while smaller proteins can penetrate
into the microgel core. They confirm that the formation of a proteicrogel complex in the

shell lead to the collapse of the shell. This happens faster than the protein diffusion, thereby
preventing further uptake into the microgel core. The mesh size in tdependent on the
crosslinking density within a microgel particle. The relation between crosslinking density and
protein uptake was investigated by G. E. Eichenbaum(®t &hey determined the pore size

of the poly(methacryli@acid-co-acrylic acid) microgel via protein size exclusion. They found

out that the loading of proteins is highly dependent on the crosslinking density.
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A both pH and temperaturdependent uptake of proteins to microgels was studied by C. S.
O. Silva et al¥l. They used human immunoglobin(®G) and cationic PNIPAmM microgels

that were functionalized with amine groups. They found out that the high degree of swelling
of the microgel network at low temperatures reduced the uptake of IgG, whil@~09the

initial IgG concentration could bedsorbed at temperatures above the VPTT. The authors
explained this by the higher charge density in the microgel at higher temperatures inducing
favorable electrostatic interactions.

The first step in testing a metudesusingtasnodelb i | it
drug that is well described in literature. Many authors use cytochrofog-c) as a model
protein to study the interactions betweentgires and microgels. Cyt is found e.g. in the
human body. It is for instance tmeain initior of programmed cell deatffl. It has 104

amino acids and a heme group with the Fe(lll) beingcebrdinated(see Figure 9.1)It is
surrounded by four alpha helices and is covalently bound by two cysteine sidel'¢haihe
properties of cyt are given inTable9.1. It is expected that microgels and proteins interact
over electrostatic interactions between the negatively charged carboxylic groups in the

microgel network and the ptisely charged groups on the outside surface ofccyt

Figure 9.1 (a) Structure of cytochrome; (b) Electrostatic surface properties of cytochrome c,
color-coded by electrostatic potential, blue: positive, red: negative. Images were generated
using the program Discoverstudio.

Table 9.1 Properties of cytochromeldit2I23],

Molecular weight 12.3 kDa

Isoelectric point pH 10.2

Radius of gyration 12.8 nm (native state)
Overall net charge at neutral pH +6.9(at pH10.2)

109



9.2 Experimental Part
Specifications regarding DLS, SLS, and W& measurementsan be found in chapter 4
(experimental part).
UV-Vis measurements were conducted in order to analyze the uptake asd ketesics of
cytochrome c. 0.00§ of microgel were dissolved in 3 mL of water at three different pH
values: 3, IEP (i.e. ~ 6), and 8. For each sample, the theoretical amount of carboxylic groups
was calculated and cytochrome c in a ratio of 1:1 wasdaddsuming that each carboxylic
group is able to bind one protein molecule. For instance, for the microgel with statistical
distribution of ionizable groupsand a monomer ratio VCL:Vim:lIA = 60:20:20, 0.005 g
contain 7.26 * 18 mM of carboxylic groups. Thefore, 7.26 * 16 mM (0.089 g) of
cytochrome ¢ was added.
For kinetic release studies, the respective amounts of microgel and protein in water at three
different pH values were allowed to stir overnight to reach equilibrium. After several hours of
stirring, UV-Vis measurements at 2& from400to 900nm were carried out.
Afterwards, the samples were dialyzed incnposite regenerated cellulose membrane from
Millipore (NMWCO 30,000)in water with the respective pH. UVis measurements were
repeated afr specific times and the dialysis resumed (note: the dialysis water was not
changed during the dialysis process).-MM measurements of the dialysis water were also
conducted under the same conditions to analyze the amount of cytochrome c released from
the microgel.
For controlled release studies, microgel samples and cytochrome ¢ were dissolved in water of
pH = 8 with the same amounts explained above. After stirring overnightVigV
measurements was carried out. For dialysis, several parameters wegedcha

(1) The pH of the dialysis water was changed from8atid pH3.

(2) The temperature was changed from T =25 °Cto T = 37 °C (i.e. above VPTT).

(3) NaCl was added.
Again, the samples were measured with-\Jig after specific times.
To study the effect of ionicaft on the particle size and molecular weight, DLS and SLS
measurements were performed. Microgel and prnotetre mixed in buffer with pH of the
according NaCl concentration (0, 30, 50, 75, 100, andni%. The solution was stirred for
2d to allow thesample to reach equilibrium. The samples were centrifuged to remove
unbound protein from the solution. For SLS measurements, the samples were lyophilized to
determine the exact concentration anddispersed in buffer with the according salt

concentrationSLS measurements were performed at@5

110



9.3 Results and Discussion

In this chapter, the interactions between microgels with statistical distribotiamizable
groupsas well as corshell structure and the protein cytochron{ey-c) are looked at

Cyt-c is used for this study because it is positively charged over a broad pH range(see
9.3). The microgels that are used, howeaee positively charged at pB} neutral at pH ~ 6,
and negatively charged at pH = 8. Thus, interactions betwézongels and protein can be
studied at these three different pH values. Furtbegnthe red color of cy¢ makes it suitable
for UV-Vis measurements to analyze the binding kinetics between protein and microgels.
First, however, the conformationatrscture of cytochrome ¢ at pH 3 and @His measured

via circular dichroism (CD) spectroscopy ($egure9.2).

Cytochrome C in 10 mM PBS buffer solution
T T T T T
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Figure 9.2 CD spectra of cytocbme ¢ n PBS buffer with different pH andtractural
analysis using Yangob6s reference

Both spectra have two negative minima at arounda2@P2081m and a positive maximum at

around 194m. The double minimum is typical for a helical structfd®. A small

shoulder at mund 217n m can be at t r-shéetuconfodnatioro The streceuteee d b
were analyzed using YangoOBgure®3d. erence structu
Yangbs reference predicts that the globul ar
atbothpd, t hdwedgh xUand random coil conforimati on
sheets is decreasedgsitly at pH 8 compared to p8l The positions of the peaks do not vary

when the pH of the solution is aiiged indicating that cy¢ does not change its canfmation
dramatically.

Figure 9.3 shows that cytochrome c is positively charged over a broad pH range. Its
isoelectric point (IEP) is above pl. Figure9.3 gives also the electrophetic mobility of the

ampholytePVCL-co-Vim-co-lA microgel with a statistal distributionof ionizable groups
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and a monomer ratio of 60:20:20. It is positively charged at low pH, while being negatively
charged at high pH. The IEP is at ~ 6.2.

20 T T LS T T T . T
1 . —=— Cytochrome C
1,5 k ®— Microgel, ]
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Figure 9.3 Electrophoretic mobility of cytochrome c¢ (black curve) and microgel with
statistical distributionof ionizable groupsas an example (monomer ratio VCL:Vim:IA =
60:20:20, red curve). The measurements were conducted at TG 25

Next, UV-Vis spectra of pure cyt were measured at p# 6, and 8 (spectrum sha in the
appendix)Cyt-c exhi bits two pr omi n elmahd). phese peaks are, 4 0 2
however, prone to change from one to two peaks depending on the oxidation state of iron: the
peak at 402m belongs to Fe(lll), while the peak at 416 nm can be assigned to [E&(II)
Thereforet he smal | er plardkwas used a3réferenc@ peflkl Pure microgel
samples show no peaks in this range (for spectrum see appendix).

Microgel samples with statistical distribution of ionizable groups and a monomer ratio of
VCL:Vim:IA = 60:20:20were mixed with cyt in buffer of pH3, 6 or 8 at room temperature.

After incubating for 24, the samples were dialyzed against buffer of the respective pH.
Depending on the pH, the protein was either bound by the microgel and could thus not be
washed otithe dialysis bag or not bound by the microgel and could thus be washed out the
dialysisbag. The release of cgtwas studied with UWis spectroscopy after various time
intervals. Samples were taken both inside and outside the dialysis bag.

Figure9.4 shows the change of the Wis spectra over timelhe absorbance dlhe peak at
530nm before the dialysis is the same for all samples indicating that the concentration in all
samples is the samAlready after 30 min of dialysis, the absante for pH3 is decreased
clearly, while at the same time, the same peak increases in the dialysis water. This indicates
that cytochrome c is not bound within the microgel particle and is able to penktoatgh

the dialysis membrane. After 3&@in of dialysis, no cyt isleft in both the samples at pH 3

and pH6.2. This is also confirmed opticallgnly the solution at pH 8 mamins its red color.
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Figure 9.4 UV-Vis measurements of microgel sample with statistical distribwatioanizable
groupsand monomer ratio VCL:VIimtA = 60:20:20. Black curve: pk; red curvepH 6.2;
blue curve: pHB. (g Before the start of dialysis; (b) After 30 min of dialysis} Adter 180
min of dialysis; (§ After 360 min of dialysis. Inset graphs show W& measurementsf
dialysis water. Inset images give optical confirmation of protein release.

The decrease of the peak at %80 is analyzed over time and shown in FigQrg for the
sample with statistical distribution of ionizable groups. Gngphsshow the kinetics fothe
dialysis processAn absorbance of 1 means that all carboxylic groups within tleeogel
particle bind cyc (i.e. 100%). The measurements were repeated for microgels with a
different monomer ratio as well as a cateell structure (graphs see apge). The amount of
cyt-c remaining in the microgel after 24of dialysis is analyzed with regard to microgels
with varying distributions of ionizable groups and various amounts of incorporated basic and
acidic moieties at different pH values (see T&bR).No binding (i.e. absrbance ) can be
seen at pH 3 and pBl2 for microgels with statistical distribution of ionizable groups as well
as for the corshell particles with itaconic acid in the shell. The situgtibowever, is
different @ pH 8 where all of them bind ~ 3% of the theoretical amount of egt This
surprisingly low amount can be explained as follows: The firstayiblecules that bind to a
mi crogel particle will bind to t hides@irface.st ¢
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Figure 9.5 Change of absorbancetiv dialysis time for ampholytenicrogel with statistical
distributionof ionizable groupgVCL:Vim:I A = 60:20:20). Black curve: pH 3; red curve: pH
6.2; blue curve: pi8.

As more and more protein is baynthey will eventually block the polymenetwork for

further cytc to enter. So, though more protein could be bound theoretically, the microgel
interior is probably relatively proteifiee. This behavior was already seen by T. Hoare and R.
Pelton™. Theyanalyzed the uptake of a cationic drug to PNIPAM microgels containing
carboxylic groups. The authors observed a local collapse of the polymer network in response
to the binding of the protein to the anionic groups. The decreased charge density reduces
repulsion forces between like charges and leads to a phase transition within the microgel.

Further diffusional uptake of ptein into the microgel netwoik hindered or limited.

Table 9.2 Amount of cytc (in %) remaining after end of dialysis for microgaimples with
different distribution®f ionizable groupsMeasurements were conducted at T 2@5

Statistical Core-Shell (IA:Vim = 10:10)
80:10:10 | 60:20:20 | Core + | Core - Core -
Shell- | Shell + (1:1) | Shell + (1:5)
pH 3 0 0 0 12 14
pH 6.2 0 0 0 28 40
pH 8 46 53 41 52 71

Coreshell particles with itaconic acid in the core, however, shaliffarent behavior. Even
at pH 3, with the shell being positively charged and the c&iedneutral, ~ 136 cytc is
bound by the microgel. At pld, both core andhell are neutral. 2% and 40% of cyt-c are
bound by coreshell particles with a ratio between core and shell bfatrd 1:5, respectively.
At pH 8, the sample with the thicker shell (1:5) ideato bind ~ 70% of cytc, though the
neutral shell iat expected to bind cyt over electrostatic interactianShese latter results

show that cy is bound by the microgels even in the absence of electrostatic
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