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Spherical nanoparticles with polymer coatings or entirely composed of polymers have their own techno-
logical importance as drug carriers. These nanostructures can be constructed as stimuli-responsive de-
vices that deliver a drug in spatial-, temporal- and dosage-controlled fashion. The nanoparticles rapidly
form a protein corona as soon as they get immersed in biological fluids like blood or plasma. Ultimately,
the composition of the protein corona will modify the physical/chemical properties of the nanoparticle
and will determine its biological fate. The fact is that competitive and cooperative adsorption of different
proteins play a pivotal role in this process.

In this thesis charged and uncharged core-shell microgels were used as model systems to study single
and competitive protein adsorptions. The microgels consist of a solid polystyrene core, a highly swollen
poly-(N-isopropylacrylamide) shell and defined amounts of acrylic acid to introduce charge. Experi-
mental data for the adsorption of single type proteins were obtained by Isothermal Titration Calorimetry
(ITC). The challenges of using ITC as a method to characterize protein nanoparticle interactions are dis-
cussed. Finally, the evaluation of ITC data with the Langmuir model and a cooperative binding model
are compared. In contrast to the Langmuir model this model offers a more quantitative interpretation of
binding isotherms with the advantage to show more details regarding the driving forces contributing to
the adsorption process. In a second part experimental data for the competitive adsorption from binary
mixtures were obtained by fluorescence spectroscopy and compared to the predictions from the coopera-
tive binding model. It was demonstrated that for the proteins lysozyme, papain, RNase and cytochrome ¢
the experimental data are in good agreement with the predictions and the expansion to multi-component
mixtures is possible.

The remaining parts of the thesis are concerned with the structural properties of the core-shell micro-
gels. For this purpose the polymers were investigated by Atomic Force Microscopy (AFM) and Anoma-
lous Small Angle X-ray Scattering (ASAXS). The AFM images in air revealed a strongly collapsed
structure on a silicon surface. Moreover, the adsorption of lysozyme onto the shell of the microgel
changed the phase of the AFM signal indicating a change in the mechanical properties. For the mea-
surements in liquid it was shown that the microgels can be attached via electrostatic interactions with a
functionalized silicon surface. Upon protein adsorption the shell of the surface-attached microgels began
to shrink. For the ASAXS part the Fe-containing protein cytochrome ¢ was adsorbed onto the microgel
and analyzed in the energy range of the K-absorption edge of Fe at three different energies. From the
pure-resonant scattering contribution the thickness of the protein layer is determined and correlated with

the corresponding protein concentration.






Sphirische Nanopartikel mit Polymerbeschichtungen oder vollstindig aus Polymeren zusammengesetzte
Nanopartikel haben eine grofie technologische Bedeutung als Triagermaterialien fiir Medikamente. Diese
Nanostrukturen kénnen so konstruiert werden, dass durch einen d@ufleren Reiz die Wirkstofffreisetzung
zeitlich und rdumlich kontrolliert erfolgen kann. Ebenso kann iiber diesen Weg die Dosierung kontrolliert
werden. Sobald Nanopartikel mit biologischen Fliissigkeiten wie Blut oder Plasmaplasma in Kontakt
kommen, bildet sich um diese eine Protein Korona. Die Zusammensetzung der Protein Korona bestimmt
jetzt die physikalischen- und chemischen Eigenschaften der Nanopartikel und die Wechselwirkungen mit
einem Organismus. In diesem Prozess spielt die kompetitive und kooperative Adsorption verschiedener

Proteine eine wichtige Rolle.

In dieser Arbeit wurde die Adsorption von einzelnen Proteinsorten und die kompetitive Adsorption aus
Proteinmischungen auf geladene Kern-Schale Mikrogele untersucht. Die Mikrogele bestehen aus einem
festen Polystyrolkern, einer stark gequollenen Schale aus Poly-(N-isopropylacrylamide) und definierten
Mengen des Copolymers Acrylsdure, welches eine geladene Carboxylgruppe in das Mikrogel einfiihrt.
Die Adsorptionsisothermen einzelner Proteinsorten wurden mit der Isothermalen Titrationskalorimetrie
(ITC) gemessen. In diesem Zusammenhang wurden die Herausforderungen dieser Methode zur Charak-
terisierung von Protein-Nanopartikel-Wechselwirkungen diskutiert. Ferner wurde die Auswertung der
ITC-Daten mit dem Langmuir-Modell und einem "kooperativen"Bindungsmodell verglichen. Im Ge-
gensatz zum Langmuir-Modell bietet dieses Bindungsmodell eine quantitative Analyse der Bindungs-
isothermen, mit der Moglichkeit mehr Details zu den treibenden Kriften, die zur Adsorption beitra-
gen, zu verarbeiten. In einem weiteren Teil der Arbeit wurde die kompetitive Adsorption aus bindren
Proteinmischungen mit Fluoreszenzspektroskopie gemessen und mit Vorhersagen durch das "kooperati-
ve"Bindungsmodell verglichen. Es wurde gezeigt, dass die die experimentellen Daten fiir die Proteine

Lysozym, Papain, RNase und Cytochrome c in guter Ubereinstimmung mit den Vorhersagen sind.

Die weiteren Teile der Dissertation beschiftigen sich mit den strukturellen Eigenschaften der Kern-
Schale Mikrogele. Zu diesem Zweck wurden die Polymere mit Rasterkraftmikroskopie (AFM) und an-
omaler Kleinwinkelrontgenstreuung (ASAXS) untersucht. Die AFM-Bilder in Luft zeigten eine stark
zusammengeschrumpfte Struktur auf einer Siliziumoberfldche. Dariiber hinaus konnte bei der Adsorpti-
on von Lysozym auf die Schale des Mikrogels eine Phaseninderung des AFM-Signals festgestellt wer-
den, welches auf eine Anderung der mechanischen Eigenschaften des Polymers hinweist. Fiir die AFM
Messungen in Fliissigkeit wurde gezeigt, dass die Mikrogele iiber elektrostatische Wechselwirkungen
auf einer funktionalisierten Siliziumoberfliche immobilisiert werden konnen. Zusitzliche konnte gezeigt
werden, dass die Proteinadsorption zu einem Schrumpfen des auf der Oberfliche gebundenen Mikrogels
fiihrt.

Fiir die ASAXS Messungen wurden das eisenhaltige Protein Cytochrom c auf das Mikrogel adsorbiert
und die Probe wurde bei drei verschiedenen Energien am Rand der K-Kante von Eisen gemessen. Aus
dem Betrag der rein resonanten Streuung der eisenhaltigen Proteins konnte sowohl die Dicke der Prote-

inschicht ermittelt werden als auch die entsprechende Proteinkonzentration pro Nanopartikel.
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1 Introduction

1.1 Protein Material Interactions

The effects of protein material interactions are of central importance in different fields of nanotechnology.
The design of non-fouling surfaces, for example, is equally interesting for maritime industries and the
development of new nano-scaled laboratory devices (see Figure [Tl a and Figure 11 b). In nanomedicine
controlled drug release by nanoparticles requires no or little interference by unspecific protein interac-
tions (see Figure [l ¢). There are also not fewer important applications where a defined protein material
interaction is necessary like the immobilization of proteins as catalysts or the purification of proteins by
chromatography.” The goal of this section is to give a brief overview into this topic always keeping in
mind how protein material interactions affect previously mentioned fields and that it remains a challenge
to understand and control these interactions better.

Biofouling is defined as an undesirable accumulation of microorganisms on wetted artificial surfaces
and represents a major economic issue regarding maritime industries.” In general, biofouling will in-
crease the roughness of a surface leading to a higher frictional resistance. Thus, considering ships bio-
fouling causes speed reduction, higher fuel consumption and maintenance costs. A common practice
to suppress biofouling involves the use of toxic biocides. However, they are also different strategies to
develop surface modifications, which are more environmentally friendly.” It is assumed, that in the first
stage of biofouling a conditioning film mainly comprised of proteins adsorbs to the surface and catalyzes
the attachment of microorganisms, which finally cause macrofouling of the surface.”

In the health sector advances in nanotechnology had opened a variety of nanomaterials to improve
diagnosis, prevention and treatment of diseases. These nanomaterial have at least one dimension in the
range of 1 to 100 nm and can be considered as intermediates between small molecules and bulk materials.
Compared to their bulk material counterparts, the physio-chemical properties like size, surface charge,
stability and solubility are crucial for their physiological interactions. Biomaterials, coated medical
devices, and nanoparticles have enormous potential to improve medical treatments, but can cause adverse
or even toxic side effects. It is a well-known fact, that implanted and blood-contacted biomaterials can
induce adverse side effects like inflammation,>" thrombosis” and infections.® These effects can be traced
back to a quickly forming protein layer on the biomaterial. Furthermore, it is known that phagocytes
interact with the adsorbed proteins rather than with the material itself.” It was also shown that formation
of such a layer can limit the performance of so called protein micro-arrays.™ These micro-arrays are
supposed to detect analytes in very low concentrations from complex mixtures, such as serum or blood.

Adsorption of other proteins than the antibodies used for detection will limit the sensitivity of such



Figure 1.1: Protein adsorptions occuring in different technological fields: a) Ship hull covered with a biofilm.
Here the biofilm is removed by an ultra-high pressure water jet. b) A lab on chip device us-
ing microfluidic technology. c¢) Scheme of a spherical nanoparticle loaded with a drug. In
comparison to drugs in tablet form, nanoparticles offer the possibility of controlled and targeted
drug release. Pictures reprinted from http://www.hydroblasting.co.uk/hydroblasting-services/anti-fouling.html

https://chemeng.adelaide.edu.au/losic-group/research/nanomedicine/ http://www.bioprocessonline.com

micro-arrays and are one of the key factors that control the limit-of-detection of the analyte. Thus, a
better understanding of the protein adsorption process will help to improve diagnostics with such micro-

arrays.

1.2 Competitive Protein Adsorption and the Protein Corona

The field of competitive protein adsorption has emerged in the 1960s by seminal contributions by Vroman
and Adam, who investigated the adsorption of plasma proteins onto metal oxides, silicon, and polymer
surfaces. ™

It was found that fibrinogen adsorbs preferentially at short to intermediate contact time and then is
replaced by a number of different proteins from blood serum like kinogen or factor XII sequentially.
Sequential adsorption is not limited to fibrinogen and can be regarded as a general trend for many other
proteins. ™™ In general, under equilibrium conditions proteins with higher mobility arrive first at the sur-

face and are later sequentially replaced by less mobile proteins that have a higher affinity for the surface.
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Figure 1.2: a) Illustration of the Vroman effect. Proteins which are present in high concentrations in the medium adsorb first
on the surface and get replaced over time by proteins with lower abundance in the medium but higher affinity to the

surface. b) Illustration of orientation and conformational changes of proteins which can occur during adsorption.

In Figure [ a the sequential replacement of proteins over time, commonly termed as "Vroman effect”,
is illustrated. Figure 2 b illustrates how proteins adsorbed at surfaces can undergo conformational and
orientational changes. The structural perturbations are dependent on the nature of the surface. For ex-
ample, Norde and Giacomelli showed that BSA completely regains its native structure and stability after
being replaced from a hydrophilic surface but not in the case of a hydrophobic surface.™ On the other
hand, lysozyme seems to be able to regain its native configuration even after desorption from hydropho-
bic teflon surfaces.™ These results show that the mechanisms behind competitive proteins adsorption are
not fully understood yet.

Competitive protein adsorption can be measured by different techniques including surface plasmon

P22 reflectometric

resonance, ™ atomic force microscopy,”” quartz crystal microbalance,”” ellipsometry,
interference spectroscopy, and total internal reflection fluorescence spectroscopy.”” Malmsten et al.
investigated the adsorption of single proteins and the competitive adsorption of ternary protein mixtures
on polymer surfaces.” For hydrophobic surfaces the protein layer was dominated by human serum al-
bumin (HSA) and human IgG and no or little exchange was found. In contrast on charged hydrophilic
surfaces human fibrinogen (Fgn) was preferentially adsorbed. Huang et al. investigated the adsorption of
ternary solutions composed of the same plasma proteins on planar surfaces composed of poly-(carbonate-

urethane) and polystyrene (PS).”*

They found that poly-(carbonate-urethane) has a preferential adsorp-
tion for HSA compared to PS. Riedel et al. looked into the anti-fouling properties of functionalized
poly(ethylene glycol)-based (PEG) surfaces against human blood plasma proteins using LC-MS/MS
analysis.”™ It was found that only a few plasma proteins including HSA were ubiquitous on the PEG
surfaces. Furthermore, HSA was not adsorbed from single protein solutions but adsorption takes place
from blood plasma, which indicates that HSA adsorption is mediated by some other plasma proteins.

Mohr et al. analyzed the aggregation of polystyrene-based spherical nanoparticles and their interaction



with blood plasma by dynamic light-scattering techniques and LC-MS. Their experiments indicate that
the composition of the protein layer determines their aggregation behaviour and their organ distribution
in vivo.”®

Up to now, much work has been devoted to the synthesis of nanomaterials and to their interaction
with single protein types. However, biological media are multicomponent mixtures i.e. they usually
contain more than one type of protein. For example, in human serum the most abundant proteins, albu-
min (70%), 1gG (14%), transferrin (5.7%), fibrinogen (2.8%), and a-antitrypsin (0.7%), cover 93% of
the whole protein mass. In addition to these other proteins which function as enzymes and hormones
are present. In such a complex mixture competitive and/or cooperative adsorption necessarily need to
be considered. For spherical nanoparticles the competitive and/or cooperative adsorptions of different
protein types will lead to the formation of a protein corona. The composition of the protein corona
will determine the physical and chemical properties of the nanoparticle and in a biological medium will
determine its biological fate in terms of cellular response, biodistribution, clearance and toxicity.*”#54
Figure a shows schematically how a spherical nanoparticle encased with a protein corona interacts
at a cellular level with a membrane. The formation of a protein corona is a dynamic process and the
composition of proteins will evolve with time (see Figure I3b) in analogy to the Vroman effect for flat

surfaces (see section ). Although at some point equilibrium might be reached, i.e. association and

P .
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Figure 1.3: a) Sketch of spherical nanoparticle covered with a protein corona interacting with a cellular membrane. Composition
of the corona will determine the biological identity of the nanoparticle. b) Sketch representing the dynamic nature
of the protein corona. Higher affinity proteins will replace previously adsorbed proteins with time. Reprinted from
Walczyk et al.*

dissociation rates have become equal, the corona will again change its composition if the nanoparticle is
immersed in other fluids or compartments. Hence, the time evolution of the corona formation and also
the time-scales on which the proteins adsorb and exchange is crucial to predict the biological response
and need be considered in order to get a clear picture of the entire process.

Recently some groups subdivided the corona into a "hard" and "soft" corona. %3¢ The "hard" corona
is mainly composed of proteins with high binding affinities that are tightly bound to the nanoparticle,
while the "soft" corona consists of proteins which are loosely bound to the NPs surface. Moreover,
it is conceivable that "hard" corona proteins can mediate binding of other proteins via protein-protein

interactions. In practice, the majority of published studies investigate the composition of the corona by



employing washing or centrifugation steps and analyzing the residual protein concentration (solution
depletion technique). With this technique only tightly and rather irreversibly bound proteins can be
detected. Up to now, there are only few a analytical methods like dynamic light scattering (DLS) or
fluorescence correlation spectroscopy (FCS) which can measure the dynamic nature of the protein corona
especially in a complex biological medium. “®*/%% Therefore, the detection and discrimination of "hard"
and "soft" corona proteins is a difficult task.

Nanoparticles can induce conformational changes to the adsorbed protein molecules which may affect
its function. Deng et al. recently showed that negatively charged poly(acrylic acid)-conjugated gold
nanoparticles bind to fibrinogen.*¥ By unfolding the protein an entire signal cascade is triggered, which
ultimately releases cytokines and promotes the inflammatory reaction. Hoshino et al. synthesized poly-

mer nanoparticles that bind venomous molecules and neutralize their function. *"

However, the specificity
and intended performance of these particles in vivo was suppressed by formation of an unspecific protein
layer composed of plasma proteins. Salvati et al. showed that the targeting ability of a transferrin func-
tionalized nanoparticle is lost as soon as the particle is immersed in a complex biological environment
due to the interaction with the host proteins.*" As a consequence, many ways have been investigated to
prevent the formation of a protein corona in order to maintain the nanoparticles "bare" identity. One clas-
sical approach is the use of a non charged poly(ethylene glycol) (PEG) polymer.**** However, it has been
reported that PEG-functionalized NPs can interact with certain plasma proteins.* Another approach to
suppress corona formation is the incorporation of zwitterion functionalities onto the NPs surface.*>*¢
Moyano et al. demonstrated that sulfobetaine headgroups engineered with a short oligo(ethylene gly-
col) spacer on a Au NP do not adsorb proteins at moderate serum protein concentrations nor do they
form a corona at physiological serum conditions.™ The examples illustrate that engineering such poly-
mer coated NPs protein repellent requires an in depth understanding of the driving forces of competitive
and/or cooperative adsorptions. Driving forces, for instance, can be hydrophobic and electrostatic in

nature and strongly depend on external conditions like pH, ionic strength and temperature.

1.3 Non-Competitive Protein Adsorption: The Langmuir Model

The analysis of protein adsorption usually begins by measuring the adsorption isotherm. To construct
such an isotherm, the amount of protein adsorbed on a surface or onto a NP is plotted as a function
of the equilibrium concentration. To obtain the amount of adsorbed protein different techniques like
ellipsometry, surface plasmon resonance, fluorescence spectroscopy and isothermal titration calorimetry
are available. The solution depletion technique was already described in previous section [ and is one
of the simplest methods to study protein adsorption. Ideally, the shape of the adsorption isotherm can then
provide information on the thermodynamics of the protein adsorption process by fitting an appropriate
adsorption model to the isotherm plot, from which thermodynamic parameters can be derived. There are
several models including Langmuir, Freundlich, and Brunauer-Emmett-Teller (BET), each of which is
based on a different physical principles and prerequisites to fit the isotherm. Among these models the

Langmuir adsorption isotherm provides the simplest and most direct methods to quantify an adsorption



process. The Langmuir model states, that for a a binary reaction A + B — AB with the equilibrium
binding constant K = % all adsorption sites are equivalent in terms of their adsorption free energies,
which can be calculated from its relationship to K. The Langmuir equation then relates the fraction of
occupied adsorption sites @ to the binding constant K given by **

0

with ¢, corresponding to the equilibrium concentration of protein in solution. For a microgel containing
N adsorption sites, ® is defined as N;/N, with N; defined as the number of proteins bound per microgel.
The Langmuir model assumes no interactions among the adsorbed molecules and most important equi-
librium conditions between the amount of protein adsorbed on the surface or nanoparticle and the protein

that is free in solution. Figure 4 a shows the typical shape of a Langmuir shaped isotherm. Even if
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Figure 1.4: a) Scheme of a typical protein adsorption isotherm. b) Protein adsorption to fixed binding sites. See further expla-

nation in the text.

protein adsorption isotherms often give the appearance of having the shape of a Langmuir isotherm, ap-
plying a Langmuir fit might often not be the best choice.*® The parameters obtained from a Langmuir fit
are only reliable under equilibrium conditions. However, most experimentally measured protein adsorp-
tion isotherms may not represent equilibrium conditions. As a consequence, the equilibrium constant,
K, should rather be interpreted as an "effective”" parameter that characterizes the shape of the isotherm
and is not necessarily related to the free energy of protein adsorption.* Another drawback is the as-
sumption of single, independent binding sites as depicted in Figure T4 b. The proteins are confined
within their lattice position which is rather not fulfilled in most cases of protein adsorption. Actually, in
multi-component mixtures the number of adsorbants (proteins) will vary in size and composition and the
binding sites are difficult to define clearly. Moreover, mutual interactions between proteins can induce

cooperative adsorption that cannot be treated in terms of single independent binding sites. Thus, with



the Langmuir model is not easy to include cooperative adsorption effects. These effects become very
important in protein mixtures where competetive adsorption occurs. Therefore, there are present in all

biological fluids.

1.4 Competitive Protein Adsorptions: Models

To overcome the limitations of the Langmuir model regarding the inclusion of cooperative effects and
the expansion to competitive adsorption from protein mixtures various models have been developed.
The currently existing models can be divided into three different approaches. Le Duc et al. developed
a kinetic approach to describe the surface deposition of plasma proteins on a glass slide.®™ Very re-
cently, Dell’Orco et al. devised a theory following a kinetic model to describe the corona formation on
N-iso-propylacrylamide/N-tert-butylacrylamide nanoparticles.>™ Each of these models requires differ-
ent adsorption and desorption rate constants which need to be determined experimentally. Furthermore,
the authors need to make approximations, which not reflect the correct situation, e.g. proteins cannot
diffuse on the surface. Brooks and Cramer devised a theory on competitive binding in ion-exchange sys-
tems based on mass action equilibria where the electroneutrality on the stationary phase is maintained. >
Vogler et al. followed this approach with mass action equilibria to reproduce the Vroman effect. They
stated that protein adsorption is mainly based on protein size discrimination and is only partially related
to protein biochemistry or protein adsorption Kinetics. > There are also models treating competitive ad-
sorption more explicitly. > Fang and Szleifer used a molecular mean field theory explicitly including
the size, shape and charge distributions in all molecular species adsorbed on charged planar surfaces. ™
Su et al. studied the adsorption of binary mixtures of bovine hemoglobin and serum albumin onto an
anion exchanger.™® Adsorption isotherms were fitted using a statistical thermodynamics approach based
on model parameters. These parameters represent the interaction of the proteins and the surface and
between two proteins. The proteins in this model are regarded as hard spheres which undergo short
range interactions including lateral protein-protein interactions. Additional adjustable parameter had to
be introduced to describe the interaction of a binary mixture of proteins with the anion exchanger. More
recently, Vilaseca et al. modelled the competitive adsorption of HSA, Fgn and kininogen on a hydropho-
bic surface through coarse-grained molecular dynamics simulations.>® Their results could reproduce the
general trend of the Vroman effect.

To summarize, despite various experiments there is no general model describing the competitive ad-
sorption of proteins onto nanoparticles and nanosurfaces and the results are not always independent of

the underlying experiment.



2 Objective of this Thesis

The work of this thesis focuses on the analysis and interpretation of protein adsorption isotherms as
obtained by ITC measurements. In the field of protein nanoparticle interactions ITC has emerged as
a very common method to obtain the adsorption isotherm. In this thesis the adsorption isotherms of
different globular proteins adsorbed onto well-defined core-shell microgels are measured with ITC. On
this basis, ITC as a method to determined protein nanoparticle interactions, is discussed critically and
pitfalls are described.

At the same time, the evaluation of the ITC data is discussed. Here, the analysis of the adsorption
isotherm by the Langmuir model provides one of the simplest and most direct methods to quantify an
adsorption process. However, as discussed in the introduction part the thermodynamic information
from the Langmuir isotherm is not quantitative. In a set of experiments the adsorption isotherms are fitted
with the Langmuir Model and a cooperative binding model (CB-model) as developed by Yigit et al.™ A
detailed description of the cooperative binding model will follow in the next chapter. The results from
both analysis are compared to each other with the aim to elucidate the limits of the Langmuir model.

Another main goal of this work was to test the predictive power of the cooperative binding model for
the competitive adsorption from binary mixtures. As discussed in the introduction competitive protein
adsorption and desorption processes play a pivotal role in the formation of the protein corona. In this case
the Langmuir model assuming identical as well as independent binding sites is not applicable anymore.

In another part of this thesis the question of the spatial distribution of the protein in a core-shell mi-
crogel is addressed. For this purpose anomalous small angle X-Ray scattering on cytochrome ¢ adsorbed
on the microgels shell are performed. By analyzing the resonant scattering contribution the distribution
of these within the shell can be derived. In addition, the amount of adsorbed protein can be quantified by
this method.

In the last part the interactions of core-shell microgels immobilized on a surface are investigated. In-
teractions of stimuli-responsive microgels and surfaces are becoming more important for the applications
of such particles as sensors or actuators. In this context it is also necessary to understand how the adsorp-
tion of protein affects the structure of the microgels on a surface. For this purpose AFM measurements

of the protein loaded core-shell microgels in air and liquid were performed.



3 Fundamentals and Theory

3.1 Stimuli-Sensitive Microgels - Model Systems for Protein Material
Interactions

3.1.1 Introduction

In nanotechnology micron-sized and nano-sized hydrogels represent a versatile class of "smart" respon-
sive materials. Hydrogels consist of an intramolecular cross-linked polymeric network which can absorb
large amounts of solvent. Hydrogels have dimensions ranging from 10 to 1000 nm with gels in the lower
range being termed nanogels and gels in the upper range being termed microgels. However, there is no
clear definition and sometimes hydrogels having sizes in the micron regime are also referred as micro-
gels. In this thesis the term microgel will be used for hydrogels with dimensions up to 600 nm. Due
to their size and high surface area microgels are able to interact with cellular and subcellular domains.
In addition, microgels show very distinct properties compared to their macroscopic counterparts. It is
commonly accepted that microgels will react faster to chemically and/or physically changes caused by
external stimuli. The characteristic time of swelling is proportional to the square of the linear dimension
of the gel.™

Microgels are used for the regulated transport of (bio)molecules, switchable catalysts and for sensing
applications.® Microgels also show interesting mechanical properties because their stiffness can be
matched to natural tissues.®® Adjustment of the cross-linker concentration is the most straightforward
method to modulate the microgel stiffness. In general, increasing the amount of cross-linker will lead
to a decreasing network flexibility and less pronounced swelling.*® External stimuli like pH, light,
temperature and ionic strength®™** can affect relative chain—chain and chain—solvent interactions, result-
ing in a reorganization of the polymer and solvent which finally induce a swelling or deswelling of the
microgel.

Figure BTl depicts a core-shell microgel which responds to different stimuli by undergoing a volume
phase transition in a shrunken more compact structure. Among the class of stimuli-responsive micro-
gels thermoresponsive ones have been studied the most. The most prominent class of thermosensitive
microgels is composed of N-isopropyl-acrylamide (NIPAM). At = 31 °C poly-NIPAM undergoes an
endothermic, entropically driven phase transition to a collapsed and deswollen state.®*™ The transition
occurs at a discrete temperature called lower critical solution temperature (LCST) or volume phase-
transition temperature (VPTT). Below the VPTT poly-NIPAM interacts with water molecules primary

through hydrogen bonding. By increasing the temperature over the VPTT chain-chain interactions are



temperature,
pH, light
ionic strength

(bio)molecules
>

Figure 3.1: Scheme of stimuli responsive core-shell microgel with a solid core structure. The outer shell can rearrange to a

more compact deswollen network under the influence of temperature and light or by adjusting solution conditions

like ionic strength and pH. Furthermore, core-shell microgels can be designed to be stimuli-sensitive in the presence

(bio)molecules.

favoured and water becomes a poor solvent for the microgel. Consequently, water is repelled from the

inside of the microgel and the system rearranges to a more compact structure.

ral

3.1.2 Poly-NIPAM based Core-Shell Microgels

Core-Shell microgels are either composed of a hydrogel shell and a non-hydrogel core (mostly inert

polystyrene or silica cores), or entirely of hydrogel compounds in both the core and shell.”

Figure 3.2: Cryo-TEM image of a 0.2 wt% aqueous sus-
pension a negatively charged poly(NIPAM)

core-shell microgel.

These colloidal particles can be analyzed by several
techniques, including dynamic light scattering (DLS),
cryogenic transmission electron microscopy (Cryo-
TEM), ™ small angle x-ray scattering (SAXS),* 76
small angle neutron scattering (SANS), ™ 'H-NMR as
well as rheology. ™

Moreover, core—shell microgels present a class of
model colloids with high potential for versatile applica-
tions. For instance, Lu et al. used core—shell microgels
as "nanoreactors” by embedding metallic and catalyti-
cally active nanoparticles (such as Au, Rh and Pt) into
the shell structure.™ It was shown that the catalytic ac-
tivity can be tuned by the volume transition of microgel
particles. Similar results have been also found for enzy-
matic activities as shown by Welsch et al.®® Figure B2

shows a cryo-TEM image. The core-shell structure is

clearly visible. In this thesis responsive core-shell microgels have been synthesized and used as model

systems to investigate the driving forces contributing to protein absorption. The microgel is composed
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of a solid polystyrene core and a poly(NIPAM)-based shell. Poly(NIPAM) has a VPTT close to physi-
ological temperature and is not cytotoxic. The synthesis of the core-shell microgel followed a two step
procedure as established by Dingenouts an coworkers.™ Figure B3 shows a scheme of the synthesis. In
a first step, the PS-core was synthesised by emulsion polymerisation. In the second step the shell was
attached via seeded polymerisation. The co-monomers N,N "-methylenebisacrylamide (BIS) and acrylic
acid (AAc) were added in varying amounts to induce a higher cross-linking density or higher charge

density, respectively. Size and morphology of the microgels are characterized by different techniques

1. step:
N
H
1 I L g KPS
= + = r \[ s
[ 5 80°C
P SDS, H,0
styrene NiPAm
2. step:

NiPAm, BIS, AAc
80°C

>

Figure 3.3: Scheme of the two-step synthesis of core-shell microgels. Reprinted from Nicole Welsch’s PhD thesis.* See further

explanation in the text.

like DLS, AFM, and cryo-TEM.

3.1.3 Interactions of Proteins with Poly-NIPAM based Core-Shell Microgels

Denaturation and concomitant loss of enzymatic activity is a problem often encountered when trying
to immobilize proteins and enzymes on solid substrates. In contrast, core-shell microgels are excellent
model systems to study protein adsorption, since proteins do not denature.®® It has been reported that
microgels even can enhance the catalytic activity of enzymes.*" In addition, the colloidal dimension of
the microgel shell ensures that the system responds very rapidly to environmental stimuli and protein
adsorption reaches its equilibrium on the time scales of most experiments. Protein adsorption onto poly-
NIPAM-based microgels was first studied by Kawaguchi et al. In their pioneering work they found
out that the amount of adsorbed protein can be modulated by the VPTT and is higher for the shrunken
and hydrophobic state.*” Decreasing the temperature of the aqueous medium to lower than the VPTT
resulted in the desorption of proteins from the network. Several other studies obtained similar results
for poly-NIPAM-based microgels.*** Lindmann et al. demonstrated that by increasing the content of
hydrophobic co-monomer results in increased protein adsorption.® According to all these findings it

could be inferred that the dominant driving force for protein adsorption must be hydrophobic in nature.



However, the situation changes if the network contains charged units, which will shift the VPTT to
higher temperatures and will lead to electrostatic interactions between the network and the protein. For
lysozyme it was shown that the binding isotherms to charged core-shell microgels substantially depend
on ionic strength.>*%€ In particular, the uptake capacity decreases with increasing ionic strength due to
charge screening effects. Smith and Lyon revealed that protein loading correlates with microgel charge.
Under low ionic strength conditions the microgel with the highest amount of incorporated charges could
uptake most proteins.*” These findings again support the strong influence of electrostatic interactions on
protein adsorption to charged microgels.

The attraction of a positively charged protein towards a negatively charged microgel is determined
by the electrostatic potential difference described by a modified Donnan potential.*** This potential
originates from the phase boundary between the charged microgel and the bulk solution which leads to an
unequal distribution of ions and causes the electric potential across the boundary. Under the assumption

of electroneutrality the Donnan potential for monovalent ions can be expressed as follows: **>*

y+ A2+ 1

with y = z,¢,/2c, being defined as the charge ratio between gel and bulk charge densities. A¢ is the

3.1 Ap = eBAP = In

dimensionless Donnan potential scaled by eS. The Donnan potential leads to an osmotic pressure dif-
ference m;,,(y) between gel and bulk ions. In the ideal gas limit the osmotic pressure is given by the

difference of internal and external ionic concentrations and can be expressed through: **

y+ A2 +1

Figure B4 a shows a plot of the Donnan potential as a function distance (z) from the surface. The

(3.2) Bion = Cs exp‘AJ’ +cy epr‘;j —2¢s = 2c¢y

potential is highest close to the phase boundary and rapidly decays towards the bulk solution and is only

attractive if microgel and protein have opposite net charge. A closer look at equation B reveals that Ag

a)
0.0
«— | —>
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0.4 . ; ©)
4 gel region bulk region @
£ (©]
<
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Figure 3.4: a) Local electrostatic potential difference ¢(z) of a negatively charged gel network with a gel thickness 1 of 100 nm

as function of the distance z from the solid surface. b) Schematic representation of the charge regulation of a protein

in proximity to a charged gel network. Reprinted from.*"
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decreases with an increase in salt concentration. By this means, the electrostatic interaction strength with
the protein can be tuned. In case proteins adsorb to the microgel network the Donnan Potential defined
in equation Bl needs to account for the change in total net charge by correcting y with the number of

bound proteins N;
(33) y= [Cng + Z ZiNi/Vl /2CS

with i being the i-th type of protein in a mixture. It has been reported that negatively charged network
can also adsorb proteins with negative net charge i.e. adsorption of a protein on the “wrong side” of
the isoelectric point."®***" There are several driving forces which explain these like charge interactions.
Counterion release, for instance, can play a major role in highly charged polyelectrolytes like spheri-
cal polyelectrolyte brushes, in which counterion condensation is favoured.””” This is the case when
Coulomb interactions dominate over the thermal interactions or more specifically for I = Ig/lcparge > 1
with I defined as dimensionless Coulomb coupling strength with the /p being the Bjerrum length and
lcharge being the average distance between neighbouring charged monomers.

Adsorption of "wrong side" proteins is also facilitated by effects like charge regulation. In most cases
the protein’s charge distribution is set as fixed or treated as a single point net charge. This is a reasonable
approach for proteins carrying a significant net charge, but when an approximately neutral protein, pH~
pl, is approaching a charged surface, its charge distribution can be perturbed due to the local electrostatic
potential on the interface.™ ™ For charged microgels another effect comes into play. The uneven ion
distribution between the network and the bulk, as described by the Donnan potential, causes a local
pH difference between the microgel network and the bulk solution.”™ As a consequence, proteins in
proximity of the microgel network will adjust their charge according to the local pH value. In case
of a negatively charged protein, the net charge can be even reversed upon adsorption if the local pH
value is lower than the isoelectric point. This effect was already described for spherical polyelectrolyte
brushes.? On the other hand, positively charged proteins can even increase their positive net charge
upon binding leading to an even stronger adsorption to the microgel. Figure B4 b shows the mechanism
of charge regulation for proteins adsorbing on a negatively charged microgel network. Counterion release
and charge regulation strongly depend on ionic strength and might not be the most dominant driving
forces at high salt concentrations. In addition, Bysell et al. observed the highest protein uptake in
a charged microgel for the least charged peptide.”” From these experiments it can be concluded that
hydrophobic interactions can also be a driving force for protein adsorption.

Microgels are also useful materials to study the dynamics of protein adsorption. For the poly(NIPAM)-
based core-shell microgels used in this thesis the binding kinetics have already been elucidated. Using
fluorescence spectroscopy Welsch et al. were able to proof that the protein uptake in these microgels is
a true equilibrium process with equilibration times in the millisecond regime and is fully reversible.*
For the binding a two-step process was suggested, a fast diffusion limited step (time constant: ca. 0.6 s)
and a second slower step of several hundred of seconds. It was observed that nearly 90% of the proteins
are bound in the first step. Simulations were able to reproduce the kinetics of protein uptake in the

milliseconds regime in agreement with the first binding step.”™ However, the second step could not be
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observed in the simulations and is probably caused by some collective rearrangements of the proteins

within the network.

3.1.4 Swelling behaviour of Poly-NIPAM based Core-Shell Microgels

The volume of a microgel V, strongly depends on swelling and deswelling effects. In general, swelling
of a polymer network is determined by the balance of osmotic and elastic pressure T.isric and mogpy,

respectively, »*

(3.4) T = Tosm + Melastic = 0

The elastic pressure term can be represented by the shear modulus G using the theory of rubber elasticity.
For weakly charged polymeric networks the powerlaw 7,; < V™™ with m = 1/3 is found."™ "™ The
osmotic term has two different contributions. The first one emerges from the mixing entropy of polymer

LOSLITO6

chains with solvent molecules that can be expressed by Flory-Rehner theory or by using following

powerlaW' 000,107

iy < V7", Below the VPTT water is a good solvent for NIPAM based gels and
n = 9/4, but for gels above the VPTT and highly charged ones corrections may arise. The latter term is
the osmotic ideal gas pressure 7j,, resulting from the inhomogeneous ion distribution between bulk and
gel and is expressed via equation B2

The expression for the total pressure then is: "
3.5 7=AV"+ BV + mi00()

with A and B being volume independent constants. In the limit of high bulk salt concentration c; the ionic
contribution can be neglected and 7;,,(y) = 0. The balance between osmotic and elastic pressure also
determines the mechanical properties of the microgel in terms of the modulus K., defined as inverse
compressibility K., = —V(9Br/0V). By fitting equation B3 to various salt concentrations the values
for A, B and K, are obtained. Generally, equation B3 is valid in the ideal gas limit, monovalent salts,
and does not consider important contributions from adsorbed proteins. In principle, addition of proteins
will lower the total net charge and inhomogenize the charge distribution in the network.>™ However, there

is no general theory covering these effects.

3.1.5 Interactions of Microgels with Surfaces

Most published literature on stimuli-responsive microgels investigated the properties of microgels in bulk
solution. However, for applications of such particles as sensors or for actuators it is necessary to attach
the particles on a surface. For this reason, interactions of stimuli-responsive microgels and surfaces are
becoming more important. Lu and Drechsler, for example, investigated the selforganization processes
of monosized poly(NIPAM)-based microgels on a gold surface. It was found that the electrostatic in-
teractions between the mircogel particle and charged substrate surface dictate the pattern formation. ™™
In particular, particles deposited under water evaporation onto a surface with opposite surface charges

will form an ordered 2-D array, while particles deposited onto a surface with same charge will destroy
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Figure 3.5: Field-emission scanning electron microscope images of positive microgel particles (a) and negative microgel par-
ticles (b) assembled on mica substrates. The dashed circles indicate the size of microgel particles in the wet state.

Reprinted from Lu et al.™

the ordered structure due to strong electrostatic repulsion (see Figure B3) Adsorption to a surface also
influences the volume phase transition of poly(NIPAM)-based microgels. AFM experiments could proof
that adsorbed poly(NIPAM)-co-vinylacetic acid microgels are still thermo-sensitive with the same tran-
sition temperature, but the swelling capacity decreases by up to one order of magnitude compared to the

swelling ratio in bulk solution.™

In the collapsed state the microgel flattens considerably due to addi-
tional adhesive bonds to the surface. Thus, the adsorbed microgels capture the heterogeneity of chain
deformations that occur when surfaces with sub-micrometer roughness interact. Duner et al. studied the
mechanical properties of microgel particles attached to a silicon surface. They found a non-monotonic
behaviour of the elastic modulus measured by AFM, exhibiting a softening through the transition and
then a stiffening above the transition.™"

In this context it is interesting to find out how protein loading affects the modulus of the microgel
particles, because the microgel changes from a highly-swollen network, to a condensed, protein-rich
material. Up until now, there are just a few published experiments which investigated the interactions
and mechanical properties of stimuli-responsive microgels being attached to a surface and loaded with
protein. Huo et al., for example, were able to show that microgel particles attached to a a glass substrate

underwent bridging aggregation when being loaded with BSA.*

3.2 Characterization of Single Protein Adsorptions to Core-Shell
Microgels

3.2.1 Isothermal Titration Calorimetry (ITC)

Isothermal titration calorimetry (ITC) is a fast, precise and widely used technique for measuring bind-
ing thermodynamics of a chemical or biochemical ligand binding in solution. ITC is applicable to any
reaction involving a heat change and due to its simplicity in operation it is used in different fields like

biochemistry, drug design or material sciences. The technique is also sensitive to conformational re-
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arrangements in macromolecules like DNA or proteins and can detect changes in protonation in these
macromolecules. Moreover, it emerged as a reliable method determining the thermodynamics of protein
nanoparticle interactions.

Figure B8 a shows the general setup of an ITC instrument. The instrument consists of a sample cell
and a reference cell. The former one is usually filled with the nanoparticle suspension and the latter one
is filled with ultrapure water. Before each titration the two cells need to be equilibrated in such a way that
the temperature difference AT between the cells approaches zero and the applied reference power dP of

the feedback system shows a stable baseline. After this equilibration period a defined amount of protein

syringe + stirrer

protein
solution

nanoparticle
solution

reference cell sample cell

adiabatic jacket

Figure 3.6: a) Schematic representation of an isothermal titration calorimeter. The instrument is made of a reference cell and a
sample cell which are surrounded by an adiabatic jacket. Both cells consist of an efficient thermally conducting and
chemically inert material. The sample cell is filled with the nanoparticle solution. Under constant stirring defined
amounts of the ligand (in this case the protein solution) are injected with an automated syringe. Injection of the
ligand will cause some heat difference between the sample cell and the reference cell. Depending on the nature of
the reaction (i.e., exothermic or endothermic) in the sample cell the feedback power will either increase or decrease
to maintain an equal temperature between the two cells. The output signal has the form of an incremental heat
change per injection dQ/dx = Q’(x). b) Scheme of a nanoparticle adsorbing proteins. Fitting of the ITC data with

the Langmuir model reveals the thermodynamic parameters AH, AS, K and N.

solution is titrated into the sample cell and sensitive thermocouple circuits are used to detect temperature
differences AT between the cells. Depending on the type of reaction i.e exothermic or endothermic the
feedback system will either decrease or increase the applied power dP in order to maintain the baseline.
The output signal has the form of a differential heat change per injection dQ/dx = Q’(x). The quantity
x is defined as molar ratio x = ¢}’ Fitting of Q’(x) with an appropriate binding model e.g. Langmuir
model reveals the thermodynamic parameters AH, AS, K and N for the binding of the protein onto the
NP (Figure 3@ b).

Table BT summarizes recent experiments using ITC to investigate protein adsorption onto nanoparti-
cles. Dawson et al., for example, investigated the adsorption of S2-microglobulin, a protein playing a

key role in amyloid diseases, onto N-isopropylacrylamide (NIPAM) and N-tert-butylacrylamide (BAM).
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They showed that S2-microglobulin forms multiple layers around the NP with the first layer forming in
an endothermic process.™" Further ITC studies within this group included the adsorption behavior of
human serum albumin HSA to NIPAM/BAM nanoparticles of varying hydrophobicity and curvature.®
It was shown that the protein preferentially adsorbs to nanoparticles with low curvature and high hy-
drophobicity. Henzler et al. studied the uptake of S-Lactoglobulin (BLG) onto spherical electrolyte
brushes (SPBs) at different salt concentrations by ITC. The analysis confirmed that the adsorption is
mainly entropy driven with the release of counterions from the SPB being the primary driving force.™
In an experiment from Welsch et al. ITC was even sensitive enough to proof a protonation of a protein
1. b

while being adsorbed to a microgel.”™ Mohr et al. used ITC to investigate the adsorption of different

plasma proteins on to hydroxyethyl starch nanocapsules. >

Table 3.1: Overview about ITC measurements used to obtain protein adsorption isotherms onto various types of nanoparticles

(NPs).
BSAY | HSA? | BLG? | Pap? Lys® cyte” | GOX® | Apo- plasma | RNase
A1D
Si = e o
Au =
Zn0O e
PS? 0,18
Chitosan NPs —
Magnetic NPs H L
SPB” mon | o m
Nanocapsules 55 BS B3, 121
Microgels - 22 55,127 2:lwr) 2 22

a) bovine serum albumin b) human serum albumin c) S-lactoglobulin d) papain e) lysozyme f) cytochrome c g) glucoseoxidase

h) apolipoprotein Al i) polystyrene j) spherical polyelectrolyte brush

3.2.2 Evaluation of ITC data

The main parameters that can be extracted from a typical ITC experiment are the binding enthalpy AH
and the binding constant K. From these it is then a simple procedure to calculate the Gibbs free energy

AG and entropy AS via the common thermodynamic equations: ™

(3.6) AG = -RTInK
3.7 AG = AH - TAS
Injection of the protein solution into the cell containing the microgel is accompanied by a release of heat
Q originating from the binding event and the heat of dilution. Figure B4 shows a typical dataset obtained
from an ITC experiment. The upper panel depicts to the raw data recorded as incremental heat dQ/dt

and the lower panel shows the adsorption isotherm and the corresponding Langmuir fit. It is assumed

that the total heat per injection will be linear to the number of bound protein Np:

(3.8) O(Np) = AHcy VioNp
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Figure 3.7: ITC titration of lysozyme binding to microgel NW15 in 10 mM MOPS buffer at pH = 7.2 and 298 K. The upper
panel shows the ITC raw data for each injection with the differential heat dQ/dt emerging as the red peaks. The
blue circles in the lower panel show the integrated peaks/signal, which correspond to the differential heat per mol of
injectant dQ/dx. The red line is the Langmuir fit. Values have been corrected for the heat of dilution by subtraction

from the overall heat.

After correcting the raw signal for the heat of dilution it is more convenient to extract AH, N and K by

fitting the incremental heat Q’(x) = dQ/dx to a binding model:
(3.9) Q' (0)/(Viorc)') = AHNy(x)/x

The manufacturer microcal offers an analysis tool which is based on the Langmuir framework called
model of single independent binding sites (SSNI model) and is compatible with the Origin®?7.0 software.
As already discussed in section I3 the Langmuir equation is often applied, if the assumption of N
independent and identical binding sites is valid to a considerable degree. The binding constant in the

Langmuir model is defined as (see section [3):

®

The concentration of the unbound protein outside the gel ¢, is not known, but can be expressed by the
total protein concentration cg” and the binding fraction 6 through

(3.11) cp =y = NOc,
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With this definition ¢, in equation BI0 can be substituted leading to a quadratic equation for ® which

can be solved leading to

1 x 1 X 1\ 4x
(3.12) O==|1+=+ —J[1-=+ - =
2 N ' NKe, N ' NKec,] N

If we assume AH, N and K being independent of the protein concentrations equation B and BT2 can

be combined to give the total heat Q(x)

(3.13) 0(x) = %NbAHcmez [f - \E - 4X/N]

with & = 1+ 5 + ﬁtm Fitting of the differential heat Q'(x)/(Vioc})") with respect to the molar ratio
finally reveals the values for N, AH and K. Typically, a curve of Q’(x) resembles a sigmoidal form.
In general, for small x a plateau is observed and the intersection with the y axis determines AH. N is
defined as the inflection point where the molar ratio equals the number of binding sites and K is the
sharpness of the transition at the inflection point for x = N. In particular, for the first injections Q’(x) is
constant and proteins enter the network immediately and continuously. With N(x) =~ x here the fitting is
not very sensitive to the binding constant. For high values of x the number of binding sites saturates and

Q’(x) = 0. Hence, the fitting procedure is most sensitive at the inflection point.

3.2.3 Problems of ITC

ITC is a sensitive method to obtain the adsorption isotherm of proteins adsorbing to a nanoparticle.

However, the shape and the quality of the ITC isotherms can be strongly influenced by different con-
ditions and in order to avoid pitfalls there are certain prerequisites which need to be considered. First
of all the protein needs to be available in high concentrations so that the heat of the adsorption process
is sufficient enough to produce a detectable signal higher than the background noise. Experience shows
that in most experiments protein concentrations in the mg range were used. "%

It is also necessary to check, if the protein and the nanoparticle under investigation have stable struc-
tures under experimental conditions where pH, temperature or salt strength are varied. In particular, high
molecular weight proteins can exist as monomers, dimers or higher oligomers and their structure can
vary depending on the external conditions. As a consequence, a mixture of different protein structures
can be present and the underlying adsorption isotherm reflects the average adsorption of the different
protein structures. Furthermore, it need to checked, whether the proteins and the nanoparticles do not
form aggregates.

Another pitfall is the heat of dilution which needs to be measured carefully and subtracted from the
measurement of protein and nanoparticle. The heat of dilution is defined as the change in enthalpy when
an infinitesimal amount of solvent or solute is added to a solution at constant pressure. For an ideal
solution the heat of dilution is zero, but in a non ideal case the heat of dilution depends on activity
coefficient of the i-th solute, y;, and can be written as: ™

T Oe
(3.14) AHgy = Z viRT lny,-(l + Ea_T)

1
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Here, v; is the stoichiometric coefficient and € is the relative permittivity. In an ideal case the heat of
dilution is constant, i.e. the amount of heat generated or consumed after each injection of the solute is
the same. However, the activity coeflicients for already dissolved ions can change since the ionic strength
increases with the addition of proteins. Moreover, water-mediated effects between the protein and salt
molecules come into play and reorganize solvent structures. Both effects can lead to a heat of dilution
which is not constant, but varies with the amount of injected protein. After subtraction of the heat of
dilution the adsorption isotherm in the saturation regime should approach zero as depicted in Figure B8
a (green curve), i.e. the ITC signal in this regime is equal to the heat of dilution. The experiment should
be repeated carefully , if this is not the case. Especially, the fitting will be difficult and care needs to be
taken in the interpretation of the thermodynamic parameters.

To obtain a good shaped adsorption isotherm by ITC the concentration of the protein and the nanopar-
ticle should be in a certain range. The optimal concentration of the microgel c,, to be titrated depends
on the binding constant K and the number of binding sites N and is calculated from the dimensionless

parameter C also referred as C-value or Weitzmann parameter™>"™ defined as
(3.15) C=K-cy-N

In Figure B® b simulated isotherms for a 1:1 binding stoichiometry for different binding constants deter-
mining the C-value are depicted. Two conclusions can be drawn from this simulation: First, very large
C-values lead to very tight binding and the binding enthalpy AH;7¢ is determined accurately, but for

C-values > 500 the isotherm shape is invariant with K. Secondly, when C < 10, the titration isotherm
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Figure 3.8: The shape of ITC curves: Problems and Pitfalls: a) Normalized ITC titration curves for i) a sigmoidal curve with
pronounced plateau (green line), ii) sigmoidal curve with pronounced plateau, but with no saturation regime (blue

line) and iii) curve without plateau (red line) b) Simulated ITC titration curves for varying values of C and for N=1.

78

Graph reprinted from reference ™

becomes less confident in the fitting of K and especially in the fitting of AH;rc. Thus, the most ideal
range for measuring a reliable adsorption isotherm is for 20 < C < 500.

However, in case of the adsorption of proteins to (polymer-coated) nanoparticles C-values in the right

20



range do not guarantee a sigmoidal isotherm and isotherms with rather exponential shapes (see Figure
BR a (green and red curve, respectively) have been measured. ™™™ Ag a consequence, fitting of
AHjrc becomes difficult since there is no plateau in the isotherm and values of AH;r¢ can become
unrealistically high. In general, for the plateau region of the isotherm the incremental heat per injection
Q’(x) is constant. In other words, the injected proteins are immediately adsorbed from the nanoparticle
with a contant heat Q = constant. Thus, the missing plateau can originate from strong cooperative effects
which change Q’(x).

In summary, ITC is a reliable method to study the interactions of proteins and nanoparticles if certain
prerequisites are fulfilled. These include: i) a sufficiently high protein concentration to obtain a good
ITC signal ii) a concentration of the nanoparticle lying in a reliable range of the C-value and iii) a careful

subtraction of the heat of dilution.
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3.2.4 Small Angle Scattering (SAS)

Small-angle scattering experiments are either carried out with X-rays (SAXS) or neutrons (SANS) and
are a powerful and widely used method to gain insight in nanostructure and structural dynamics of biolog-
ical macromolecules, polymers and nanocomposite materials. SAS has become also the method of choice
to investigate the spatial distribution of proteins on functionalized and non-functionalized nanoparticles.

At the same time the total amount of bound protein to the NP can be determined and compared to results

from ITC or ultrafiltration.
1007 ' ' ' ' ' In the 1990s Mackie et al. studied the ad-
sorption of S-casein on a polystyrene lattices with

_ 7 1 SAXS. They found that the protein forms a mono-
mg ] layer on the particle surface and adopts a more
E . ] compact structure than in solution.™ Vauthier et
< o5 ] 1 al. investigated the adsorption of bovine serum
] albumin (BSA) on block copolymers composed

0 | . of a hydrophobic core and a hydrophilic dextran

0 20 40} 60 i80 100 120

r [nm]

shell by SANS. The number density and config-
uration of the adsorbed BSA molecules was de-
termined from the SANS scattering curves. It
was demonstrated, that BSA adsorbs onto the
NP in a flat configuration."™" The uptake of S-
lactoglobulin, BSA, and RNase to poly(styrene
sulfonic acid, PSS) and poly(acrylic acid, PAA)
grafted spherical polyelectrolyte brushes (SPB)
has been studied by Henzler et al. and Rosenfeldt
et al, THPRIELEY 1y the case of S-lactoglobulin

and the PSS grafted SPB the proteins are ad-

sorbed in layerlike structures. While the proteins
in the layers close to the core are tightly bound,

Figure 3.9: 2-dimensional representation of the SPB with the .
those ones located in the outer layers are only

distribution B-lactoglobulin (lower panel) derived
from the electron density profiles of the pure weakly bound and can be washed out. 5 Figure
brush evaluated from the SAXS data (upper panel). 39 shows a sketch of the proteins distributed onto
Reprinted from Henzler et al. == the SPB. From the electron density profiles it can
be concluded that most of the proteins adsorb to
the inner layers close to the core.

SAXS is also a method to monitor the uptake of proteins in a time-resolved manner. The adsorption of
BSA, for example, was monitored by time-resolved SAXS" with high temporal and spatial resolution

with the result that the protein uptake scales with time with ¢//4. More recently, Bharti et al. investi-

22



gated S-lactoglobulin and lysozyme onto negatively charged silica particles as a function of pH.™ The
study provided strong evidence that lysozyme can promote bridging of the silica particles which cause

aggregation.

3.2.4.1 Theory of SAS

In the following section the basic concepts of SAS are illustrated briefly. The interpretation of scattering
data is based on the general relation between the measured scattering intensity as a function of momen-
tum transfer g = 4nsin®/A with A being the wavelength of the X-ray radiation and 26 the scattering

angle.

(3.16) 1(g) = N(Ap)*F(9)S (9)

Here, N are the number of particles in the scattering volume, Ap = p, — p; is the contrast between the
particle (p) and the solvent (s), F(g) is the form factor, and S (¢) is defined as the structure factor. For
small angle X-Ray scattering the contrast originates from the electron scattering length densities while
for small angle neutron scattering the contrast depends on the nuclei’s characteristics; i.e. the scattering
length density of the nuclei. Thus, both techniques can be treated within the same theoretical framework.

The scattering intensity can be expressed via the amplitude square averaged over the solid angles Q

(3.17) 1@ = U(@D)a = (APA™(@)a

Here the scattering amplitude A(g) is defined as

(3.18) A@) = f p(7) - expl-igrld’r
0
and averaging over all orientations in a two-phase system leads to
(3.19) A(g) = 47rf prlﬂdr
0 qr

An easy and straight forward way of analysis of the scattering which is often applied in small angle

scattering is the Guinier analysis. The general Guinier relation states that

(3.20) 1(q) = 10) - exp (—%Rﬁqz)

where the radius of gyration and the forward scattering intensity are defined as R, and 1(0), respectively.
The latter one is related to the molecular mass of the macromolecule. The values R, and 1(0) are usually
obtained by plotting In[I(g)] vs. g%, whereby the slope of the Guinier plot corresponds to —Rf,/ 3 and the
intersection with the ordinate to /(0). The Guinier analysis is only valid for small angles, i.e. gRg <
1 and requires monodisperse particles. If the particles in the sample have different sizes the sizes of
the smaller particles will be difficult to determine since the scattering will be dominated by the larger

particles.
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A method to analyze the adsorption of proteins onto core-shell nanoparticles like brushes and micro-
gels was devised from Breininger and Rosenfeldt et al.™" In their analysis the scattering intensity for

core-shell systems can be split into three terms™"

(3.2D) 1(q) = Ics (@) + Luc(q) + Ips

The first term Icg(q) originates from the overall structure of the core-shell microgel. Usually the
polystyrene core has a small SAXS contrast while the shell has a higher contrast. The term [y,(q)

accounts for the fluctuations of the polyelectrolyte layer on the surface and can be expressed via'™

(3.22) Trne(q) = IIIZ_M—;(Z(()I)Z
where & denotes the spatial extent of the fluctuations. The fluctuation term contributes mainly at high
scattering vectors and is rather negligible if the low g-part is chosen for the analysis.™ ™" I;,.(0)
determines the contribution at the vanishing scattering vector. The term /pg accounts for differences of
the electron density in the solid polystyrene core. Its contribution to the overall scattering intensity is
negligibly small.

At this point it is necessary to discuss how the adsorption of protein will change the overall scattering
intensity as defined in equation BZ1I. At high ¢ there is no visible fine structure of the shell and adsorbed
proteins will simply increase the electron density. However, at low and intermediate g a different theoreti-
cal approach is necessary.

Breininger et al. could demonstrate that the scattering function
of such a composite system can be treated as one big sphere and
) . several small spheres - i.e. the proteins - attached to the surface
J of the big sphere™ as depicted schematically in Figure BI10.

The scattering intensity can then be rewritten as:

. . (3.23)

sin gd

O 1) = Ao @ + D ALt @ + ) Asmatts @ Aaree (@)=~
i i

sin gd;;

. . +2 Z Asmall i @A small, j(CI)qTi_U

i

where d is defined as the distance between the centers of

Figure 3.10: Scheme of the model used for the .
. ) gravity between the large and the small sphere and d;; are the
calculation of the scattering func-

tion of the composite system con- distances between the small spheres (see Figure BI0). The
sisting of a spherical nanoparticle first term in equation originates from the scattering of the
and adsorbed protein. See further  pio sphere and will fall off as ¢g~*. The second term can be
explanations in the text . . . . .

seen as the intensity of a suspension of noninteracting small
spheres. The remaining sum terms are both function of gd and
will mainly contribute at high g-values. The third term oscil-

lates with sin gd/gd and a small polydispersity will cancel its
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contribution for sufficiently high g. The second sum in equation will vanish as well if the small
spheres (proteins) are assumed to be distributed randomly around the big sphere with the distance d;;.
Consequently, for intermediate and low g-values the intensities of the big spheres (core-shell) and small

spheres (proteins) simply add up.

3.2.4.2 ASAXS

Anomalous small-angle X-ray scattering (ASAXS) serves as an additional method of contrast variation.
The method utilizes the dependence of the atomic scattering factor f if the energy of the incident radiation

is near the absorption edge of an atom or ion.

(3.24) JAE) = foz + f,(E) +if; (E)

The first term f corresponds to the nonresonant term. The second and third terms in are the real and
imaginary part of the so-called anomalous dispersion corrections of the atomic scattering factors which
show dramatic changes in the vicinity of the absorption edges. The scattering amplitude for an ASAXS
experiment writes

(325) A@ = [ Ao - expl-igridr + f Apion(P) - expl-igr\d*r
v, v,

Here Ap and Ap;,, are the excess electron densities of the macromolecule and the ions and V), is the
particle volume. Calculating the scattering intensity 1(§) = |A(§)| = A(g) - A*(§) and averaging over

all orientations of the macromolecule yields a to sum a of three contributions with the three partial

134

intensities:
|A(q)|2 Afo f fu(?) ( ,)Sln(qlr —I’)D
qlF = r|
Amix(@s E)2 = 2Afo - (foion = pmVion + F(E)) f f G LG e il “(qr'r_ ’7’"")')
(3.26) Aion(@ B = I fon(E)P f f NG >w
r—r

Here |A(q)|2 is the non-resonant scattering originating from the macromolecule, the crossterm |A,,;; (g, E )?
or mixed-resonant scattering originating from the superposition of the scattering amplitudes of the macro-
molecule and ions, and |A;,,(g, E)|* the pure-resonant scattering term which just includes contributions
from the ions. The quantities u(7) and v(7) are the particle densities of the macromolecule and the ions,
respectively, and p,, is the electron density of the solvent; Vi, is the volume of the ion; A fy and A fy ion
are the contrast of the polymer and ion with respect to the solvent. By measuring the scattering curves

at at least three energies (£, E; and Ej3) in the vicinity of the absorption edge of the present ion it is
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possible to extract the pure-resonant scattering term |A;,,(q, E)|?.=4

(3.27) Aion(@)? = f f WAV '>Sm(q'r —h
Vp Q|r -r
I(q’El)_I(q’EZ) _I(anl)_I(q,Eﬁ]. 1
fo(ED)—f, (E2)  folED) — fr(Es)| F(E1,En E3)
with

FinED = FignE2) _ fipn(ED = fipn(E3)
FinEVD) = Fo(E2)  fr,(ED) = £, (E3)

F(E1,Ey, E3) = f,, (E2) — f;, (E3) +

Equation B is an analytical solution to extract the pure-resonant scattering contribution from an
ASAXS experiment measured at three energies. Structural information of the ions like their distribu-
tion can be obtained from the analysis of the form factor. Hence, the separation of the resonant scatterer
makes ASAXS an effective tool for the analysis of polyelectrolytes. In particular, ASAXS has been ap-
plied in numerous publications to study the distribution of counterions around a polyelectrolyte.=4—"=°
Additionally, it was shown that ASAXS can quantify the amount of resonant scatterers i.e the ions in the

scattering volume by utilizing the following integral
(3.28) Qion = |Afion(E) f Aion()Pd’q
o

Here Q,,, is the resonant invariant and is related to the number density of the ions ¥;,, defined as:" 2

1 1 1
3.29 Vion = —— =+ - A; 243
( ) ion Wi \/ 4Vian2 (271')31‘8 L |Ajon(@)l*d q

where Vj,, = 4z Rim is the volume of the ion and ry is the classical electron radius.

3.3 Characterization of Competitive Protein Adsorptions to Microgels

3.3.1 Fluorescence Spectroscopy

Fluorescence based methods are commonly applied to determine protein nanoparticle interactions. Bou-
los et al. used static fluorescence quenching to study the adsorption of BSA on differently functionalized
gold nanoparticles."* They found similar binding constants for all NPs independent of the surface func-
tionalization, which indicates the stickiness of the protein. Following this approach, Bunz et al. used the
quenching effect to study the exchange of green fluorescent protein by serum proteins in gold nanopar-
ticle based sensor platforms.™ Rocker et al. have quantitatively analysed the adsorption of HSA onto
polymer-coated FePt and CdSe/ZnS nanoparticles by using fluorescence correlation spectroscopy.® It
was shown, that HSA binds by forming a monolayer of a few nm thickness. Moreover, time-resolved
fluorescence quenching experiments revealed, that HSA binds the NP for ~ 100s. With the same method
Maftre et al. investigated the adsorption of three plasma proteins onto polymer-coated FePt nanoparti-
cles. For all three proteins, a step-wise increase in hydrodynamic radius with protein concentration was

observed in accordance with their molecular shapes. *®
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In this thesis the quenching of a pH sensitive protein label - fluorescein - is used to determine the
amount of adsorbed proteins onto the negatively charged microgel. The method was developed by
Welsch et al.” and was already used to determine the adsorption isotherms of lysozyme adsorbing on
negatively charged core-shell microgels. The compound shows high fluorescence at neutral and alkaline
conditions whereas the fluorescence intensity drops in more acidic solutions due to different protonation
states. Because of its high quantum yield and sensitivity fluorescein is frequently used to measure the pH
of intracellular compartments.™" The addition of fluorescein-labelled protein to the microgel strongly
decreases the fluorescence signal. The decrease is probably a combination of two major effects. The first
one is a quenching effect, which is due to a local pH difference between the microgel network and the
bulk solution. In particular, the concentration of protons located in the microgel is expected to be higher
and the environment becomes more acidic. This leads to a fast protonation of fluorescein as soon as the
labelled protein approaches the surface layer of the particle. The second effect can be traced back to
self-quenching of fluorescein due to a resonance energy transfer (homo RET). This effect will be more
pronounced at higher protein load, because the Forster distance for homo RET between the fluorescein
molecules is in the order of the protein diameter (42-56 A)."™"™ In general, labeling a protein can
change its conformation, which may lead to reduced function and activity. It was previously determined
that a 1:1 labeling ratio between fluorescein and lysozyme is sufficient and keeps its activity around
70%. %

In summary, a combination of two quenching effects will decrease the fluorescence signal for adsorb-
ing proteins, while desorbing proteins, which compete for binding sites on the microgel, will increase
the signal. By this means the amount of adsorbed protein can be monitored over time. Figure B-TT b
shows a general scheme of the fluorescence experiment in the case of a binary protein mixture. In a time-
dependent fluorescence experiment it was already shown, that a 1:1 mixture of labelled and unlabelled
lysozyme and vice versa will lead to the same intensity.”™ It can therefore be concluded, that protein

binding to the charged microgel is a reversible process and all components are in equilibrium.

3.4 The Cooperative Binding Model (CB-model)

Yigit et al. developed a coarse-grained model, hereafter referred as cooperative binding model (CB-
model), to describe the protein adsorption to charged, polymer-coated nanoparticles.> It was already
demonstrated that under equilibrium conditions the model is able to rationalize the adsorption thermody-
namics of lysozyme onto PNIPAM coated NPs and separate interactions into non-specific, global elec-
trostatic and protein specific.®™ The proteins and the NPs are treated as charged spheres. In this case the
global electrostatic interactions can be tackled with a Poisson-Boltzmann approach. Protein interactions
are described as pair interactions on the level of the second virial coefficient. The non-specific inter-
actions are represented as a free energy AG( which is extracted from the adsorption isotherm obtained
by isothermal titration calorimetry. It was shown that AGy is virtually salt-independent and includes
contributions from hydrophobic forces.®™ In case of multi-component adsorption the model by Yigit et

al. uses AGy as the only fit parameter. In addition, this model can also describe the adsorption kinetics
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Figure 3.11: General scheme of the fluorescence-based competitive adsorption experiment in the case of a binary protein mix-
ture. a) The Core-shell microgel is depicted with the radius of the polystyrene core R,,,. and with the hydrodynamic
radius R;, of the entire colloid. The size of the colloid specifically depends on external conditions like salt concen-
tration and the protein load. The system maintains its overall charge neutrality by a Donnan equilibrium. Basically,
for all fluorescence experiments the microgel NW15 was used with R, ~ 70nm and R;, ~ 180nm as determined
by DLS in 10 mM MOPS, 2 mM NaNj; solution at pH = 7.2 and at 298K. b) The fluorescence of the labeled
protein”/"¢ (blue spheres) shows a significant decrease in intensity as it enters the microgel network. Sequential

adsorption of a second competing protein (red rectangles) will increase the fluorescence signal proportional to the

FITC

number of released protein in solution.

of globular proteins onto poly(NIPAM) coated NPs on the basis of Dynamic Density Functional Theory
(DDFT).™

Figure B12 shows the simplified procedure how the cooperative binding model for one protein type
(one-component case) and for more than one protein type (multi-component case) is applied. In the one-
component case the calculation needs the protein specific values, radius R, charge z,, and the second
virial coefficient B, which are either known from literature or are accessible by scattering techniques.
Providing microgel properties and bulk properties are known, the number of bound protein N;, AG,;;
and Bu can be calculated with the CB-model using AGy as the only fit parameter. The principle in the

multi-component case is similar except that AG for every single protein type needs to be determined.

3.4.1 Derivation of the Cooperative Binding Model

In the model the distribution of proteins between microgel and bulk solution is described by the central

equation

N;
(3.30) kA exp[—BAG.i(N;) — BAGo,i] exp[—Lui(N;)] = c; - exp[-BAG ]
g

where N;/V, is the number density of the i-th type protein from a multicomponent protein mixture with

V, being the volume of the microgel. The number density is calculated from the total free energy AGy;
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Figure 3.12: Simplified scheme of the Cooperative Binding Model (CB-Model) applied in the one-component and multi-

component case.

composed of three terms with term i) AG,;; considering electrostatic interactions, term ii) AGy; being a

non-electrostatic, protein specific interaction and term iii) Sy accounting for protein-protein interactions.

Here, AG,;; and Bu are functions of the protein load A; itself and cooperative effects are not unlikely.

protein densities c,,¢c,

Z, salt concentration c, 2R,

z valency z,

2

valency z,

Figure 3.13: Sketch of the core-shell microgel in a binary mixture of
proteins with concentrations ¢; and ¢;, valencies z; and z,

and radii R, and R,. Reprinted from reference ™
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In the cooperative binding model the mi-
crogel is considered as a sphere with an
overall radius R, in a binary protein mix-
ture with the protein densities c; and ¢, (see
Figure B13). In table [ in the appendix
frequently used constants and variables are
listed for the sake of clarity.

The radius of the polystyrene core is
fixed with R.o;e = 60 nm. The core-shell
microgel is immersed in a monovalent salt
medium with ¢ = ¢, = c¢_ with ¢; and
c_ the concentrations of cations and an-
ions, respectively. Proteins are depicted as
charged monopolar spheres with an experi-
mentally determined radius R; and charged
z;. Non electrostatic contributions as well
as contributions from dipolar and multipo-
lar interactions are neglected. The overall

radius Rj, varies from ~ 130-180 nm de-



pending on salt and/or protein concentra-
tions. The charged polymeric network of the shell has a volume of V, = 47T(R2 — R} ) and is the
only part accessible for the protein uptake. By incorporating units of acrylic acid the network is weakly
negatively charged at neutral pH (weakly dissociated polyelectrolyte). Conductometric and potentiomet-
ric measurements revealed an incorporation of N, = 4.9 - 10° charged units per microgel.
m is defined as the separation distance of two elementary charges where

the electrostatic energy is the thermal energy. In this system /g = 0.7 nm , i.e. the Bjerrum length of

The Bjerrum length /5 =

water. The mean separation between two charged monomers on the same polymer within the microgel
is estimated about 2.2 nm. Thus, charge regulation effects in term of counterion condensation play a
minor role and the charge valency of the monomers is z, = —1. This leads to a total charge density
of zgcg = 7gNg/V,. Furthermore, in agreement with small angle scattering data it is assumed that the
charged units are homogeneously distributed in the network. The remaining parts of the microgel and

buffers are treated as a continuum background with fixed dielectric, elastic and osmotic properties.

3.4.1.1 Electrostatic Interactions

Electrostatic interactions can not be neglected in the adsorption of proteins to a charged microgel net-
work and are the most dominant contributions. The transfer of a charged protein in a salt bath with
concentration ¢, into the gel with the charge ¢, is associated with a transfer in free energy of the particle.
If we consider the proteins as polyelectrolytes with spherical symmetry the difference in free energy can

be described through®™

2

(3.31) BAG . = TAH(Y) % (1 ffngl_ - < fﬁ"&_)

with k, and «;, defined as the inverse Debye Screening length. The first term accounts for the energy
needed to transfer a charged protein against the difference in the electrostatic potential (Donnan potential)
between the gel and bulk solution. The second term, the Born energy, relates to the difference in the
energy of charging the sphere of radius R; in bulk and gel because of the different screening properties
in both media.

For weak perturbations i.e low salt concentration, low protein loading and not too high protein net
charge the electrostatic interactions can be treated by the Poisson-Boltzmann cell model. In the cell
model, the proteins are treated as homogeneously charged spheres with radius R; and valency z,. The
proteins occupy a spherical cell with radius R, and volume V. and the dimension of the cell in terms of
R, is determined by the number of proteins N; by the following relation:

VA (3ve\'
w) L)

Each cell has a fixed number of charges N, defined by the number of monomer charges and proteins

o« N/

1

(3.32) R, = (

N = Ng/N;. Furthermore, each cell is in contact with the bulk solution containing a monovalent salt
with the concentration c¢;. Thus, on average the electroneutrality condition must be fulfilled by every

cell.

(3.33) cs exp(—Ag) — c5 exp(Ag) + zgcq + 2,N;/V =0
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If we neglect the small protein concentration outside the gel the solution for 6¢ is the modified Donnan
potential as defined already defined in equation BT3. The Donnan potential originates from an unequal
distribution of ions between bulk and microgel which causes a mean electrostatic potential compared
to the bulk reference state ¢ = 0. For the proteins inside the cell we assume, that the gel network
behaves fluid-like and the charge entities are comparable to mobile counterions to the proteins. Hence,

the Poisson-Boltzmann equation in spherical coordinates can be applied to these system written as
1 - - - -
(3.34) —(r@)rr = ~anlp [ (zec exp(2e61) = ¢ exp(Ad + §1) + s exp(-Ad — 61|

where A¢ is the modified Donnan potential defined in equation B3 and ¢ is a perturbation caused by the

adsorbing proteins. The constant c is defined via the overall charge number N,

(3.35) N, = f d*rexp(~z¢1)
Ve
For small perturbations ¢; < 1 as it is the case for a weakly charged protein equation (B334) can be
linearized.
1 - - -
(3.36) ~(rg)1r = 4nlpziNi/ Vg + K*(p — AB)
r

We define k = V4nljc;, as the internal inverse screening length with ¢, = cg + ¢ exp(—A@) + ¢ exp(AP).
The final solution of equation (B38) is:

exp —kr exp —Kr

3.37) (r) = A — ziN;/(Vcin) + A + B

r

with the constants:

zilp exp kR; (kR; — 1) (KR, — 1)

= UBOXPK N xp—2k(R. — R
1+ «R; [ exp—2k(Re = R T (R 7 1)
2l (kR; — 1) (KR, — 1)

B= 2R, - R;
1+ kR; [CXPK( S I

Since we assume a large cell size (R, — o) or a low protein load (N; — 0), respectively, it follows that
B — 0,and A — zjlgexp(xR;)/(1 + kR;). Thus, equation B34 can be simplified to

zilp exp—«(r — R;)

(3.38) ¢(r) = Ap = ziNi/ (Vei) + p p

With the co-ion concentration in the microgel expected to be rather small, that is ¢;, =~ cg, a further

simplification to equation B38 is made leading to

zilp  exp—«k(r —R))
1 + kpR; r

(3.39) é(r) =

where «j, is the inverse screening length in the gel k, = /87/pc,. Following this theoretical framework
the free energy or Gibbs energy AG is simply the difference of work needed to transfer a sphere charged

z; from bulk solution to the gel against different surface potentials.

(3.40) paG = [ dzi[oR) - ouihi)|
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In the low salt and low protein load limit the leading order contributions can be summarized to:

2 2
_ 2N g kR R;
(3.41) BAG,; = ziA§ — —— — 2L B( gk kbR

2¢,Vy 2R \1+keRi 1+KR;
So far the free energy only considers ionic contributions to fixed lattices. However, the proteins are not
confined and behave fluid-like. The free energy needs to be corrected for protein-protein interactions in

terms of an excess chemical potential p.

3.4.1.2 Pair Interactions

The third term in equation B30, namely y;, considers excluded volume interactions (pair interaction)
between the densely packed hard spheres (proteins). In contrast, to the Langmuir model the proteins are
not condensed to fixed binding sites and are allowed to move translational within the microgel under the
restraint of pair interactions. For a one-component hard sphere system with i = 1 the excluded volume

term can be accurately expressed by the Carnahan-Starling potential "+

8n — 9772 + 3773

342 =
(3.42) Bucs TS

with the following definition of n = (N;/ Vg)ﬂ'O'? /6. The quantity o; = 2R; is an effective hard sphere
diameter. In the CB model it makes sense to replace the effective diameter by the diameter of gyration
or hydrodynamic diameter, which are either known from literature or can be measured by scattering
techniques. An expansion of the Carnahan-Starling potential to multi-component systems is not easy to
obtain. However, in the limit of low protein loading y; or ycs can be expressed in terms of the second

virial coefficient, which can be calculated from o; via

2

(3.43) B, = 5770'?

in the case of one component or via
H 2 [0i+0; 3
ij _ J

the second coeflicient in case of two interacting proteins i and j. With this approximation we end up with
the general equation:

N;
(3.45) yo=¢ exp[—BAG,i(N;) — BAG ;] exp[—Bui(N;)]
g

N;
= ¢; - exp [-BAG.i(N;) — BAGy,;) (1 - 2327)
g

3.4.1.3 Volume Effects

As already described in detail in section B1°4 the volume of the microgel V, is determined by the balance
of osmotic and elastic pressure (see equation B4l). However, it does not include contributions from the
proteins being adsorbed. Addition of proteins will lower the total net charge and inhomogenize the charge

distribution in the network. On the other side, the monomer charge density ¢, = N,/V increases with
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shrinking and contributions from AG,;; will be affected. It is also conceivable that protein adsorption
can swell the network again. Nevertheless, a theory covering the volume effects caused by protein
adsorption was out of scope in this thesis and the protein specific volume shrinkage was described using

the empirical formula

Ruax — Runi -
(3.46) Ry = == | - tanh™ AXO + R

with Rj(x), the hydrodynamic radius measured precisely in a DLS experiment.

In the multicomponent case the situation becomes even more challenging - e.g. the shrinkage might
deviate compared to the one -component case - and the gel volume becomes a function the molar ratios
of i-th proteins V, = V,(x;). In the case of a binary mixture the volumes are estimated by a linear
interpolation of the form, which describes the measured data sufficiently.

Ve(x1) - N1 + Vg(x2) - N2
N1+ Ny

(3.47) Vg(xh x) =
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4 Results and Discussion

4.1 Binding Isotherms of Core-Shell Microgels to Single Proteins (ITC)

In Table B2 the main properties of the microgels are summarized. The microgels vary in size, the content
of the charged copolymer acrylic acid and in the number of absolute charges per microgel particle. The
synthesis for all microgels followed a two step procedure. ™ First the polystyrene core was synthesized
by emulsion polymerisation. In a second step the shell is grafted on by seeded emulsion polymerisation
(see further explanation in chapter B). The microgels were cleaned by ultrafiltration and characterized

by DLS, TEM and conductometric measurements as described in detail in chapter B. Table B2 gives

Table 4.1: Microgels Overview

microgel AAc [mol-%] M,, [g/mol] Reore R;, [nm] N,
NW15 10 1.18 - 10’ 62.2 +0.7 185 +10 49-10°
OMSUF 0 1.21-108 34 £5 90 +5 0
OM6UF 7.5 579 - 10’ 100 =7 284 +7 2.66 - 10°

R re= Hydrodynamic radius of PS-core, R,= Hydrodynamic radius of microgel, N, = number of charged units

an overview on the protein-microgel combinations for which ITC experiments were carried out. For
microgel NW15 the adsorption isotherms were fitted by the Langmuir model and by the CB-model. For
microgels OMSUF and OMO6UF fitting with the Langmuir model was sufficient due to the fact that these

microgels were not used for competitive adsorption experiments.

Table 4.2: Overview: Protein-microgel combinations for ITC Experiments

microgel Langmuir Model Cooperative Binding Model

NW15 Lysozyme, RNase A, Papain, Lysozyme, RNase A, Papain,
Glucosidase, Cytochrome ¢ Cytochrome c

OMSUF Cytochrome ¢ -

OMO6UF Lysozyme -

4.1.1 Langmuir Fits

Figure B shows the adsorption isotherms for cytochrome ¢ binding to microgels NW15 and OMSUF
at varying temperature. The binding isotherms were fitted with the Langmuir model. Thermodynamic

parameters are listed in Table B3. The number of binding sites are all within the margin of error and
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Figure 4.1: a) Binding isotherms of cytochrome ¢ onto the charged microgel NW15 in 10 mM MOPS at pH = 7.2 at 288 K
(blue), 293 K (magenta) and 303 K (green) and b) binding isotherms of cytochrome ¢ onto the uncharged microgel
OMOSUF in same buffer at at 293 K (magenta), 298 K (orange) and 303 K (green). Solid lines represent the Langmuir
isotherm and ¢ are the experimental data points. The inset of the graphs shows the van’t Hoff analysis of cytochrome

¢ adsorption on the microgels.

Table 4.3: Adsorption of cytochrome ¢ onto microgels NW15 and OMSUF at varying temperatures in 10 mM MOPS bufter,

pH = 7.2. The overall salt strength is I = 7 mM. Thermodynamic parameters were obtained by a Langmuir Fit.

Microgel T [K] N KM AHre [kJ/mol]  AH, [kJ/mol]
NW15 303 66500 +7400 2.8 +03-105 25404

293 81500 +9600 2.7 +03-10°  24.5+0.4 15 +9

288 71100 7500 2.0 +0.14-10°  20.3 +0.3
OMS5UF 303 1820 +88 98 +3.4-10° 577

298 1470 +95 542 +1.8 10° 46 +4 86 +2

293 1003 £100 3.89 +0.88- 10° 35 +3

correlate well with the proportions of protein and microgel. In comparison to lysozyme with N ~ 60.000
the smaller cytchrome c saturates microgel NW15 at N = 73.000 binding sites. For microgel OMS5UF the
number of binding sites is much smaller due to the smaller size of the microgel (R, ~ 90nm). Moreover,
this microgel does not contain charged groups and proteins adsorption is mediated via non-electrostatic
interactions. As in previous works it can be demonstrated that K varies systematically with temperature,
but in this case with rather high error margins due the quality of the fits. The binding constant is slightly
higher for OMSUF but still in the same order of magnitude. However, K increases considerably with
increasing temperature indicating strong hydrophobic interactions. It is well known that as temperature
increases, the strength of hydrophobic interactions increases also. Binding of the proteins is endothermic
for both microgels with AH;7¢ > 0.

At this point it is necessary to discuss the values of AH;p¢ in Table B3. AH,r¢ represents the overall
heat of a titration process and includes heat contributions which may not exclusively being related to the

binding enthalpy. Such contributions can be traced back to protonation effects, conformational changes,
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and possible side contributions other than "pure" protein binding. Consequently, the enthalpy measured
by ITC can be expressed as a sum of the binding enthalpy AH}, and some residual enthalpy AH,.; which

accounts for all effects not related to the "pure" protein binding. °
4.1) AHire = AHp + AH, o5

The binding enthalpy AH}, can be extracted from the van’t Hoff relation, i.e. the temperature dependence
of K defined as

4.2) (

d(inK)\ _ AH,
dT-! p_ R

The difference between AH;r¢ and van’t Hoff enthalpy is system-specific. In some cases they do not
differ from each other significantly, while in other cases the differences can be large. For example, the
adsorption of RNase A onto a spherical electrolyte brush was endothermic with AH;r¢ > 0 while AH,,
was negligibly small, i.e. K is temperature-invariant. This led to the conclusion that AH;r¢ and K were

not related to the same equilibrium process™

and AH;y¢ originated from processes other than protein
binding. Similarly, by analysis of both enthalpies Welsch et al. could proof an additional protonation
reaction of the adsorbed lysozyme which contributed to AH7¢ (see section B211).°® The van’t Hoff plots
of cytochrome c¢ adsorbing onto NW15 and OMSUF are shown in the insets of Figure E-1l. From the slope
of the regression line AH), was calculated with 15 +9 kJ/mol for NW15 and 86 +2 kJ/mol for OM5UF
(see Table E3). In this case AH,, differs about a factor of 6 indicating a strong binding of cytochrome c to
microgel OMSUFR. In this case, the adsorption probably is accompanied by a strong exothermic reaction
like a deprotonation step or unfolding of the protein because AH), is higher than AHrc.

Besides temperature the adsorption of proteins to charged microgels strongly depend on the salt con-
centration. Figure B2 shows the adsorption isotherms for cytochrome ¢ and glucosidase binding to
microgel NW15 at varying salt strength. The inset of the graph shows the shrinkage of the microgel with
respect to the molar ratio x. Experimental values for R, for both proteins (¥) at 7 mM ionic strength and
298 K as measured by DLS. The solid line is a fit according to equation BZ48. Experimental values (#)
from ITC measurements were fitted with a Langmuir isotherm and the values for N, K, and AH;r¢ are

listed in Table B4 Cytochrome c is a small rather globular protein with a positive netcharge at pH = 7.2.

Table 4.4: Adsorption of cytochrome ¢ and glucosidase onto NW15 microgel at varying ionic strength in 10 mM MOPS bufter,
pH = 7.2 and at T = 298 K. Thermodynamic parameters were obtained by a Langmuir Fit.

Protein Ionic strength [mM] N KM AHjrc [kJ/mol]
Cytochrome ¢ 7 68900 +640 2.8 +0.2- 10° 25 +1

17 35100 £830 1.44 +0.14-10° 31 +1

32 9240 £3900 5.6 £1.1-10* 60 +27
Glucosidase 7 10200 +£91 3.5 +0.3- 10° 113 £2

17 8340 +320 6.4 +1-10° 157 +9

32 11100+210 1.0 £0.1- 108 163 +4
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Figure 4.2: Adsorption isotherms of a) Cytochrome ¢ and b) Glucosidase. The differential heat Q(x) (kJ/mol) is plotted versus
the molar ratio x of the protein measured at 7 mM (blue), 17 mM (magenta) and 32 mM (green) ionic strength and

298 K. See further explanation in the text.

At 7 mM ionic strength the number of binding sites N is ~ 70.000. This packing density correlates well
with the size of the protein. Increasing the ionic strength leads to a significant decrease in the number
of binding sites and the binding strength K. The same trend can also be observed for lysozyme which
has been studied extensively in previous works."™*" This effect can be traced back to screening inter-
actions which finally lower the Donnan potential and reduce the electrostatic attraction between protein
and microgel (see section B13). Despite the fact that lysozyme and cytochrome c have roughly the
same size and netcharge the binding strength is about one order of magnitude lower for cytochrome c
(K(Lysozyme) = 2.6 - 10° [M~'] and K(cytochrome c) = 2.8 - 10° at 298 K and 7 mM ionic strength).
Consequently, non electrostatic effects like the charge distribution on the protein surface as well as spe-
cific interactions, such as hydrophobic binding, are also decisive for the thermodynamics of adsorption.
However, the incorporation of such contributions is not possible within Langmuir model and a detailed
analysis including a quantitative assignment of different driving forces using another model will follow
in the next section.

Glucosidase binds endothermic to the microgel with AH > 0 for all salt strengths (I = 7,17,32 mM).
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The protein occurs as a homodimer with a molecular weight of M,,~ 130.000. At nearly neutral pH as
used in the experiments the protein has an overall negative netcharge with an isoelectric point at 4.4. It
was already discussed in section B-T3 that proteins can adsorb a negatively charged polymeric network
from the "wrong side" of the isoelectric point. Generally, the adsorption of like charge proteins is driven
either entropically by counterion release if Manning condensation is possible or by charge regulation
of the protein. In this particular case the microgel is a weakly charged polyelectrolyte and Manning
condensation does not occur.

In contrast to cytochrome c the adsorption isotherms of glucosidase are not easy to interpret since the
values of K and N do not vary systematically with increasing salt concentrations and show a maximum
at I = 32 mM. An explanation for the unusual trend in K and N initially was traced back to a dimer-
monomer equilibrium for glucosidase. In particular, glucosidase was assumed to form a dimer at [ = 7
mM and a monomer at I = 32 mM. To proof this assumption small angle scattering experiments were
performed to elucidate the size of glucosidase in terms of the gyration radii R, at varying ionic strength.

In Figure B3 a-d the SAXS intensity profiles for glucosidase and the Guinier plots are shown. R, was
extracted by Guinier analysis with 3.3 £0.2 nm for I =7 mM and 3.2 +0.2 nm for I = 100 mM. Thus, a
switch between dimer and monomer within this range in ionic strength does not occur and the different
adsorption behaviour of glucosidase can either be traced back to charge regulation or some other effect
which have been not treated within present models.

It was already discussed in section B2l
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with increasing ionic strength. Here, water-

mediated effects between the protein and salt molecules change the solubility of the protein and thus the

heat of dilution. Finally, the heat of dilution decreases with increasing injections of the protein solution.

As explained in section BT addition of more protein influences the ionic strengths of the solution which
influences the activity coefficients for the already dissolved ions.

The microgel OM6UF was chosen for atomic force microscopy measurements. Thermodynamic pa-

rameters for the adsorption of lysozyme onto OM6UF at 298 K were obtained by fitting the ITC isotherm
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Figure 4.3: SAXS intensity profiles I(q) for Glucosidase in 10 mM MOPS at pH 7.2 and a) for varying protein concentrations
and 10 mM NaCl added (I = 7 mM) b) and corresponding Guinier plot [n[I(g)] vs. ¢*. c) scattering profile for vary-
ing concentrations and 100 mM NaCl added (I = 107 mM) and d) corresponding Guinier plot. All measurements
were taken at 7 = 298K.

in Figure B3 a with the Langmuir model. Values for N, K and AH are listed in the graph. The inset graph
in Figure B9 a shows the volume shrinkage of the microgel induced by the modified Donnan potential.

Figure E3b illustrates the relation between size and the number of binding sites for the three different
microgels. It can be concluded that the uptake of protein scales linear with their size.

In summary, it was shown that the adsorption isotherm for single types of proteins binding to core-
shell microgels can be fitted with the Langmuir model and general trends concerning the binding process
can be derived from this approach. For instance, the binding constant K and the number of binding sites
N critically depend on temperature and ionic strength. Moreover, van’t Hoff analysis showed that the
enthalpies AH), can differ from AH ¢ significantly. In this case AH;r¢ does not only originate from the
pure protein binding but also includes effects like protonations and conformational rearragements of the
protein.

However, the Langmuir model was not able to extract more quantitative information on the binding

processes. In particular, it was shown that the binding affinities of cytochrome c and lysozyme vary
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Figure 4.5: a) Adsorption isotherm for lysozyme onto OM6UF microgel particles in 10 mM MOPS at pH = 7.2 and T = 298
K. Solid lines represent the Langmuir isotherm and ¢ are the experimental data points. In the inset of the graph
the hydrodynamic radius is plotted against the molar ratio. b) Relation between microgel volume and number of

binding sites for lysozyme.

about one order of magnitude, although the proteins are nearly similar in charge and size. A detailed
explanation of this effect cannot be provided on the basis of the Langmuir model. Thus, in the following
chapter the cooperative binding model is applied to fit the adsorption isotherms. As explained in section
B4 the CB-model is able to evaluate electrostatic and intrinsic contributions to the binding free energy

by fitting the isotherm and thus provides a more quantitative description of protein binding.

4.1.2 Cooperative Binding Model Fits

In this chapter the adsorption isotherms of the proteins lysozyme, cytochrome c, papain, and RNase A
onto core-shell microgel NW15 are analyszed with the CB-binding model. Glucosidase was not chosen
as a model protein since as already discussed in section B11l the adsorption isotherms showed an unusual
adsorption behavior, i.e. the binding affinity in terms of K did not vary systematically with increasing
salt strength.

The analysis of the adsorption isotherms of lysozyme, cytochrome c, papain, and RNase A demon-
strates a strong binding of these proteins. The resulting binding isotherms and bound proteins at 7 mM
ionic strength are presented in Figure B8 while the corresponding binding parameters are summarized
in Table E5. As shown in Figure B8 the uptake of all proteins by the microgel is endothermic, since
AH > 0. For large molar ratios x > 10, saturation takes place and ultimately leads to ca. 65 000 bound
lysozyme, ca. 70 000 bound cytochrome ¢ and RNase A, and ca. 50 000 bound papain molecules. The
inset in Figure E-A shows the shrinkage of the microgel upon protein adsorption in terms of the molar
ratio x. All four proteins lead to a different response of the microgel network. Lysozyme and papain lead
to shrinkage up to 25%, but the effect is significantly less pronounced for RNase A and cytochrome with
5% and 10%, respectively. For the adsorption of papain, aggregates were noticed at molar ratios higher

than x = 80.000 and all further experiments with papain were carried out not exceeding this molar ratio.
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Figure 4.6: Adsorption isotherms of four proteins measured at 7 mM ionic strength and 298 K. The differential heat Q’(x)
(kJ/mol) is plotted versus the molar ratio x of papain (magenta), lysozyme (green), cytochrome c (red), and RNase
A (blue). Experimental values (#) from ITC measurements were fitted with equation E30. The inset of the graph
shows the shrinkage of the microgel NW15 with respect to the molar ratio x for all four proteins at 7 mM ionic
strength and 298 K. The points correspond to experimental values measured by DLS, while the solid lines are

empirical fits according to equation B-48.

Table 4.5: Results for the adsorption isotherms of single proteins onto NW15 microgel particles at 298 K and pH 7.2 using the

cooperative binding model

protein R; [nm] z; [e] AHr¢ N; AGy i[kpT]
[kJ/mol]

lysozyme 1.9 (1.9)¢ +7 (+7)° 59 65000 -6.5

papain 2.2 (2.0)¢ +8 (+7)° 73 50000 -4.5

RNase 1.8 (1.9)¢ +4 (+6)° 16 70000 -4.1

cytochrome c 1.7 (1.8)* +6 (+7)° 25 70000 -4.7

“Hydrodynamic radii (literature values). ®Protein charge calculated from crystal structure (PDB 193L, lysozyme; PDB 1PPN,
papain; PDB 1AFU, RNase A; PDB 2B4Z, cytochrome c).

The adsorption of proteins on the microgel critically depends on the net charge z; determined from the
charged groups on the surface of the proteins. In order to assess the influence of this parameter in more
detail, it is used as an adjustable parameter in the fits of the adsorption of a single protein. In Table B3
the net charges z; as used in the cooperative binding model are compared to values calculated on the basis
of structures with atomistic resolution taken from the Protein Data Bank (PDB). The results show that z;
agrees within an error of +1 with the data obtained from these isotherms. In principle, z; can be taken
directly from structural data and presents no adjustable parameter. In the case of lysozyme it has already

been shown that the intrinsic binding energy AGy is constant and independent of the ionic strength.
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Although this trend has only been evaluated for lysozyme it is safe to assume that AGy for other pro-
teins will show the same characteristics. Values of AGy; vary from -6.5 to -4 kgT, which corresponds to
2-3 hydrophobic protein-poly(NIPAM) interactions, if methane-methane interactions are taken as refer-
ence with attractions on the order of 2-3 kzT.> The analysis of AGy also explains the different binding
constants of lysoyzme and cytochrome c as obtained from the Langmuir Model (see section E1-1). In
particular, the stronger binding of lysozyme to the microgel results from an approximately 2 kgT lower
intrinsic binding energy. Hence, non-electrostatic interactions are more pronounced for this protein.

In Table B3 the effective hard-core radius of protein i, R;, is compared to literature values of the
hydrodynamic radius or radius of gyration. The packing density also depends on the size of the protein.
Values do not differ more than +0.2 nm and in the case of lysozyme even match exactly. The results
support the assumption that R; can be approximated by the radius of gyration or hydrodynamic radius
and can be used in the cooperative binding model without further adjustments."***" The model also
accounts for a weak dependence of R; on ionic strength as already shown for lysozyme.™

The cooperative binding as defined with equation B30 splits the total binding affinity AG,,,; into its
partial components. Thus, it is interesting to discuss the contribution of each component to AGy,;; at

different molar ratios x. Figure B77 a presents the total binding affinity AGy,, ;(x) of the four proteins at 7
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Figure 4.7: (a) Total free energy of binding AG,,(x) as a function of the molar ratio x at 7 mM ionic strength. At low molar
ratios, lysozyme binds strongly to the microgel followed by papain, cytochrome c, and RNase A. (b) The binding
affinity of lysozyme to the charged microgel is decomposed into its contributions. AG, intrinsic adsorption free

energy; AG,(x), electrostatic contribution; g,,(x), the entropic penalty due to hard sphere packing

mM ionic strength as a function of molar ratio x. For all four proteins, AG,,, ;(x) depends strongly on x as
expected. At low molar ratios, the binding affinity of lysozyme and papain are the largest with about -21
kpgT and -18.5 kpT, respectively. Cytochrome ¢ and RNase A bind less strongly to the microgel, which
is reflected by the parameters like lower AGy and lower charge z;. It is notably that all four proteins
saturate at a different value of AGy, ;(x) for high molar ratios. At first glance, this seems to appear
unreasonable, since from equilibrium thermodynamics we would expect saturation at the same value of
AG;0i(x). However, the calculation of AGyi(x) depends on the volume V, (compare equation B30.

Because V, itself is a function of x and is specific for each type of protein, AG,;(x) saturates at different
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values.

Figure B71 b shows the different contributions to the binding affinity done for lysozyme. By definition,
the intrinsic adsorption free energy AGy is a constant contribution and incorporates local interactions,
while the electrostatic AG,;;(x) and excluded-volume contributions depend explicitly on the molar ratio
x. The excluded-volume contribution is negligible at low molar ratios but increases to approximately 3
kpT at higher x. Thus, it is clear that the electrostatic contribution is the main contributor to the binding
affinity.

In summary, the CB-model showed a good performance to fit the adsorption isotherms of single type
proteins obtained by ITC measurements. In contrast, to the Langmuir Model it was possible to get a
more quantitative description of the adsorption process and the driving forces. In the CB-model the total
adsorption free energy AG,,, ;(x) originates from three different contributions, an electrostatic contribu-
tion AG,;;(x), an intrinsic contribution AGg and u(x), a contribution from packing effects. Moreover,
the CB-model showed that AG,,, ;(x) depends on the protein load expressed as molar ratio x. This is
a marked contrast to the Langmuir model, in which the binding energy is calculated from the binging

constant K being independent of the protein load.

4.2 Competitive Adsorption

So far only the adsorption of one component - i.e, only one type of protein was present in solution -
was considered. However, adsorptions of one component adsorptions will not reflect a realistic scenario
for a nanoparticle immersed in a biological fluid. Here, a multi-component mixture is present and the
formation of a protein corona will depend on competitive and cooperative adsorptions. At this point the
Langmuir model is definitely reaches its limits and the assumption of single and independent binding
sites is not reasonable anymore.

In contrast, the CB-model is easily expandable to multi-component mixtures providing protein spe-
cific parameter like size as well as charge are known and the intrinsic binding energy AG( has been
determined for each type of protein in the mixture. .The theoretical framework of the CB-model includ-
ing its expansion to multi-component mixtures has already been explained in section B-4.

In Figure B the results of the competitive adsorption experiments for the proteins lysozyme, cy-
tochrome c, papain and RNAse A are shown. Experimental data were obtained by fluorescence spec-
troscopy. The details of the experiment have been already described in section B3I

Briefly described, the fluorescence of labeled lysozyme is quenched by binding to the microgel with a
concomitant decrease in the fluorescence intensity. When a second protein is bound, a certain amount of
labeled lysozyme is released into the bulk again, which can be seen from an increase of the intensity of
the fluorescence. For the experiments labeled lysozyme (lysozyme//7€) is adsorbed onto the microgel

FITC wag calculated

in solution with a binding fraction of ®; ~ 0.6. The binding fraction for lysozyme
with the values from the Langmuir fit with N,,,, = 65 000. For the binding fraction of the other proteins
®,, a mean value for the number of binding sites N, = (N1 + N2)/2 is assumed (compare Table B3

for the number of binding sites). First the competitive adsorption of unlabeled lysozyme to a microgel
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Figure 4.8: Competitive protein adsorption measured with fluorescence spectroscopy of (a) lysozyme//7¢

FITC FITC FITC

vs lysozyme, (b)

lysozyme vs cytochrome c, (c) lysozyme vs RNase A, and (d) lysozyme vs papain. Solid and dotted

lines predict the competitive adsorption based on the cooperative binding model (equation B30).

loaded previously with lysozyme//7¢

was investigated (see Figure B a). In this case, Nyux = N1 = N)
and there is no change of the gel volume. Thus, this experiment presents a sensitive check of whether
equilibrium is reached or not. Figure B8 a shows that the lysozyme-lysozyme exchange exhibits the ex-
pected intersection point at nearly half the initial binding fraction at ®; = ®; = 0.38. This unequivocally
shows that protein adsorption to charged microgels is an equilibrium process which can be treated within
the cooperative binding model.

For the other proteins, the fraction of liberated lysozyme is monitored and compared to the calculated
value. In this case changes in the volume V, are considered using the interpolation as defined in equation
B47. Figure B8 shows that the predictions by theory are quantitative, and in the case of cytochrome c
and RNase A within the limits of error. For papain, the theory is not fully quantitative but gets the correct
trend. The comparison of these data with the parameters gathered in Table B3 now gives quantitative
insight into the process of competitive adsorption: RNase A which has the lowest binding constant
replaces the bound lysozyme /7€ (Figure B8 c) less strongly than cytochrome c (Figure B8 b). In the
case of papain having a similar binding constant as lysozyme, the replacement is strong (Figure &R d).
Here the prediction with AGy = 4.5kgT as obtained from the ITC single adsorption isotherm does not
work fully quantitatively, but full agreement can be reached by adjusting AGy = 6.0kgT. The reasons for
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this discrepancy are not yet fully understood but could be traced back to a strong mutual attraction of the
bound proteins within the network not treatable by the present model.

To conclude, the Cooperative Binding Model showed a good performance in the prediction of the
competitive adsorption from binary mixtures. The proteins lysozyme, cytochrome c, papain and RNase
A were chosen because of their robust and characterized structures and their availability. In contrast to
the Langmuir model the CB-model is very general and can be used for all globular proteins, providing

their radii and charges can be determined and if AGy is available from an ITC experiment.
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4.3 Cytochrome c Adsorption as measured by Anomalous Small
Angle X-ray Scattering (ASAXS)

Small-angle X-ray scattering (SAXS) is a suitable method to investigate the spatial distribution of the
proteins within polymer coated nanoparticles and can be used as an additional method to quantify the
amount of adsorbed protein. In this work the adsorption of cytochrome ¢ was measured by anomalous
X-Ray small angle scattering in the vicinity of the adsorption edge of Fe**. The resonant scattering con-
tribution to the overall scattering intensity allows to extract the formfactor and locate the distribution of
the cytochrome ¢ within the shell of microgel OMS5UF. Moreover, the intensity of the resonant scattering
part can be correlated with the concentration of Fe3* ions and ultimately with the number of bound pro-
teins per colloid. Cytochrome c is a small globular protein of ~ 12.300 Da molecular weight and contains
a porphyrin macrocycle with an iron atom, a complex called heme group. The heme group of cytochrome
c can exist in an oxidized and reduced state. Figure B9 a shows the 3D structure of the protein with the

porphyrin macrocycle containing the iron highlighted in the middle. The iron atoms in cytochrome c
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Figure 4.9: a) Crystal structure of cytochrome ¢ shown here from PDB entry 3cyt. b) Comparison of the normalized adsorption

spectrum of an iron foil and for cytochrome c.™ See further explanation in the text.

is ionic and can exist as Fe>* or Fe?* referring to the oxidized and reduced state, respectively. In the
ASAXS experiments there was no reducing species present and cytochrome c is in its oxidized state.
Because of the overall low concentration of Fe3* in the protein the ASAXS instrument is not sensitive
enough to measure the adsorption spectrum and adsorption data were taken from literature. ™

Figure B9 b shows the absorption spectrum of an iron foil (right axis) compared with the normalized
absorption spectrum of the ionic iron in cytochrome C (left axis).™ The K-absorption edge of the ionic
iron in the protein complex is shifted (chemical shift) by nearly +10 eV when compared to the absorption
edge of metallic Fe located at 7112 eV.

In anomalous X-ray scattering the scattering factor of an ion becomes a complex function of the energy
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E of the incoming radiation near the absorption edge

4.3) fion = fo+ f(E)+if (E)

The first term f; corresponds the the 26 electrons

of Fe, while f’(E) f” (E) represent the anomalous

a _ ] dispersion corrections of the iron ion. The values
o] P i for f'(E) have been calculated in the energy range
D- - ] between 6909 and 7400 eV via Kramers-Kronig
. relation: " **""
44  f)= 7%50 fo %dw’

with ¥ being the principal value of the integral

f, f' [electrons]

and the frequency w. The values for f” (E) were
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trum for cytochrome c as depicted in Figure &9

sults of Cromer-Liberman calculations in the limit
of energies far apart form the K-absorption edge.
Figure 4.10: Anomalous dispersion corrections of Fe** based The results for the anomalous dispersion correc-

on the calculations of Cromer and Liberman. tions of £ (E) and f~ (E) for Fe’* are depicted in
Figure ET0. The black dotes represent the X-ray energies where the ASAXS measurements were per-
formed. The Table in Figure B0 provides the anomalous dispersion corrections f and f~ for Fe’* at the
three energies E; =6810 eV, E; =7094 eV and E3 =7112 eV. In Figure BT the three the scattering curves
are plotted against the scattering vector g. All scattering curves have been calibrated into absolute units;
1.e. macroscopic scattering cross-sections in units of cross-section per unit volume [cm?/cm?] = [em™1].
The error bars for the scattering data are smaller than the line width and are not shown in Figure BETTI.
The scattering curves show an systematic increase in intensity - as indicated by the arrow in Figure ET1
a - when approaching the K-absorption edge at 7120 eV, thereby indicating a negative contrast of the
microgel.

Calculating the scattering intensity 1(§) = |A(§)|> = A(§) - A*(§) and averaging over all orientations of
the colloid yields a to sum a of three contributions as described in detail in section BZ247. The calculated
values for the dispersion corrections were used to separate the form factor of the pure-resonant scattering
contribution of the Fe ions from the following equation which was already derived in section B4
(equation B27). Figure ETT b shows the total scattering and the the pure resonant term as extracted
with equation BZZ2. The scattering cross section of the pure resonant term is about 3 order of magnitude
smaller when compared to the overall scattering cross section. The distribution of the protein was derived

from the the fit of the pure resonant scattering cross section. In particular, the curve was fitted in the range
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Figure 4.11: a) SAXS curves of microgel OMS5UF loaded with cytochrome ¢ measured at three different energies in the vicinity
of the K-adsorption edge of Fe** at 7120 eV. b) Total scattering (black squares) and pure resonant scattering (red

circles) contribution of the iron ion. The red line corresponds to the fit.

of 0.1 nm~! to 3 nm~! with the form factor of a spherical shell:

4.5) S pes+(q, R, D) = (K(q, R + D) — K(q,R))* + S 1
with

B é_l 3, 8in(gR) — gR sin(gR)
4.6) K(g,R) = 37rR 3 GR?

Here R is the radius of the core, D denotes the thickness of the shell and S, the isotropic background
scattering probably caused by non-adsorbed isolated proteins in the solvent. The fitting revealed an
overall size of the particle R + D = 43 nm with R = 30 nm. Hence, the proteins distribute within a 13 nm
thick part of the shell located close to the polystyrene core.

Figure BT shows a sketch of the distribution and the concentration profile of cytochrome c in the
shell of the uncharged microgel OMSUF. This thickness corresponds to approximately 4 layers of protein
when a diameter of o = 3.4 nm is assumed for one cytochrome c. It can be concluded that most of the
protein molecules are firmly bound to the inner layers of the spherical microgel, while the outer layers
remain unoccupied. A similar observation was also made by Henzler et al. for the adsorption of S-
lactoglobulin on spherical polyelectrolyte brushes.* The radius of the core is in good agreement with
the hydrodynamic radius of the core R, = 34 nm. However, R + D as seen by SAXS shows significant
deviations to the hydrodynamic radius as measured for the absolute dimensions of the microgel R, ~
85nm. The concentration of the adsorbed protein can be calculated from the number of Fe ions localized

in the shell of the microgel. The number density can be derived from the resonant invariant of the Fe ions
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Figure 4.12: Sketch of the 2D microgel with the distribution of cytochrome ¢ (left panel) and concentration profile of the protein

(right panel). See further explanation in the text.

OF. as described in equation B29. Qp, is related to the number density of inhomogeneously distributed

Fe-ions through the following relation

1 1 1
47 Ve = + ——fA 243
@.7) Fe = 3y \/ s~ e oM @P s

From this relation an amount of 4.5x10'%cm™3 Fe-ions and therefore cytochrome ¢ was calculated to be

adsorbed onto the microgels. This corresponds to an amount of approximately 1000 protein molecules
per microgel. This number is in very good agreement with the number of binding sites as obtained from
ITC experiments (see Table E3).
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4.4 Adsorption of Lysozyme as measured by AFM

In the following section the results of the AFM measurements are summarized. The AFM was operated in
the tapping mode. The microgel OMO6OUF was immobilized on a silicon surface by submerging the wafer
in a diluted microgel solution and evaporating the liquid film. Figure ET3 a and b shows the height or
topography profile of microgel OM6UF and OM6UF loaded with lysozyme respectively. Obviously, the
topography image is neither able to resolve the core-shell structure nor to discriminate the size differences
which are induced by protein adsorption. By comparing these values of approximately 250 nm with DLS

data, one can conclude that the dried microgels on surfaces are strongly collapsed. In case of the unloaded

a) b)
252.2 nm 256.8 nm
=20.0 nm
0.0 Height 4.0 pym
d)
172.5° 418°
134 ° 37"
0.0 Phase 4.0 ym 0.0 Phase 4.0 ym

Figure 4.13: AFM images of a) 0.005% OMO6UF microgel dried on a silicon wafer and b) 0.005% OMG6UF microgel loaded
with 0.025 mg/ml lysozyme (molar ratio x = 200.000) dried on a silicon wafer; c) and d) corresponding phase of

a) and b), respectively. The green circles indicate the lateral extension of the microgel.

OMG6UF (Figure B13 a) the array can be best described as periodic loosely packed microgel array, which
is in good agreement with the results on uncharged poly(NIPAM) microgels published by Horecha et
al.™" In contrast, the protein loaded OM6UF (Figure EI3 b) seems to assemble in a less ordered array
probably caused by a change in repulsive forces. In Figure BE13 ¢ and d the AFM phase is shown.

Imaging the phase in AFM is a powerful tool that is sensitive to surface stiffness/softness and adhesion
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between the tip and surface. It allows chemical mapping of surfaces based on these material differences.
For both microgels the protein free and the protein loaded a strong phase contrast between the shell, the
core and surrounding substrate is observed. There is also a significant phase contrast between the loaded
and unloaded shell indicating a strong change in the stiffness/softness. It was already concluded from
DLS data that the shell of the microgel shrinks upon protein adsorption leading to a more compact and
stiffer structure. However, these measurements were done in air and a qualitative interpretation of these

data remains ambiguous.

a) b)
327.0 nm 285.0 nm
-124.0 nm -127.0 nm
0.0 Height 4.0 ym
d) B
387.8 MPa = 408.5 MPa
-77.6 MPa -81.7 MPa
0.0 DMTModulus 4.0 pm 0.0 DMTModulus 4.0 pm

Figure 4.14: AFM images of a) 0.005% OMOUF microgel in 10 mM MOPS at pH = 7.2 immobilized on a poly-lysine coated
silicon wafer and b) 0.005% OMO6UF microgel loaded with 0.025 mg/ml lysozyme (molar ratio x = 200.000) in
10 mM MOPS at pH = 7.2 immobilized on a poly-lysine coated silicon wafer; c) and d) corresponding elastic
modulus (DMT).

Hence, AFM measurements in liquid were performed and the samples were rinsed in situ in the AFM
fluid sample holder. The microgels will not immobilize on the surface by evaporation and were attached
by electrostatic interactions. For this reason the silicon wafer was functionalized with APTES and Poly-
L-Lysine (PLL). PLL is a polyelectrolyte and at pH = 7.2 is highly positively charged. It was found
that PLL leads to a more firmly attachment of the negatively charged microgels. Figure ET14 a and
b shows the topography images of pure OM6UF and the protein loaded OM6UF, respectively. The
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instrument was operated in the PeakForce Tapping Mode® (Bruker). This mode maps and distinguishes
between nanomechanical properties - including modulus, adhesion, dissipation, and deformation while
simultaneously imaging sample topography. In contrast, to the topography in air the data in liquid are
more noisy indicating that the particles have a strong drift on the surface. The analysis of the sample
topography reveals a decrease in size from 330 nm to 285 nm. Generally, the attachment of the microgels
on the surface seems not to influence their shrinkage behaviour upon protein adsorption.

DLS data showed a decrease of the hydrodynamic radius R;, from 275 nm to 240 nm upon saturation
with lysozyme (see section ETTl). DLS analysis generally gives an ensemble averaged value of R, from
the free particles in solution. In contrast, the height as determined by AFM is evaluated from one micro-
gel particle or at least from a set of microgel particles attached to a surface. Consequently, the differences
in the absolute size result from the attachment of the microgel to the surface. The interaction between the
poly(NIPAM) shell and the substrate gives rise to a partial collapse upon adsorption as depicted in Figure
ETS
To conclude, AFM images in air revealed
a strongly collapsed structure of the core-
shell microgels on the silicon surface. The
adsorption of the lysozyme onto the shell of
the microgel changes the phase of the AFM
image indicating a change in the mechani-
cal properties. However, a quantitative as-
signment of these changes was not possible.

For liquid AFM measurement it was shown

that the microgels can be attached via elec-

Si+ PLL

trostatic interactions with a functionalized

silicon surface. Upon protein adsorption

the shell of the surface attached microgels

Figure 4.15: Scheme of a core-shell microgel attached to a PLL modi- also began to shrink, but to a lesser extend
fied silicon surface. The attraction of the microgel leads to g compared to the microgels in free solu-

a partial collapse of the outer chains. .
tion.

52



5 Summary and Outlook

The focus of this thesis was a detailed investigation of protein adsorption onto weakly charged or un-
charged core-shell microgels consisting of a solid polystyrene core and a poly(NIPAM) shell. The di-
mensions of the microgels were ranging between 100 and 300 nm.

First, adsorption isotherms of the proteins papain, lysozyme, Rnase A, cytochrome ¢ and glucosidase
were obtained by ITC. The use of ITC to characterize protein nanoparticle interactions was discussed
critically. It was demonstrated that the stability of the protein plays a crucial role for these type of mea-
surements. On the example of glucosidase it was shown that larger size proteins occurring as dimers and
oligomers can cause problems in the interpretation of the adsorption isotherms. Furthermore, the resid-
ual enthalpy AH,.; was identified to explain the differences between the enthalpies AH;7¢ and the Van’t
Hoff enthalpy AH,. This residual enthalpy originates from protonation effect or conformational rear-
rangements of the protein during adsorption. More concretely, the binding enthalpy AH;, of cytochrome
¢ to a non-charged core-shell microgel was identified as endothermic, but was accompanied by strong
exothermic reaction during the adsorption process which indicates a conformational rearangement or
protonation step.

In all these cases the protein adsorption isotherms were first fitted using the Langmuir model to reveal
the thermodynamic parameters K, N and AH. However, it was shown that the Langmuir model is limited
to these three parameter and the analysis is not fully quantitative, although the right trends can be derived.
Thus, in a second step, the adsorption isotherms were analyzed with the CB-model. With the approach
is was possible to separate the contributions of electrostatic and non-electrostatic interactions to the total
binding energy and to discuss the binding isotherms on a more quantitative level. The binding model
is virtually free of fit parameters and is easily expandable to protein mixtures adsorbing on polymeric
surfaces. The only fit parameter is the intrinsic binding energy AG( which can be obtained by fitting the
adsorption isotherm of the single type of protein. Using the CB-model it was possible to show that the
stronger binding of lysozyme compared to cytochrome c results from the higher intrinsic binding energy
of lysozyme.

In addition, the CB-model was able to predict the competitive adsorption from binary mixtures of

FITC

a labeled lysozyme - lysozyme and the proteins papain, lysozyme, Rnase A and cytochrome c.

In the mixture lysozyme and lysozyme! /7€

it could be demonstrated that protein adsorption onto this
type of core-shell microgels is a reversible process. The predictive power of the cooperative binding
model contributes to important research areas in nano(bio)technology in which protein adsorptions play
a pivotal role.

Secondly, in this work the spatial distribution of cytochrome c in a core-shell microgel was elucidated
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by anomalous X-Ray scattering. By measuring at three different energies close to the K-edge of the iron
ion it was possible to unveil the pure resonant scattering contribution. The scattering data revealed a core-
shell structure where the proteins are located within a 13 nm thick shell close to the core. Moreover, by
analyzing the invariant it was possible to quantify the amount of adsorbed protein. It was demonstrated
that this amount is in good agreement with the number of binding sites as obtained from ITC.

The third part of this thesis was devoted to the interaction of core-shell microgels with charged sur-
faces. It could be shown that the microgels form a periodic loosely packed 2D array. Protein adsorption
seems to change this order probably due to a change in repulsive forces between the particles. By ana-
lyzing the phase of the AFM signal it was possible to visualize the core-shell structure. Adsorption of
lysozyme leads to a significant phase contrast indicating a change in the stiffness of the microgel. For the
measurements in liquid the microgels were attached by electrostatic attractions with the poly-L-Lysine
layer. The height image revealed a structure in which the microgels are partially collapsed along the

contact area with the surface.
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6 Materials and Methods

6.1 Materials

The initiator potassium peroxidisulfate (KPS), the monomers styrene, N-isopropylacrylamide (NIPAM),
acrylic acid, N,N-methylenebisacrylamide (BIS) and sodium dodecyl sulfate (SDS) were purchased from
Sigma Aldrich. Styrene is stabilized by tert-butyl catechol as an inhibitor to avoid an uncontrolled
polymeriaztion. Prior to the polymerization reaction with KPS the inhibitor was removed by flushing
through a column filled with an inhibitor remover (Sigma Aldrich). Acrylic acid was distilled in a rotary
evaporator under reduced pressure (1 mbar, 40-45 °C) in order to remove the hydroquinone stabilizer.
The cleaned styrene and acrylic acid were stored at -4° C. All other chemicals for the synthesis of
the core-shell microgel were used as received. The buffer was prepared using 10 mM 3-(N-morpholino)
propane sulfonic acid (MOPS) (Sigma Aldrich) and 2 mM sodium azide (NaN3)(Sigma Aldrich) to avoid
bacterial contamination. The pH was adjusted to 7.2 by dropwise addition of 1 M NaOH under stirring.
The ionic strength was adjusted by adding sodium chloride (NaCl). For the protein labeling experiments
fluorescein isothiocyanate (FITC) was bought from Serva. For the surface functionalizations Poly-L-
Lysine hydrobromide was purchased from Sigma Aldrich (LOT # SLBM7099V) and used as received.
3-Aminopropyltriethoxysilane (APTES) was ordered from Gelest, PA, USA (Lot # 31-21874) and used

as received. Silicon wafers 100 orientation were purchased from Virginia Semiconducters, VA, USA.

6.2 Proteins

Lysozyme from chicken hen egg white, papain from carrica papaya, cytochrome ¢ from bovine heart,
RNase A from bovine pancreas, and B-D-Glucosidase from almonds were purchased from Sigma and

dialyzed against the buffer used in the experiment.

6.3 Synthesis and Characterization of Core-Shell Microgels

6.3.1 Synthesis of the Polystyrene Cores

The synthesis of the polystyrene cores were carried out using a 2 L three-necked flask equipped with
stirrer, reflux condenser, and thermometer. In the first step styrene, NIPAM and the surfactant SDS were
dissolved in water and the mixture was stirred at 300 rpm. Subsequently, the mixture was degassed for 10
minutes with nitrogen and heated up to 80 °C. The reaction was started by injection of the radical initiator

KPS. The reaction was allowed to continue for 8 h under nitrogen atmosphere at 80 °C. Afterwards,
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the viscous white suspension was cooled down to room temperature and filtered through glass wool

afterwards to remove possible aggregates. Table Bl shows the amount of educts and solvent used for

Table 6.1: Overview of the amount of educts used for the synthesis of the polystyrene cores.

PS1 PS2 PS3
m (styrene) [g] 200 30 30
m (NIPAM) [g] 10 1.5 1.63
m (SDS) [g] 1.83 0.45 0.1
m (KPS) [g] 0.392 (in 10 g H,O) 0.172 (in 5 g H,0) 0.3 (in 20 g ,0)
m (H,0)[g] 700 130 270
weight percentage (in % w/w) 14.7 10.46 5.96
Hydrodynamic radius R, [nm] 62.2+0.7 34 +£5 100 +7

the synthesis of different polystyrene cores PS1, PS2 and PS3. The size of the cores was controlled by
changing the amount of surfactant. The core particles were purified by ultrafiltration against water for
approximately two weeks using a cellulose nitrate membrane (Schleicher and Schuell and Millipore)
with pore size of 50 nm. Using this technique, unreacted monomers, surfactant molecules and extra ions
can be removed from the particle dispersion. The purification process was monitored by measuring the
conductivity of the extruded serum until a conductivity similar as ultrapure water is reached (« < 0.7
u S/cm). Afterwards, the PS particles were removed and their weight percentage was determined (see
Table B). The size of the PS particles was measured by dynamic light scattering using a Zetasizer (see

section B3 9). The hydrodynamic radii for the PS cores listed in Table B under R.,e.

6.3.2 Synthesis of the Shell

The seeded emulsion polymerisation of the core-shell microgels were done in a 2 L three-necked flask
equipped with a stirrer, reflux condenser and thermometer. The amounts of the educts used for the
synthesis of these particles are summarized in Table B2. The microgel NW15 has been synthesized in
a previous work.*” The seed latex, NIPAM, the cross-linker BIS, and water were added to the flask and

degassed by flushing with nitrogen. The mixture was heated to 80 °C under nitrogen atmosphere while

Table 6.2: Overview of the amount of educts used for the synthesis of the core-shell microgels.

NW15 OMSUF OMO6UF
m (PS-core) [g] 131.2 of 14.73 wt-% PS1 47.8 of 10.46 wt-% PS2 167.7 of 5.96 wt-% PS3
m (H,0) [g] 592 175 90
m (KPS) [g] 0.504 (in 20.3 g H,O) 0.182 (in 10 g H,O) 0.226 (in 20 g H,O)
m (NIPAM) [g] 23.8 38 10
m (BIS) [g] 1.62 0.28 0.68
m (AAc) [g] 0.64 0.24 (in 10 g H,0) 0.64 (in 20 g H,0)

stirring at 200 rpm. Subsequently, acrylic acid was added via a syringe. In the last step the initiator was

added and the reaction was allowed to proceed for 5 h at the given temperature. Then the mixture was
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cooled down to room temperature and filtered through glass wool. The microgels were purified in the
same way as the seed latex with ultrafiltration using a cellulose nitrate membrane with a pore size of 100
nm. The serum was replaced against millipore water for about 4 weeks until a conductivity of (k < 1
i S/cm) was reached. Afterwards, their weight percentage was determined and the molecular weight of

the microgels was calculated using following formula:

4__p3
Pcore 37TRh,core

(61) Mw,microgel = (Mcore + Mshei)Na =
Weore

Here pcore = 1.055- 10721 g/nm‘3 denotes the density of the PS core and Rj, (.. denotes the hydrodynamic
radius of the PS core. The weight fraction wepre = Weore/Weore—shetr €an be calculated from the weight

percentage of the purified PS core and core-shell particles. In Table the properties of the three
microgels NW15, OM5SUF and OM6UF are summarized.

Table 6.3: Composition, size and molecular weight of the shell network of the microgels used for the protein adsorption studies.

microgel NIPAM BIS [mol-%] AAc [mol-%] Weore M,, [g/mol] R}) [nm]
[mol-%]

NWI5 85 5 10 0.54 1.18 - 10’ 185+50.2

OMSUF 85 5 10 0.86 1.21-108 75 £5

OMO6UF 85 5 10 0.58 5.79-10° 284 +7

R;,= Hydrodynamic radius as measured in millipore water after extensive ultrafiltration

6.3.3 Transmission Electron Microscopy (TEM)

TEM samples were prepared by putting approximately 5 uL of a 0.0025 wt% solution on a TEM copper
grid with carbon support film (200 mesh, Science Services, Munich, Germany). The carbon coated
copper grids have been pretreated by 10 seconds of glow discharge. The excess of liquid was blotted
with a filter paper after 2 minutes. The remaining liquid film on the TEM grid was dried at room
temperature for at least one hour. The specimen was inserted into sample holder (EM21010, JEOL
GmbH, Eching, Germany) and transferred to a JEOL JEM-2100 with a LaB6 cathode (JEOL GmbH,
Eching, Germany). The TEM was operated at an acceleration voltage of 200 kV. All images were
recorded digitally by a bottom-mounted 4k x 4k CMOS camera system (TemCam-F416, TVIPS, Gauting,
Germany) and processed with a digital imaging processing system (EM-Menu 4.0, TVIPS, Gauting,
Germany). Figure Bl shows the TEM images from the microgels NW15, OMSUF and OM6UF. The
TEM sample preparation requires drying of the microgels and the core-shell structure is not clearly
visible due to this process. Instead, the NIPAM shell collapses into a compact structure around the
core which leads to visible deviations from the spherical shape. The size of these particles is similar
to the size of the PS-cores as determined by DLS data. Unfortunately, microgel OMSUF shows higher
polydispersity and aggregation. This probably can be traced backed to the smaller size of the particles.
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Figure 6.1: TEM images of core-shell microgels a) NW15, b) OM6UF and ¢c) OMSUE. See further explanation in the text.

6.3.4 Conductometric and Potentiometric Titrations

Simultaneous conductometric and potentiometric measurements were performed using the 809 Titrando
system (Metrohm Ion analysis, Herisau, Switzerland) equipped with an external dosing device (807
Dosing Unit, Metrohm Ion analysis), a stirrer (801 Stirrer, Metrohm Ion analysis), pH electrode (pH 0-14,
Metrohm Ion analysis), and a conductivity module (856 Conductivity Module, Metrohm Ion analysis).
The Titrando system was controlled by the tiamo 2.0 software (Metrohm Ion analysis). For the titration
experiment, the microgel dispersion was diluted with water to a total concentration of 0.5%. Then, 20
mL of the microgel suspension were titrated with 0.01 M NaOH. The titrations were run in a thoroughly
cleaned 50 mL beaker fitted with the pH and the conductivity electrode. The NaOH was added to the
microgel suspension with a flow rate of 0.1 mL/min. This slow rate is necessary because the the longer
relaxation time which is required to attain the equilibrium between the aqueous and the microgel phase.
The potentiometric and conductometric titration curve of OMSUF and OM6UF are shown in Figure B72.
From the equivalent point the titration curves the amount of acrylic acid polymerised into the microgel
particles is determined. In addition, the dissociation degree ay ;s of the carboxylic acid functional groups
can be calculated as a function of the amount of added NaOH and, thus, as a function of the pH according
to

[Vipa

[Vleq

where [V]pH and [V]eq is the volume of added NaOH at a given pH value and at the equivalent point,

(6.2) Qiss =

respectively. To calculate the pKa value of the carboxylic acid functional groups as a function of the

dissociation degree, the following equation is used:

(6.3) pK, = pH - log(ﬂ)
1 — @aiss

6.3.5 Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) experiments were performed at a single angle (173°) using a Zetasizer

Nano ZS (Malvern Instruments). The instrument consists of a He-Ne-Laser at 633 nm wavelength and
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Figure 6.2: Potentiometric and conductometric titrations of a) OM6UF in millipore water and b) OMSUF in millipore water

can be used for the analysis of particles with diameters ranging from 0.3 nm and 10 nm according to
the manufacturer’s instructions. Prior to each measurement the microgel suspensions were diluted to a
concentration of 0.01% w/w with MOPS buffer. In case of the protein loaded microgels stock solutions
at different molar ratios were prepared and diluted to the same concentration. In case of the polystyrene
cores the suspensions were diluted to a to a concentration of 0.01% w/w in millipore water. To prevent
contamination with dust all samples were filtered through a 1.2 um polyethersulfone (PES) membrane.
Before starting the measurements, the samples were incubated at the desired temperature for 5 min to
attain thermal equilibration. Signals were correlated 10 x10 s.

The DLS data were analyzed with the software provided by the manufacturer to evaluate the hy-
drodynamic radius. Particle fluctuations in the dynamic light scattering experiment are described by a
first-order auto-correlation function g!(g, ), where g is the wave vector and 7 is the decay time. For

monodispersed particles g'(g, 7) is a single exponential decay:
6.4) g'(g,7) = exp(-TI'7)
with I" being the decay rate. The decay rate is related to D, via
(6.5) I = D¢’

Finally, the analysis of the hydrodynamic radius R}, is derived from the translational diffusion coeflicient

D, according to the Stokes-Einstein relation:

kT
(6.6) (D) = Sk,

6.4 Isothermal Titration Calorimetry

ITC experiments were performed using a VP-ITC instrument (MicroCal, GE Healthcare, Freiburg, Ger-
many) equipped with a degassing unit. The instrument is controlled by the VPViewer software (Micro-

Cal). The instrument consists of a sample cell and a reference cell composed of Hastelloy®Alloy C-276
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which is a highly efficient thermal conductive material and is inert to many different solvents. The for-
mer one is usually filled with the nanoparticle suspension and the latter one is filled with ultrapure water.
Before each titration the two cells need to be equilibrated in such a way that the temperature difference
between the cells approaches zero and the applied reference power dP of the feedback system shows a
stable baseline.

The sample preparation occurred as follows: Prior before each measurement samples have been de-
gassed for 5 minutes at 1 K below the experimental temperature to avoid formation of air bubbles during
the ITC experiment. Then a fixed volume of 1.4 mL of the microgel suspension was filled into the sam-
ple cell and a volume of 280 uL buffer matched protein solution was soaked up in the syringe. For all
measurements the reference power was set to 10 ucal/sec and the stirring speed in the sample cell was
307 rpm. Then the protein solution was titrated successively into the sample cell and Q" was evaluated
for each injection step. Afterward, the same protein solution was titrated into the pure buffer system to
account for the heat of dilution. After each experiment the sample cell and the syringe were cleaned thor-
oughly using surfactant, 15 vol-% hydrogen peroxide, ultrapure water and acetone successively. Table
B4 summarizes the experimental conditions. The injection program was adjusted to obtain good quality
data near the inflection point of the isotherm. For all measurements listed in Table B4 the C-parameter

was in a reliable range (see section B211.

Table 6.4: Overview of ITC parameters used in the experiments

System ITonic strength T [K] c(protein) c(microgel) Injections
[mM] [mM] [mM]
NW15 + lysozyme 7 298 0.695 8.47- 1077 203 uL +
485 uL
NWI5 + RNAse 7 298 1.0204 8.47-1077 40x2 uL +
44%5 uL
NWI1S5 + Glucosidase 7,17,32 298 0.088 8.47- 1077 20x3 uL +
40x6 uL
NWI1S5 + papain 7 298 0.523 8.47- 1077 69x4 uL
NWIS + cytochrome ¢ 7,17,32 298 0.598 8.47- 1077 20x3 uL +
48x5 uL
OMSUF + cytochrome ¢ 7 293, 298, 303 0.598 8.26- 107° 20x3 uL +
28x5 uL
OMOUF + lysozyme 7 298 0.695 1.73- 1077 75%x4 uL

6.5 Fluorescence Spectroscopy

6.5.1 Labeling with Fluorescein isothiocyanate

Because the coupling of an amine group to the fluorophore is most efficient at basic conditions, a amount
of 10 mg/ml Lysozyme (0.695 mM) is dissolved in 50 mM bicarbonate buffer at pH = 8.85. In the next

step an equimolar amount of FITC was added from a freshly prepared stock solution of 5 mg/ml FITC
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in anhydrous DMSO. The solution was diluted to aliquots of 1 mg/ml lysozyme using the bicarbonate
buffer and shaken moderately for 1 h in an Eppendorf shaker. The protein was isolated via size exclusion
chromatography using a Sephadex G25 column (GE healthcare) equilibrated with 10 mM MOPS and 2
mM NaN3 at pH 7.2. By this means, excess FITC is removed from the reaction mixture and the labeled
protein is transferred in the desired buffer for further experiments. The collected fractions were analyzed
by UV-vis. Fractions showing a higher extinction than E»75 > 0.2 were unified and the degree of labeling
was calculated using following equation:

n(FITC) E495

n(Protein) €95 FITC * Cp

_ Eors = BaosCF

€278, Protein

6.7)
with Cp

Figure B3a shows the UV-vis spectrum of the purified Lysozyme /"¢

, where the signal at 278 nm is
originating from aromatic aminoacids and the signal at 495 nm can be traced back solely to the excitation
of the fluorescein moiety. E»75 and E49s5 are the extinction values at both positions in the spectrum. The
values €78 prorein and €495 Fy7c are the molar extinction coefficients of the protein and the unbound FITC
(37047 and 47106 M~ cm ™!, respectively). CF is a correction factor CF = Ej7g/E495 = 0.43. All values
have been measured in 10 mM MOPS at pH 7.2 at 298 K. The labeling degree of Lysozyme//7¢ was

calculated to ~ 1, that means on average every protein molecule is assigned with exactly one fluorophore

molecule.
a) 0,8- b)
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Figure 6.3: a) UV-vis spectrum of Lysozyme”¢ in 10 mM MOPS buffer at 298 K. The peak at 278 nm results from the
excitation of aromatic amino acids and the peak at 495 nm is the excitation wavelength A, of the fluorescein
moiety. b) Fluorescence emission intensity at A,,, = 518 nm of Lysozyme/7¢ depending on the concentration of
the protein. Spectra were recorded in 10 mM MOPS buffer at pH = 7.2 at 293 K at the excitation wavelength A,, =
495 nm.

Figure B3 b shows the calibration line of lysozyme//” in 10 mM MOPS at pH = 7.2 and 298K. The

calibration is necessary to determine the amount of labelled protein adsorbed on the microgel.
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6.5.1.1 Experimental Setup for a Binary Protein Mixture

Fluorescence spectra were recorded with a Fluoro-Max-3 spectrometer (JY-Horiba) at a slit width of
1.5 nm and an optical path length of 1 cm. In the first step the microgel was loaded to ~ 60% with
lysozyme//TC . For this purpose a solution of 0.8 uM lysozyme’’”C in 10 mM MOPS at pH = 7.2
was filled in an optical quartz cell and 2.4x10° uM of buffer-matched microgel suspension was added
under moderate stirring. At the same time the fluorescence peak at 518 nm was monitored. Imme-
diately, after adding the microgel the fluorescence signal is quenched to a large extent, which means
that Lysozyme’ /7€ has penetrated the polymeric layer. In the next step the concentration of the second
competing protein was increased successively by multiple injections from a protein stock solution of
well-defined concentration. After each injection the system was allowed to equilibrate for 5 min. If a

FITC

second protein competes for binding sites, lysozyme will be desorbed from the microgel and as a

consequence the fluorescence signal increases proportional to the number of liberated labelled proteins.

FITC

This effect can be used to quantify the number of bound lysozyme as a function of a second com-

FITC i5 simply the difference between the

peting protein. In particular, the amount of adsorbed lysozyme
total protein concentration c;f’ and the concentration of non-adsorbed protein c;, which can be calculated

from the calibration line easily (intensity vs. protein concentration).

6.6 Atomic Force Microscopy

6.6.1 Substrate Preparation

Silicon wafers (1.5 mmx1.5 mm) were cleaned for 24 h by submersion in piranha etch (70% v/v sulfuric
acid 98% with 30% v/v hydrogen peroxide, 30% aqueous solution) at room temperature. Afterwards,
the wafers were rinsed extensively with Milli-Q water (Millipore Corp.) and ethanol and dried under
nitrogen airflow.

For the silanization the cleaned wafers were submerged in a 15% APTES solution in dry ethanol for
12 h. After washing the wafers alternately with ethanol and Milli-Q water, they were centrifuged at 600
rpm for =~ 2-3 minutes in order to remove the residual liquid film and to facilitate the formation of a
uniform APTES layer. In the last step the wafers were dried in an oven preset to 125° C.

Poly-L-lysine hydrobromide (PLL) coated silicon wafers were fabricated by dip coating as described
previously by Hasmi et al."™"" The clean wafers were submerged with a buffered solution of 10 mg/ml
PLL (10 mM MOPS, 2 mM NaNj3 and 100 mM NaCl at pH = 7.2) and the solution was allowed to soak
for 2 h. Then the wafers were thoroughly rinsed with Milli-Q water and dried under nitrogen airflow.

Wafers containing the microgel particles were prepared by placing one drop of =~ 1 uL. of a 0.005 %
w/w microgel solution on the APTES and PLL functionalized wafers. The wafers were then dried under
room temperature until the drop evaporates and a thin uniform white film emerges on the surface. In
the last step the wafers were washed again with Milli-Q water and dried under nitrogen airflow. For
measurements in liquid, a drop of the same microgel solution was dipped onto the wafer and placed in
the AFM liquid cell in situ.
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6.6.2 AFM Measurements and Analysis

Atomic Force Microscopy was used as an additional method to confirm the morphology of the core-
shell microgel on a surface. Images were recorded under room temperature with a multimode AFM
microscope (Bruker Nanoscope V Multimode®S) using tapping mode in air and silicon nitride cantilever
(kr = 0.350 N/m, fo = 65 kHz, R;;, 20 nm, Bruker model DNP-10). Mechanical properties were
obtained using Peak Force mode in liquid. Raw data of cantilever deflection vs. piezoelectric driver
displacement was converted to force vs. distance by defining the deflection sensitivity from a clean bare
silica surface in aqueous solution without microgels present. The images and height profiles have been

analyzed with NanoScope Analysis Version 1.50 (Bruker).

6.7 SAXS

SAXS measurements were done on a SAXSess mc? instrument (Anton Paar, Austria). The instrument
was equipped with a Cu Ka slit-collimated radiation source which was operated at 40 kV. A fluid flow
cell with 1 mm quartz capillary was used for all samples. Samples of 20, 30, 40 and 50 mg/ml glucosidase
in 10 mM MOPS and 2 mM NaN3 at pH = 7.2 were prepared. The ionic strength was adjusted to I = 107

mM with NaCl. Data reduction and desmearing was done using the Saxsquant 3.50 software.

6.8 ASAXS

6.8.1 Sample Preparation

Following samples were prepared for the ASAXS measurements: i) 1%(w/w) microgel ii) 1%(w/w)
microgel loaded with Smg mL~! cytochrome c corresponding to a saturated system at a molar ratio of
approximately 4.800 and iii) Smg mL~! cytochrome c. All samples were prepared in 10mm MOPS, 2
mM NaNj3 at pH = 7.2 and temperated to 293K.

6.8.2 Technical Details

ASAXS measurements were performed using the 7T-MPW-SAXS beam line at BESSY II58 within an
energy range of 300 eV in the vicinity of the K-absorption edge of Fe at 7112 eV. With sample detector
distances of 1000 mm and 3344 mm a q-range from 0.06 nm~" to 3 nm~! was covered, which corresponds
to structural sizes between 2 nm and 100 nm. All data sets have been corrected for background scattering,
detector sensitivity, detector dead time and dark current. After normalization to the primary flux the
scattering curves are calibrated into macroscopic scattering cross sections in units of cross section per

unit volume [cm?=cm?]=[cm™'].
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7 Appendix

7.1 Frequently used variables for the derivation of the Cooperative

Binding Model

Table 7.1: Overview of frequently used variables for the derivation of the cooperative binding model.

variable meaning

Ry, gel radius

Ve gel volume

R; radius of i-th protein

Zi valency of i-th protein

Cq charge monomer concentration in the gel
Cy bulk salt concentration

Kg inverse Debye length in gel

Kp inverse Debye length in bulk

c;" total protein concentration

tot

¢ total concentration of i-th protein

¢ equilibrium bulk concentration of i-th protein
Cm microgel concentration

X molar ratio ¢’ /c,,

N; number of protein i bound to the gel (CB-model)
Np number of protein i bound to the gel (Langmuir)
N Total number of binding sites

0 binding fraction N;/N

@ Donnan potential

K binding constant

constant meaning

R.pre = 62.2 nm core radius

N, =49 10° number of charged monomers per colloid
Zg=-1 monomer charge

I = 0.7 nm Bjerrum length in water
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