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Abstract I

Abstract

In this thesis two projects were conducted that had the incorporation of synthetic

polymers in common albeit at different scales, the nano and the macro scale.

In the nanoscale project functional polymers were synthesized from initiators bound
to the interior of a protein cage, the thermosome. The thermosome has pores that are
large enough for biomacromolecules like nucleic acids or proteins to enter and leave
the cavity. The synthesized cationic polymers within the thermosome acted as
anchors through electrostatic interaction and prevented anionic macromolecules from
diffusing out of the cage. Delivery experiments of biomacromolecules into
mammalian cells were conducted with the thermosome-polymer conjugates. SIRNA
and fluorescent proteins were delivered into cells and the results highlight the
potential of the conjugates for therapeutic drug delivery. Moreover, the entrapped
molecules were protected from degradation by the local biological environment and
the cage structure of the thermosome shielded cells from positive charges, which are

otherwise cytotoxic.

In the macroscale project a thin water vapor permeable membrane was equipped with
synthetic polymers forming amphiphilic conetworks. The thin climate membranes
are widely used in apparel or medical applications. Their drawback is that when
punctured they cannot close this puncture autonomously. Therefore, the thin
membrane was equipped with an amphiphilic conetwork in order to add self-closing
properties while, in addition, being capable to let water vapor pass the membrane.
The self-sealing properties increased with the thickness of the amphiphilic conetwork

layer.

In the two projects, the addition of synthetic polymers allowed generation of new
functionalities in nano transporters and they provided improvement of the properties

of synthetic membrane.
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Chapter 1 1

Chapter 1

1 Introduction

1.1 Aims and motivations for the thesis

The work for this dissertation is based on two separate projects. The first and main
project is to synthesize polymers within a protein cage, the thermosome, to obtain
protein cage-polymer conjugates with the ability to deliver therapeutic
biomacromolecules into cells. Protein cages show a high uniformity when compared
with synthetic nanocapsules and a high stability. The thermosome has, in contrast to
other protein cages, pores that allow the encapsulation of macromolecules like
proteins or DNA/RNA. Inspired by other researchers working in the field of protein-
polymer conjugates and viral capsids, our motivation was to prepare tailor-made
polymers within the interior of the thermosome. Those polymers should act as
anchors for biomacromolecules that reversibly bind the cargo into the cavity and
have fluorescent labels that allow tracking the cell uptake of the protein-polymer
conjugate. To this end, ATRP initiators had to be covalently bound to specific sites
on the inside wall of a mutated thermosome variant. Then, functional homo and
copolymers had to be synthesized within the cavity of the thermosome by ATRP. A
methacrylate with a tertiary amine group in the side chain was selected to yield a
polymer that is cationic at physiological pH, and a fluorescent methacrylate was
selected as comonomer to yield fluorescently labeled polymers. Another aim of
polymer synthesis within the cavity was to obtain polymers that do not protrude from
the cavity, as this can lead to cell toxicity. Moreover, the idea was to create protein-
cage polymer conjugate that could protect the cargo (e.g. siRNA) from degradation
by enzymes and do not form aggregates in the presence of it. With the developed
thermosome-polymer conjugates cell uptake and toxicity studies had to be conducted
as well as binding studies with biomacromolecules. In addition, delivery experiments

of biomacromolecules (e.g. siRNA, fluorescence proteins) should be performed to
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show the possibility of the protein cage-polymer conjugate as delivery platform for

therapeutic cargo.

The second project was a joined project between the University of Applied Sciences
Northwestern Switzerland (FHNW) and the company Unico swiss tex GmbH.
Unicoswiss tex does not have an own research facility, therefore a NanoArgovia-
project was established with the motivation to improve an already existing product of
this company. The product is a medical cooling laminate based on a polyethylene
terephthalate fabric sandwiched between two thin semi-permeable membranes.
Water is filled into this laminate and evaporates through the breathable and water
proof membranes. The water evaporation reduced the temperature in the vicinity of
the laminate, and can therefore be used to cool the skin of patients. The drawback of
such thin membranes is that they become easily damaged and punctured, which
makes the cooling laminate leaky. Our motivation was to implement self-sealing
properties into the membranes so that small defects of the membrane are
autonomously closed by the material. The aim was to coat the membranes with a
layer of polymer network that swells upon contact with water and that can close
defects by this swelling. In addition, the material should not hamper the evaporation
of water through the membrane and should be able to close defects when

overpressures are applied.

1.2 Structure of the thesis

The main focus of this thesis is protein cage-polymer conjugates. For this reason, in
chapter 1, an introduction to the preparation methods of protein-polymer conjugates
is given and afterwards the topic of protein cages with synthetic polymers is
reviewed. The research results and experimental works of the two projects that were
conducted for this dissertation are presented in chapter 2. A general conclusion of the
research projects with a brief reflection of the experimental work and an outlook for

further developments is given in chapter 3.
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1.3 An introduction to preperation methods for protein-

polymer conjugate synthesis

In this chapter, the different preparation methods of
protein-polymer conjugates and their applications are
described. Polymers can either be attached to proteins
or they can be synthesized from the protein. Moreover,
functional groups for polymer attachment to a protein,

possible  modifications for selective attachment

andpolymerization methods for conjugate synthesis in

aqueous solutions are shown.

1.3.1 Protein-polymer conjugates, their properties and their

applications

Protein-polymer conjugates also termed bioconjugates are hybrid materials in which
one or more synthetic polymers are covalently bound to a protein."” The idea behind
this boundary is to profit from the advantages of each compound, while reducing the
drawbacks.'” Thus, creating a synergy between proteins and polymers is of scientific
interest. Attaching polymers to a therapeutic protein can increase its circulation-
lifetime in the body; decrease its immunogenicity and enzymatic degradation, and
increase their bioavailability.*” Moreover, polymers can stabilize a protein at lower
pH or higher temperatures® increase their shelf-life” and increase'® or regulate the

activity of catalyst-proteins, so called enzymes.'®"

In multimeric enzyme
complexes, polymers can stabilize their structure and the stability is often a drawback
of enzymes if intended to be used in large scale biocatalytic applications.'> Most
proteins denaturate due to disruption of molecular interactions in pure organic
solvents or in mixtures in which the organic solvent is over 50 %. With attached
polymers to the proteins, these proteins can be stabilized and remain dissolved in the

. 13,14
organic solvent. ™

Recent advancements in protein-polymer conjugate synthesis
involve polymers that are responsive to external stimuli (e.g. pH, light, temperature)
so called smart polymer bioconjugates.”” Such conjugates react upon influence of
external stimuli and have properties like changed thermo and pH-precipitation for

bioseperation and thermo- and light-responsiveness for biosensing applications."> On
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the one hand, synthetic polymers support proteins in many ways. On the other hand,
proteins were also used to improve and support polymers. In drug delivery
applications for example, proteins were attached to polymers and promoted the
cellular uptake of the polymers and polymer-bound drugs and improved the

- . - - 16-18
circulation of polymeric nanocarriers.

1.3.2 Methods of protein-polymer synthesis

In protein-polymer synthesis, the control over the molecular weight of the polymer
plays an important role, because the length of the polymers can significantly alter the
properties of a protein-polymer conjugate (e.g. circulation time, enzyme activity,

5,10,19

disruption of protein-receptor interactions). Therefore polymerization

techniques are applied that enable the synthesis of polymers with a low molecular

weight distribution. ****

Protein-polymer conjugates can be synthesized in various ways. The synthesis can be
achieved either by a grafting-to, a grafting-through or a grafting-from approach
(Figure 1.1.1a-c). In a grafting-to approach, the polymer chains are attached to the
protein. In this case, polymers can be synthesized at optimized conditions (e.g. type

of organic solvent, temperature or type of controlled polymerization (anionic,*

122-24 25-27

cationic,”’ radica amongst others™ ') and after synthesis and purification,
synthetic polymers are attached to the protein (Figure 1.1.1a). The polymer has to
have a functional group that can bind to an amino acid of the protein to form a stable
conjugate. Besides the advantage of an optimized synthesis of the polymer, the
grafting-to method also has disadvanages.”® Attaching a macromolecule to another
macromolecule mostly leads to low yields of the product due to lower reactivity,
which is connected with steric hindrance.'>** Another drawback is the purification of
the protein-polymer conjugate from the unreacted macromolecules (protein and

polymer).”®

The grafting-through approach is another method of bioconjugate synthesis (Figure
1.1.1b)."° In this method, proteins having a polymerizable group (e.g. vinyl, acrylic
or methacrylic) are embedded in a chain with a carbon backbone. This is in contrast
to the grafting-to and grafting-from approach, where proteins are not incorporated

into the polymer chain. In order to avoid low polymerization efficancy due to steric
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hindrance with larger proteins, comomoners are added for better polymerization

control.”

The grafting-from approach starts with the attachment of polymerization initiators to

152829 Erom those initiators

reactive amino acids of the proteins (Figure 1.1.2a-g).
polymers are grown by the interconnection of monomers. The advantage of the
grafting-from strategy is that after the polymerization reaction, separation of the
products from the reactants is easier than in the grafting-to strategy. Reason for this
is, that only small molecules (Catalysts, reducing agents and monomers) have to be
separated from a high molecular weight product. Moreover, the product yield is
higher because the conjugation reaction occurs between small molecules and the

protein and thus steric hindrance is lower than for the grafting-to approach.*®

a
/\/\/ # — /\/\.’
J Coupling 5
Polymer 2 -
b Monomer
ne
—_—
Polymerization
C Monomer
ne

Polymerization

Figure 1.1.1. The three most common ways to synthesize protein-polymer conjugates. (a) “Grafting-
to” synthesis: The polymer is synthesized separately and then attached to the protein by interaction of
functional groups. (b) “Grafting-through” method: In this method, proteins, which contain a
polymerizable group, are polymerized with other monomers. In this case, the proteins are embedded
in the backbone of the polymer chain. (c) “Grafting-from” synthesis: Polymers are synthesized from a
protein-coupled radical initiator or chain-transfer agent. The polymers grow from the protein. Adapted

with permission from '°. Copyright 2014 Nature Publishing Group.
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1.3.3 Functionalization of amino acids

The most common amino acids used for direct attachment of polymers or
polymerization initiators to proteins are lysines and cysteines (Figure 1.1.2)."
Conjugation of lysines yields an amide bond between the protein and the attached
polymer or initiator (Figure 1.1.2a-c)."” Typical reagents for attachment of molecules
to lysines have following functional groups incorporated: N-succimidyl ester (Figure
1.1.2a), pentafluorphenyl activated ester (Figure 1.1.2b) or a carboxylic acid (Figure
1.1.2¢). The conjugation of functional molecules to cysteines results in disulphide
bonds or thioether connections, depending on the reactive group of the conjugation
partner.”” Molecules can be attached to cysteines by a thiol-disulfide exchange with
orthopyridyl disulphide, which results in the formation of a disulphide bond between

1528 Thioether formation

the protein and the attached molecule (Figure 1.1.2d).
between protein and synthetic polymers or polymerization initiators was achieved by
reaction of cysteines with molecules bearing a vinyl (Figure 1.1.2¢),"> maleimide

Figure 1.1.2f)">*** or vinyl sulphone functional group."
g ylsulp g
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Figure 1.1.2. Common functionalization strategies of lysines and cysteines in proteins. For lysines (a)
N-succimidyl esters, (b) pentafluorphenyl activated ester or (c) carboxylic acid in combination with 1-
ethyl-3-(3"dimethylaminopropyl) corbodiimide (EDC) for amidation in water. Conjugation to
cysteines is typically conducted by the reaction with (d) pyridyl disulfides, (e) vinyls, (f) maleimides
or (g) vinyl sulphones. Adapted with permission from °. Copyright © 2014 Nature Publishing Group.

For biomedical applications of protein-polymer conjugates, it is desirable to control
the stoichiometry between protein and polymer chains and also the site of
modification.”® This control is very difficult to achieve when lysines are intended to
be used for conjugation because they are ubiquitously present on proteins. Therefore,
alternative site-selective modifications are desired.”® One strategy for example is the
selective introduction of cysteines or amino acids with alkyne groups for alkyne-

azide ligation into proteins by genetic methods.'>*® Another example is the selective
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transamination of the primary amine at the N-Terminus by pydridoxal-5-phosphate
due to a different pKa-value (7.6-8.0) compared to the primary amines of lysines
(pKa 10-12).%* In addition, molecules can be conjugated to prolines by the reaction
with o-aminophenols™ and the binding to other amino acids (e.g. thyrosine) was also

6,15,28,29,31
conducted.” >

1.3.4 Controlled radical polymerization methods used for for

protein-polymer synthesis by a grafting-from approach

There are known issues of proteins in organic solvents like possible denaturation.
Thus, grafting-from syntheses have to be performed either in buffered solutions, pure
water or in water with the addition of an organic co-solvent (e.g. methanol, THF or
DMSO). There are three common ways of conducting controlled polymerization
reactions, either anionic polymerization®, cationic polymerization®' or radical
polymerization.”>*>*> Anionic or cationic polymerization can not be applied in
aqueous solutions due to the reaction of water with either carbanions or carbcations,

213% 1 addition, the

which results in a termination of the polymerization reaction.
polymerization initiators are inactivated by the reaction with water’'~* Thus, radical
polymerization methods were applied for the synthesis of protein-polymer
conjugates, because of the compatibility with aqueous solutions.'>**?>>* Controlled
radical polymerization is a method used for synthesis of polymers with low
polydispersity. The principle behind this technique is that it uses radicals instead of
cationic®' or anionic® charges to activate unsaturated double bonds in molecules
(vinyls, acrylates and methacrylates) allowing their interconnection and constant
growth into polymers. The two most common controlled, also named reversible-
deactivation, radical polymerization methods, which were applied for bioconjugate

32,39 .
=7 and reversible

synthesis are atom transfer radical polymerization (ATRP)
addition-fragmentation chain-transfer (RAFT) polymerization.”” ATRP is a radical
polymerization technique that uses a transition metal complex in its lower oxidation
state as catalyst in combination with an alkyl halide (R-X, wheras X = Cl, Br, I) to
generate radicals in a controlled way.”> The halides are can be bound bound to
primary, secondary or tertiary carbon atoms, which influences the reactivity and a

radical stabilizing group (e.g. ester, benzyl, cyanide).”’
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The ligands that form the transition metal complex together with metals (e.g. Cu,*

Fe,* Ru,"Ni*) usually contain nitrogen as ligating atom (Figure 1.1.3).**

R R R R R, /—\
| /
Rf“\/\N/\/” R R \/\N/\./N\/\ ~R ( j\ C i>

|
R R R / N N FN
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tpy (R=H) BPMPrA (R = Pr) TPMA TPEDA
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BPMODA (R = C4gH37)

Figure 1.1.3. Examples of nitrogen-containing ligands used in ATRP. Adapted with permission

from™. Copyright © 2007 American Chemical Society.

In ATRP the control over the molecular weight of the polymers relies on an
equilibrium between propagating radicals (Figure 1.1.4, right side) and a dormant
species (Figure 1.1.4, left side). The dormant species is the alkylhalide/polymer-X
(R-X/ Py-X). It reacts with the transition metal complexes in their lower oxidation
state (Mt"/L) with an activation rate constant (K.). In this reaction, a halogen
transfer from the dormant species to the lower oxidation state transition metal
complex (Mt"/L with e.g. Cu') occurs. This transfer causes the creation of a radical
on the alkyl halide/polymer, while in parallel, the transition metal complex is
transformed into its higher oxidation state (X-Mt™"'/L e.g. Cu") due to the binding of
the halide. The generated radical reacts with meth(acrylate) monomers in the
solution, which results in constant polymer growth. The halogen transfer is a
chemical equilibrium and thus reversible with a corresponding kgeact- The halide is
transferred back to the radical species and this back transfer interrupts the
polymerization process, until the dormant species/the polymer-halide is activated
again by the transition metal complex.”” The equilibrium is influenced by many
factors (e.g. metal-binding capability of the ligand, reactivity of the initiator and their

. . 22,39
concentrations as well as the choice of solvent)™
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kact

Pn-X + Mt"M/L P,* + X-MtT™+1/L

Kdeact QA) .
Ky X PP,

Figure 1.1.4. Schematic representation of the ATRP equilibrium. Adapted with permission from®.

Copyright © 2012 American Chemical Society.

In classical ATRP copper-catalyts are usually applied and the drawback is that
usually larger (e.g. equimolar) amounts of copper are used for the reaction. High
amounts of copper (several mM to M) can cause toxic reactions.* In order to reduce
the amount of copper in the synthesis of polymers and therefore make the procedure
more environmentally friendly, a polymerization method was developed that uses
low amounts (ppb) of copper. This method is called activators regenerated by
electron transfer atom transfer radical polymerization (ARGET ATRP).*® In ARGET
ATRP, a reducing agent is added to the reaction mixture (e.g. sodium ascorbate,
ascorbic acid, tin(IT)ethylhexanoate, glucose) (Figure 1.1.5).* The reducing agent
reduces the higher oxidation state catalyst, which is more stable in aqueous solution

and creates the active lower oxidation state catalyst.”

k.
RX + M"/L == mM™X/L+ R9+M

Kaeact
"
A
RR
ARGET Oxidized Agent + HX Excess Reducing Agent

Figure 1.1.5. ARGET ATRP equilibrium. Adapted with permission from®. Copyright © 2012

American Chemical Society.

Reversible-addition fragmentation transfer (RAFT) polymerization®’ is another
technique that is applied for protein-polymer conjugate synthesis.”® Instead of a
transition metal complex in combination with an alkyl halide like in ATRP, radical
formation is initiated by a free radical polymerization initiator e.g.
azobisisobutyrylnitrile (AIBN).* The control over molecular weight of the polymers
and their dispersity (D) is achieved by the addition of a reversible-addition
fragmentation transfer agent, which is typically based on trithiocarbonates,

dithiocarbamates or dithioesters.**>°
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In this thesis the focus was set on ARGET ATRP, due to difficulties with the
synthesis of a RAFT-transfer agent that could be coupled with proteins. Moreover, in
ARGET ATRP the copper amount in solution is lowered, which is beneficial for

biological applications of the conjugates.

1.4 Protein cages and synthetic polymers: A fruitful

symbiosis for bionanotechnology

This chapter will be submitted for publication as an invited review as: Rother M.,
Nussbaumer M. G., Renggli K., Bruns N., Protein cages and synthetic polymers: A
fruitful symbiosis for bionanotechnology, Chem. Soc. Rev., 2016

Polymers Protein cages have been investigated as e.g.

on the
exterior ..

templates for the synthesis of inorganic and
organic nanoparticles, as transporter for
biomedical applications or as nano reactors. In
this chapter, the recent developments in the field
of protein cages combined with synthetic
polymers are reviewed. Polymers can be
attached on the exterior to extend circulation
time of the nano vehicles and decrease immunogenicity and, in addition, to promote
cellular uptake. Polymers in the interior allow the implementation of higher densities
of cargo for biomedical applications and they allow the modulation of cage
structures that do not occur in nature. The interior of protein cages can be used as
reaction vessel for polymer synthesis. Moreover, synthetic materials in which protein

cages were integrated exhibit enhanced materials properties.

1.4.1 Introduction

Hollow nanoparticles play an important role in nanotechnology, materials science
and in the biomedical field because they can be used as nanoscale reaction vessels,’"

> as templates for the synthesis of nanostructured inorganic and organic materials®”

64 53,65-67

and as capsules for the delivery and controlled release of therapeutics.

Prominent examples for synthetic nanoscale objects are self-assembled block
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copolymer vesicles,”®"% lipid vesicles® or layer-by-layer polyelectrolyte capsules.”
While there is no doubt about the tremendous potential of these systems, they have
some limitations. It can be cumbersome to equip them with advanced functionalities,
and it is not possible to modify their shell site-selectively with, e.g. targeting ligands
or catalysts. Moreover, their wide size distribution can represent a problem for their
use as templates or in drug delivery. Nature provides us with a rich toolbox of
functional micro- and nanocompartments, e.g. organelles and lipid vesicles. Protein
cages, such as the iron storage protein ferritin, viral capsids or chaperonins, are

particularly interesting types of natural nanocompartments.>*>*’"""

The term ‘protein
cage’ describes a broad range of proteinaceous structures that share the common
feature that protein subunits self-assemble into hollow nanoobjects with at least one
cavity. These cavities are large enough to enclose e.g. inorganic nanoparticles,
nucleic acids and other proteins. Each kind of protein cage is uniform in size. Protein
cages are highly symmetric structures. Therefore, only a few different types of
protein subunits, but many copies of these subunits are needed to form them. For
example, ferritin is a hollow sphere with an outer diameter of approximately 12 nm
and an inner diameter of 7-8 nm that consists of 24 copies of a protein.”” The P22
bacteriophage capsid is 58 nm in diameter and assembled from 420 coat proteins.”
The interior of protein cages is accessible through pores that are located in between
protein subunits. These pores are well defined with respect to their size and
polarity.>* Moreover, some protein cages are dynamic structures that can be
assembled and disassembled on demand in response to external stimuli,”® or that
undergo conformational changes that open or close pores.”* A more detailed
description of the structure and biological function of various protein cages is given

in the first section of this review.

Protein cages are ideal building blocks for bionanotechnology because of their well-

defined size and structure. Moreover, they are non-toxic, biodegradable and many
exhibit chemical and thermal stability.”>">%%%!

Their pores and their intrinsic functionality make them attractive candidates for

applications ranging from nanoreactors to materials synthesis and drug

54,58,72-74,76-78,82-96

delivery. Their most prominent application is the use of viral capsids

97-98,99
as vectors for gene therapy.” ™

The unique feature of protein cages is, in comparison with synthetic nanocapsules or

lipid-based compartments, that their subunits can be modified at precisely known
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locations by genetic engineering'® or by chemical means.”*'*'"'’ Structures of many
protein cages have been resolved and are available in databases. Thus, it is possible
to tune the properties of protein cages by modifying them on their outside surface, on
their inside, i.e. on the surface that lines the cavity and at the interface between
subunits.">">'%*1% Genetic engineering of protein cage subunits allows insertion of
cysteines or non-native amino acids at a desired location in or on protein cages. As
protein cages consist of many copies of the same protein subunits, one genetic
modification will result in multiple copies of the modification distributed around the
protein cage, their location defined by the symmetry of the structure. Such point
mutations can act as specific attachment points for chemical conjugation'® of, e.g.
drugs, imaging agents, targeting moieties, (bio) catalysts, polymerization initiators

61,75,105,107-120

and polymers. Moreover, abundantly present amino acids such as lysine,

72,74,101,121,122 Th

can be chemically modified to introduce a high number of ligands. e

exterior of the protein cages represents an ideal surface for multivalent ligand
display. It was e.g. modified with cell targeting and penetrating moieties such as the
tripeptide RGD,''"'*® TAT peptide,'** LyP-1 peptide,'> EPCR-targeting peptide and

PAR-1-activating peptides,'> SP94 peptide,'*® folic acid,'” hyaluronic acid,'’
g pep pep y

128 129 130

biotin, ~ the trimeric decoration protein from bacteriophage L'~ and aptamers, ™ to

enhance uptake of the protein cages into specific cell lines and, in addition, with
nanoparticles”>'*"'** for nanomaterial synthesis. The interior surface offers the

61,62,120,133 90,134-136

possibility to bind catalysts, enzymes, nanoparticles,” "

107,110,112,145 119,123,146-148

therapeutic cargo and contrast agents into the protein cage.
Moreover, the interface between subunits can be modified to tune the stability of the
protein cages,' “or to change the permeability of the pores.”” Compared with
synthetic nanocapsules, protein cages offer many advantages. However, also some
drawbacks have to be mentioned. If intended for use as a drug-delivery vehicle, they
can be a source of immune reactions, because they are foreign proteins to the human
body."**"*! Moreover, bare protein cages might be rapidly cleared from circulation or

. . . 150,152
neutralized by antibodies.'*"**

It is not surprising that such problems were
addressed by attaching PEG chains to the outside of protein cages.'”>'** PEGylation
is a proven method to hide protein therapeutics from the immune system and to

increase their circulation time.'>

Thus, the combination of protein cage delivery
agents with synthetic macromolecules is highly beneficial. Other combinations of

protein cages and synthetic polymers have emerged in recent years, either to
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circumvent intrinsic shortcomings of the protein structures or to obtain
multifunctional hybrid systems that combine the best of two worlds, the possibility to
synthesize tailor-made functional polymers with the intriguing structure and

functionalities of protein cages. Thus, new concepts in

77,102,114,148,156-160 74,75,77,81,101,104,111,113-

biomedical applications
52,61,62,77,102,158,166-177

bionanotechnology,

153,161-165 . . .
3153, can be pursued. This review will

or materials science
summarize the emerging field of protein cage polymer hybrids. After an overview of
the structure and function of several protein cages, it will cover the modification of
the exterior surface of protein cages with polymers, embedding protein cages into
polymeric materials, the adsorption of protein cages onto polymeric surfaces, the
encapsulation of polymers into protein cages and the synthesis of polymers within
protein cages (Figure 1.2.1). The reader will be introduced to the basic concepts, and
potential fields of applications will be highlighted. The focus is set on the beneficial
combination of protein cages and synthetic polymers. Reports on preparation
methods of protein-polymer conjugates with either synthetic polymers or natural
polymers (e.g. glycopolymers, peptides, poly(nucleic acids) and their applications

. : 3,15,28,29,31,178-180
have been nicely summarized elsewhere.™
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Figure 1.2.1. The symbiosis of protein cages with synthetic polymers creates many opportunities for

nanobiotechnology. This scheme summarizes the main approaches to combine protein cages with

polymers and highlights properties and applications of the resulting protein—polymer hybrids.

1.4.2 Structure and properties of protein cages

1.4.2.1 General aspects

Protein cages can be categorized into non-viral cages and virus-like particles

(VLPs).”'*!182 Examples of non-viral protein cages are ferritins,'®® vaults,'* heat-

185,186 108,190,191

. . 187.1 . 1 .
shock proteins, chaperonins, *”'® lumazine synthase,'™ encapsulins

. . 192-194
and bacterial microcompartments.'”>"’

Most of these protein cages are roughly
spherical in shape. Their size ranges from 9 nm for the spherical DNA-binding
protein of starved cells (Dps)’> to bacterial microcompartments with a diameter of

80—150 nm."*"** Viruses occur in various morphologies. For example the tobacco
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195

mosaic virus (TMV) ™ and the M13 bacteriophage are rod-shaped viruses, while

196,197 197,198

cowpea mosaic virus (CPMV),
2199,200

cowpea chlorotic mottle virus (CCMV),
bacteriophage MS and adenovirus (Adv)*'?” have icosahedral, i.e. quasi-
spherical structures. Rod-shaped viruses have been extensively investigated as
templates for inorganic and polymeric materials.''®****" However, as they do not
feature a large internal cavity, they are not protein cages in the sense of this review
and therefore will not be covered in detail. Icosahedral viral capsids tend to be larger
than non-viral protein cages. Their diameter ranges from approximately 14 nm to 880

m.”192% [cosahedral viruses can be described with a symmetry triangulation
number 7 due to their high symmetry. Caspar and Klug developed this concept of a
specific number of protein repeating units that form regular viruses.””*'° VLPs are
derived from native viruses, but lack encapsulated viral DNA or RNA."" VLPs can
have the same structure as the native viral capsids, but may also differ in
morphology, size and number of subunits.

Most protein cages have static pores in their protein shell at the interface between

subunits. These pores range in diameter from 0.4 nm for ferritin,>'' over

approximately 3 nm for heat-shock proteins*'>*"

to 10 nm for the P22 capsid in its
wiffle-ball (WB) structure.”'* These pores connect the interior cavity of the proteins
with the exterior environment. Small molecules (e.g. ions, water, organic molecules)
can diffuse through them. Thus, the pores act as size-exclusion gates because
molecules bigger than the pore size cannot enter the cavity.””*'> As some pores
carry electrostatic potentials or are lined by hydrophobic residues, they can also

discriminate between molecules according to their polarity and charge.”

At first sight, protein cages are often perceived as static structures. However, many
protein cages are dynamic in nature. Some VLPs (e.g. CCMV) reversibly increase in
size in response to external stimuli, e.g. a change in pH or the presence of metal
ions.”*"?*21%217 This process is caused by subunits moving along symmetry axes to
larger radii and the concurrent cleavage and formation of contacts between
subunits.'”® Tt is referred to as swelling as the VLP expands, although this term has a
different meaning in material sciences. Swelling of protein cages causes their pores
to widen, thus enabling a better mass transport across their shell. Some protein cages
(e.g. CCMV, ferritin and thermosomes) can be disassembled into their subunits and

218-225

reassembled into the full cage by pH changes. This process can be exploited to

encapsulate guests that are too large to fit through the pores in the wall of the cage.**’
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Chaperonins such as the GroEL-GroES complex, mammalian TRIC/CCT and
archaeal thermoses have actively gated pores that open and close, using ATP as the
energy source.””**® This active gating allows these protein cages temporarily to
encapsulate guests such as unfolded proteins. Interestingly, the open—close cycle of
chaperonins can be blocked and the proteins locked into a closed conformation by

ATP derivatives that mimic the transition state of ATP hydrolysis.”*

A great variety of protein cages exists and only a subset has been explored as
functional nanoparticles for applications in nanotechnology, drug delivery and
functional materials. For a comprehensive overview of protein cage structures,
functions and applications, we would like to refer the reader to several excellent

54,72,73,78

reviews published on this topic. Here, we will describe those protein cages in

detail that have been used in conjunction with polymers.

1.4.2.2 Non-viral protein cages

1.4.2.2.1 Ferritin

Ferritins are non-viral protein cages that are ubiquitous in animals, plants and
bacteria (Figure 1.2.2b). Their natural function is the biomineralization of Fe** to
Fe,03°H,0, i.e. to store iron in a bioavailable and safe form. They play an important
role in iron level regulation and in protection against oxidants. Moreover, they
promote recovery from oxidative stress and help an organism to fight diseases in
which iron accumulates.'™ Mammalian ferritins consist of 24 protein subunits that
form a spherical cage with an outer diameter of 12 nm and an inner diameter of 8
nm.”'"*** Along the threefold symmetry axes eight hourglass shaped channels with a
diameter of 0.4 nm, a constriction diameter of 0.33 nm and a length of 1.5 nm
connect the cavity with the outside, so that Fe*" ions can enter and exit the protein
cage. Moreover, six hydrophobic channels exist at the fourfold axes, which are also
approximately 0.4 nm wide. Native ferritins encapsulate an iron(IIl) oxide
nanoparticle that can be easily dissolved by appropriate reagents such as solutions
containing [S204]*", a mixture of nicotinamide adenine dinucleotide (NADH) and
flavin mononucleotide (FMN) or dithiothreitol (DTT).'® The empty cage is called
apoferritin (apo-Fr). Ferritin and apoferritin are robust nanoparticles, i.e. they
withstand temperatures up to 85 °C,*' pH ranges from 2.0-9.0 and exposure to 6 M

232

guanidine at pH 7.”° Moreover, ferritins are readily available by extraction from

natural sources, by recombinant expression or through commercial suppliers. Thus,
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they are popular protein cages and have been used in a variety of studies ranging

from drug delivery to template nanoparticle synthesis and nanoreactors.”®’’

1.4.2.2.2 Heat-shock proteins

Cells express heat-shock proteins (Hsps) at an increased level when they are stressed,

e.g. at elevated temperatures (Figure 1.2.2a).'%'%

Many Hsps are chaperones, i.e.
they help to refold (partially) unfolded proteins, or they stabilize newly formed
proteins. Therefore, they play an important role in protecting cells from
environmental or physiological stress. Some Hsps have a cage-like structure. For
example, small heat-shock protein (sHsp) from Methanococcus jannaishii consists of
24 protein subunits that self-assemble into a hollow sphere.”>” It has a diameter of 12

nm and a cavity that is 6.5 nm in diameter.”'?

Eight pores with a diameter of 3 nm
along the threefold symmetry axes and six pores with a diameter of 1.7 nm along the
fourfold axes make the interior of the protein cage accessible for small organic

118,160
molecules. ™

1.4.2.2.3 Chaperonins

Another subclass of chaperones are chaperonins (Figure 1.2.2d).'***

They are
cylindrical protein complexes that feature so-called folding chambers. Non-native
proteins refold within these cavities, while being protected from interactions with
other unfolded proteins. Chaperonins are classified as group I and group II
chaperonins according to their structure and origin. Group I chaperonins feature a
detachable co-chaperonin as a lid that closes the cavity, whereas group II
chaperonins have a proteinaceous lid build into their structure.'****¢****% Type 1
chaperonins (e.g. GroEL-GroES complex from Escherichia coli) occur in bacterial
cytosol, chloroplasts and mitochondria, and type II chaperonins are present in
archaeal cytoplasm (e.g. thermosome from the archaea Thermoplasma acidophilum
(THS)) or in eukaryotic cytosol (e.g. TRiC/CCT). THS is the only chaperonin that
has been modified with polymers or used as a nanoreactor for polymerization. Two

eight-membered rings with alternating « - and J3 -subunits and pseudo-eightfold

symmetry stack to form a cylindrical particle, i.e. THS in its fully open
conformation. The fully closed conformation resembles a sphere with a diameter of

approximately 16 nm.*”

Each hemisphere encloses an ovoid cavity of approximately
5.4 x 8.6 nm” and a volume of approximately 130 nm’. The cavities are large enough

to host globular proteins with a molar mass of up to 5 x 10* g mol™'.*** In contrast to
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most other protein cages, chaperonins have large pores that allow proteins,”***

61163 and inorganic nanoparticles®” to enter and exit the

synthetic macromolecules
cavities. In the case of THS, this pore is approximately 8—10 nm wide and gated by
helical pertusions of the subunits.'*****’ Under consumption of ATP, the subunits

undergo concerted conformational changes that close and open this built-in lid.**"***

1.4.2.2.4 Vault particles

Vault particles (VPs) are ribonucleoprotein particles that occur in higher eukaryotes
(Figure 1.2.2k).>****! The name of the particle describes its barrel-like architecture,
which resembles a vault ceiling of a gothic cathedral. Their size is 41 nm in diameter
and approximately 73 nm in length.*** VPs are assembled from the major vault
protein (MVP) with a mass of 1 x 10° g mol, the 1.93 x 10° g mol' vault
poly(ADP ribose) polymerase (VPARP), the 2.4 x 10° g mol ™' telomerase-associated
protein 1 (TEP1) and RNA, resulting in an overall molar mass of about 1.3 x 10’ g
1 241

mol . The function of VPs is unclear, but some studies suggest that they are

involved in the protection of cells from toxins.***

1.4.2.2.5 Pyruvate dehydrogenase complex

The eukaryotic pyruvate dehydrogenase is the largest multienzyme complex known
(Figure 1.2.2¢).*" It converts pyruvate into acetyl-CoA and therefore links the
glycolysis cycle with the tricarboxylic acid cycle. The complex consists of about 22
pyruvate dehydrogenases (E;) and about six copies of dihydrolipoamide
dehydrogenase (Es) that form a shell around a 60-mer complex of dihydrolipoamide
acetyltransferase (E;). The E, core is 24 nm in diameter and has pentagonal
dodecahedron morphology, i.e. 12 pentagons form a spherical hollow particle.*** The
cavity has a diameter of 12 nm. Small organic molecules can access its interior
through 12 5.2 nm wide pores along the fivefold symmetry axes. The E, core is
stable without the E; and E; proteins and can therefore be used as a protein

245
nanocapsule.

1.4.2.3 Virus-derived icosahedral protein cages

1.4.2.3.1 Adenovirus

The human adenovirus (Adv), discovered in 1953,>*" is a non-enveloped, double-

stranded DNA (dsDNA) virus with a molar mass of 1.50 x 10° g mol™' (Figure
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1.2.2j). It measures about 95 nm from vertex to vertex.’*>**"*%

The capsid is
assembled into a pseudo 7" = 25 icosahedral symmetry by three main proteins
(capsomers): 720 subunits that form 240 hexon trimers, 12 pentagon-shaped penton-
base pentamers that are all centred on the vertices of the cage, and 12 fibre trimers,

which are interconnected with the penton-base pentamers.>*>*"**®

The cage is
composed of 20 facets and each facet is assembled from 12 hexon trimers and one
penton-base at each vertex.**’ Every penton-base has a central pore of 5 nm, which
allows the insertion of the fibre shaft protein domain.**’ The fibre trimers are

responsible for interaction of the virus with host cells.**”***

They have a length of 9
nm.**’ In addition, four minor proteins (IIla, VI, VIII and IX) are incorporated into
the capsid.’”> The minor proteins form networks of interactions, which provide
additional stabilization to the cage.”’*** On each facet, a network of nine capsomers

202

is formed and on each vertex there is a network of six capsomers.” The minor

proteins keep them together.””> Human Adv is non-oncogenic and is therefore used in

gene and cancer therapy.** >

1.4.2.3.2 Cowpea mosaic virus (CPMYV)

CPMV is a member of the genus Comovirus in the virus family of Comoviridae
(Figure 1.2.2¢).”> Two single-stranded RNA molecules are encapsulated in its
cavity.”> CPMV is a non-enveloped virus with a diameter of approximately 30
nm.”* The capsid is composed of two different types of subunits, small subunits that
are composed of the A-domain and large subunits that are formed from the B + C

. 254
domains.

Those subunits form pentons (A-domain) and hexons (B + C domains)
that assemble around the single-stranded RNA into an icosahedral cage with a
pseudo T = 3 structure.”* Channels of 2 nm in diameter enable the exchange of
molecules from the exterior to the interior.”>> The empty capsid has a molar mass of
3.94 x 10° g mol'.** CPMV is a plant virus, therefore it has no biological hazard
towards other organisms.”* In addition, it is stable at various conditions. For
example, the cage is stable for more than two weeks in a solution containing 20%

DMSO. At 50% DMSO content, the half-life of the cage is still several hours.”>* This

property allows the introduction of relatively hydrophobic molecules into the cage.

1.4.2.3.3 Brome mosaic virus (BMV)

BMYV is very similar to cowpea chlorotic mottle virus (Figure 1.2.2f). The virus,

which has a diameter of 28 nm and 7 = 3 symmetry, is composed of 180 identical
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polypeptides with different conformations (A, B and C conformation subunits).**°

Pentameric capsomers are formed from the A subunits. The B and C subunits form
hexameric capsomers.””® Small pores of 0.5 nm in diameter are present in the
pentamers and 0.6 nm in diameter in the hexamers.”® The cage structure is mainly
created by protein—nucleic acid interactions of the positively charged inner cavity of
the capsid with the negative charges of the encapsulated single-stranded RNA.**°
Interactions between single capsid subunits are weak; therefore the RNA is necessary
for the stability of the cage. At pH < 6.0 and in the presence of Mg®" ions, the cage
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structure is in its native state.” If conditions are changed (e.g. the pH is increased to

7.0) structural transitions of the cage occur that can result in the complete
disassembly of subunits and release of RNA.*® Disassembled subunits can be
assembled into different morphologies as well as empty icosahedral cage structures

(T=1 and T = 3) at defined conditions.”’

1.4.2.3.4 Broad bean mottle virus (BBMYV)

BBMYV is an icosahedral RNA-virus composed of 180 protein subunits, which is

composed of approximately 190 amino acids and has a molar mass of approximately
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2 x 10* g mo The subunits are arranged as pentamers and hexamers that

form a T = 3 capsid structure.”® The external diameter of BBMV is approximately

26 nm and a central pore of 10-12 nm is integrated in the capsid.”>**

1.4.2.3.5 Bacteriophage A procapsid

The icosahedral bacteriophage A procapsid is the head of the bacteriophage 2,

which is missing its flexible, approximately 150 nm long, tail that is used for
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injection of viral dsDNA into the bacterial host (Figure 1.2.2h).”" The capsid is

composed of 405 capsid proteins that are arranged to capsomers, which form a virus
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with a triangulation number 7 = 7.7° The immature procapsid has a diameter of

263 The immature

263
d.

approximately 54 nm with a shell thickness of approximately 7 nm.
procapsid expands after dsDNA encapsulation in the capsid to the mature capsi
The external diameter increases to approximately 63 nm and the shell thickness

decreases to 4 nm.*®

In addition, the structure changes from a spherical shape to an
icosahedral shape. As a result of DNA packaging, the inner pressure increases. A
cement protein is implemented into the capsid structure to prevent the disassembly of
the capsid caused by the internal pressure.”®> Pores of 1.5-2.0 nm in diameter are

261
present on many of the mature capsomers.
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1.4.2.3.6 MS2

The MS2 bacteriophage is an icosahedral virus with encapsulated single-stranded
RNA (Figure 1.2.21).""" It only infects E. coli bacteria.'”® The protein shell, with 7 =
3 symmetry, is composed of 180 polypeptide chains (A, B and C chains), which have
a molar mass of approximately 1.37 x 10* g mol™' and are arranged as 60 triangular

199200 The viral capsid has a diameter of approximately 28 nm*”’ and

monomer units.
its shell has a thickness of 4 nm."”” Channels of 1.6 nm in diameter are distributed all
over the capsid.*® In contrast to many other icosahedral viruses, the stability of the
capsid is not primarily based on protein—nucleic acid interactions.'” The self-
assembly mechanism is mainly controlled by dimer—dimer contacts of the

polypeptide chains. Therefore, RNA is not necessary for coat protein assembly."””

1.4.2.3.7 QP bacteriophage

The QS bacteriophage is an icosahedral RNA bacteriophage with 7 = 3 quasi-
symmetry that, like MS2, infects E. coli bacteria (Figure 1.2.2h)°%* It is

approximately 25 nm in diameter. Like MS2, it is composed of capsid proteins with
different conformations (A, B, C coat proteins).”** The empty capsid has a molar
mass of 2.7 x 10° g mol". It is composed of 180 coat proteins that are arranged as 12
pentamers and 20 hexamers.*®> The viral capsid features pores of approximately 2.5
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nm in diameter.”” The capsid is formed by hydrophobic interactions between the

subunits and, in addition, is stabilized via disulfide bonds between the subunits.”** As
in the case of MS2 bacteriophage, RNA is not necessary for capsid assembly.>®
Depending on the conditions, it is possible to form rod-like structures from the

spherical Q 8 bacteriophage.**

1.4.2.3.8 P22 capsid

P22 is a dsDNA phage that infects Salmonella bacteria (Figure 1.2.21).>*" The mature
virion is developed through several maturation processes. The metastable procapsid
with an external diameter of 58 nm and a 7'= 7 triangulation number is the first form

. 268,269
in the development process.”

It is assembled from 420 copies of a coat protein
(CP) with molar mass 4.66 x 10* g mol”' and about 300 copies of a scaffolding
protein (SP) with molar mass 3.36 x 10* g mol'.*® The CPs are assembled to
pentons and hexons.*®”® The SP aids the CP in capsid formation. After DNA insertion

into the capsule, the SPs are removed. Insertion of DNA leads to an expansion of the
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cage structure to 64 nm and, in addition, the thickness of the capsid wall decreases.
The hollow procapsid, i.e. the empty cage structure (ES), can be created by removing
the SP with guanidine hydrochloride. Heating of the empty P22 procapsid shell to 65
°C expands the cage from 58 nm to 64 nm, forming the expanded capsid (EX).*'**%
The mature capsid possesses a portal that is composed of 12 protein copies.”’”’ The
portal is used for DNA insertion into the capsid.””® The narrowest part of this portal
channel is 2.5 nm in diameter.””° Moreover, because of the maturation process, small

148 at the centre of the hexons occur.'*® Additional

openings of approximately 2.0 nm
heating of the expanded structure to 75 °C releases 12 penton subunits, creating the
P22 WB structure.”'*** It has the same size as the expanded cage but with additional

larger pores that have a diameter of 10 nm.**’

=7

Wil

Figure 1.2.2. Structures of protein cages and viruses found in nature. (a) small heat-shock protein
(HSP) (PDB: 1SHS),”” (b) apoferritin (PDB: 1DAT)*"" (c) pyruvate dehydrogenase multienzyme
complex (PDB: 1EAA),””" (d) thermosome (THS) (PDB: 1A6D),”’ (e) cowpea mosaic virus (CPMV)
(PDB: INY7), (f) brome mosaic virus (BMV) (PDB: 1JS9),”® (g) cowpea chlorotic mottle virus
(CCMV) (PDB: 1CWP),"® (h) bacteriophage lambda (rendering of similar bacteriophage Q beta PDB:
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1QBE),** (i) bacteriophage MS2 (PDB: 2MS2),** (j) human adenovirus (Adv) (PDB: 1VSZ),** (k)
vault particle (PDB: 4V60),””> (1) bacteriophage P22 (PDB: 2XYY).”” Structures were rendered

using the Chimera program.*’*

1.4.2.4 Biodistribution of protein cages

Because many studies with protein cages aim to use them as nanosized drug-delivery
systems, it is worthwhile to review briefly their fate in vivo. In a study by Young and

19 the biodistribution of two protein cages, namely CCMV and Hsp, was

co-workers,
analysed. Even though CCMV and Hsp differ in size (28 nm vs. 12 nm), in structure
(icosahedral vs. octahedral) and in sequence, both protein cages showed a similar
biodistribution in naive and immunized mice. The reason could be their similar
charge at neutral pH. Within one hour of intravenous injection, the protein cages
were rapidly distributed and found in the majority of the organs. The protein cages
translocated rapidly and easily through the tissues and extravasated from the
circulatory system to the interstitial space, then further to the lymphatic system and
eventually again into the vascular system. After 24 h, the majority of the protein
cages were cleared from the mice, without any mortality. In contrast, similar studies
with CPMV showed deposition of this protein cage in certain organs for up to 72
h.*"#* CCMV and Hsp showed immunogenicity and induced IgG and IgM
response. However, such side effects, which also occur with other therapeutic
proteins, could be overcome with PEGylation or other shielding strategies (vide
infra).” In general, protein cages are suggested as safe, non-toxic and biocompatible

drug-delivery platforms.'**'>

1.4.3 Protein cages with a polymer corona: Polymers bound to

the outside of protein cages

Protein cages can be easily modified with polymers on their outside, as their surface
is freely accessible for reagents from solution. Not surprisingly, conjugates of protein
cages and polymers have been synthesized by many of the well-known methods to

1329277281 quch as the binding of preformed

prepare protein—polymer conjugates,
polymer chains to proteins via chemical linkers (grafting-to approach), the growing
of polymer chains from protein-bound initiators (grafting-from approach), and the
non-covalent binding of polymers to proteins, e.g. through multiple electrostatic

interactions. Reasons to modify the exterior surface of protein cages with polymers
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are to lower their immunogenicity and antigenicity, to increase the protein particles’
circulation time in the body, to stabilize and protect protein cages against degradation
by proteases and other degrading enzymes and to decrease protein—protein
interactions."”> Moreover, polymers can be used as flexible spacers to bind targeting
molecules to the proteins to enhance the interaction of these targeting ligands with
receptors on the surface of cells.'”**?* As polymers can be designed to feature
multiple copies of functional groups along their structure, they can be used to bind a

high number of contrast agents or drug molecules on the exterior of protein cages.**

PEGylation, i.e. the conjugation of poly(ethylene glycol) (PEG) to proteins and other
(macro)molecules, is widely used to ‘mask’ nanoparticles, proteins and drugs from

286,287
“*" Moreover,

the immune system, thus effectively reducing their immunogenicity.
the presence of PEG increases their hydrodynamic radius and therefore prolongs
their circulation time. As PEG is biocompatible, non-toxic and FDI-approved,

several PEGylated drugs have successfully been introduced to the market.”****° Th

e
scientific state-of-the-art of PEGylated nanomedicines was recently reviewed by

Vllasaliu et al.'>

Examples of protein cages that were PEGylated are CPMV,">>">**! CCMV,*? the
MS?2 bacteriophage,”®*"* Adv," *'**** ferritin®>**® and the dodecahedral scaffold
of E2 subunits from pyruvate dehydrogenase.””’ The chain length of PEG plays an
important role in the effectiveness and behaviour of PEGylated protein cages. For
example, modification of CPMV with PEG of a molar mass of 1 x 10° g mol™' did
not inhibit the uptake of the viral capsids into human colon adenocarcinoma cells,
while PEG with 2 x 10’ g mol™" effectively prevented the capsid from interacting
with these cells, possibly because the longer polymer shielded key interacting
regions on the surface of the capsid or because the longer PEG created a sufficient

'3 In addition to chain length, the number of

hydration shell around the protein.
polymer chains per protein subunit, i.e. the modification ratio, plays an important
role in the interactions of PEGylated protein cages with cells and in the immune
response they create in vivo. This was investigated by Nakagawa and co-workers
using Adv.'® They PEGylated Adv (PEG-Adv) with 5 x 10’ g mol' PEG with
various modification ratios (30%, 45% and 90%) and investigated their anti-Adv
antibody and anti-tumour response. To this end, unmodified Adv and PEG-Adv were

administered to rats. The level of anti-Adv immunoglobulins was determined.

Immunoglobulin levels were similar when unmodified Adv and PEG—-Adv with 30%



26 Chapter 1

or 45% modification ratio were administered, while PEG-Adv with 90%
modification ratio caused a significantly lower immune response. In addition, PEG—

Adv with 90% PEGylation promoted expression of tumour necrosis factor- « and

lowered the amount of metastatic colonies in the lung compared with unmodified
Adv. In conclusion, a higher PEG density on Adv can reduce the number of

antibodies against Adv and improve its efficacy against metastatic cancer.

PEGylated protein cages were also modified with targeting groups to promote
specific binding and uptake into cells. PEG-Adv was additionally modified with

282,298 TR .
% ‘monoclonal antibodies™* or cancer-targeting

protein subunits from enzymes,
peptide chains®**** for active targeting strategies. Transferrin-modified PEG chains
were grafted to lysines on the exterior of bacteriophage A procapsids ( A -PEG-TT).

The aim was to target transferrin receptors, which are overexpressed in some cancer

109,300

cells. The Tf modification resulted in an enhanced uptake of the capsid by cells

expressing the Tf receptor.

Francis and co-workers explored the bacteriophage MS2 as a multifunctional drug-
delivery platform.*****> They bound fluorescein into MS2 and grafted PEG to the
outside of the capsid. By using PEG that carried biotin or a fluorescent coumarin at
one chain end, PEGylated capsids were obtained that displayed small organic
molecules as models of targeting ligands.”® The fluorescently modified MS2 allows
tracking of its cellular uptake in cell-based assays. To demonstrate the potential of
MS2-PEG capsids as delivery agents in in vivo applications, MS2 was modified on
its interior surface with DOTA chelators that were labelled with **Cu.*”* The protein
was administered to mice. Its biodistribution was imaged by positron emission
tomography—computed tomography (PET-CT) and measured by gamma counting of
organs. PEGylated MS2 showed less cellular uptake into the spleen than bare MS2,

but otherwise the biodistribution of the two types of capsids was similar.

In addition to the in vitro, ex vivo'”® and in vivo™' advantages of PEGylated protein
cages in biomedical applications, PEGylation can also be used to modulate the
adsorption of protein cages on solid surfaces. PEGylation of ferritin reduced the
adsorption of the protein onto silicon wafers and onto wafers that were modified with
3-aminopropyltrimethylsiloxane.””® Moreover, the amount and chain length of PEG

grafted onto ferritin influenced the adsorption behaviour of the protein cage.
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Only a few research laboratories synthesize PEG in-house due to the difficult and
dangerous handling of its monomer, ethylene oxide. Moreover, PEG cannot be
synthesized in the presence of proteins because anionic polymerizations are not
compatible with the functional groups of proteins. If ethylene glycol-based polymers
with tailored properties need to be synthesized, it is more convenient to polymerize
acrylates or methacrylates that have a PEG side chain. Wang and co-workers were
the first to synthesize poly(oligoethylene glycol methacrylate) (poly(OEGMA)) by
atom transfer radical polymerization (ATRP) from protein cage-bound initiators.**
To this end, lysines on the exterior of apoferritin were chemoselectively modified
with ATRP initiators via N-hydroxysuccinimidyl (NHS) ester conjugation. In a
similar approach, reported by Hu et al., a NHS ester-functionalized ATRP initiator
was attached to the exterior of ferritin and poly(OEGMA) chains were synthesized

9 In addition,

by a grafting-from approach with CuBr/bipyridine as catalyst.
conjugates of poly(methacyryloyloxyethyl phosphorylcholine) (poly(MPC)) and
ferritin were prepared. Poly(MPC) is a zwitterionic polymer that is hydrophilic and
biocompatible. As expected for a controlled radical polymerization, the length of the
polymer chains on ferritin increased with an increasing monomer:initiator ratio
[M:I]. Moreover, the diameter of the ferritin—polymer conjugates increased with a
higher [M:I]. The diameter of native ferritin was measured as 12.9 + 0.8 nm, while
for ferritin—poly(OEGMA) with [M:I] = 100:1 the diameter was 18.9 = 0.8 nm and
for ferritin—poly(MPC) with the same [M:I] the diameter was 19.4 + 1.2 nm. The
polymers cover the surface of the protein cage, as shown by in vitro antibody
recognition experiments. Both types of polymers reduced the amount of anti-ferritin
antibodies that could bind to the protein nanoparticles by more than 80%. This is
very important for drug-delivery applications, as the polymers would shield the
ferritin from the immune system.

Poly(oligoethylene glycol methacrylate) was also synthesized on the exterior of the
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bacteriophage Q 8 by Finn and co-workers (Figure 1.2.3).” The protein cage has

720 surface-accessible amine groups of which 180 + 30 were modified with an azide-
functionalized N-hydroxysuccinimide. Using click chemistry, a triglyme-based
ATRP initiator with an alkyne end group was bound to the azides on the protein,
followed by polymerization of OEGMA and OEGMA-N3. The azide-functionalized
monomer allowed further modification of the resulting polymer. The polymer coat

increased the diameter of the VLP from 14 nm to approximately 24 nm. To show
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potential applications of the protein—polymer conjugate, poly(OEGMA-N3) on the
VLP was modified by click chemistry with gadolinium chelating groups (Gd-
DOTA). The resulting bacteriophage Q S —poly(OEGMA-Gd-DOTA) could be used

as a magnetic resonance imaging (MRI) contrast agent. Its high loading capacity
gave better contrast than established contrast agents. In addition, a doxorubicin (Dox)
derivative that contained an alkyne group for click reactions and a hydrazine moiety

for acidic cleavage was bound to Q 3 —poly(OEGMA-N3) with the aim of using the

hybrid particle as a pH-responsive anti-cancer drug. The Dox-carrying protein—
polymer conjugate had a similar cytotoxicity on HeLa cells to free Dox, which
proves its anti-cancer activity. Further studies could explore the VLP—polymer

conjugate for imaging applications and targeted drug delivery.
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Figure 1.2.3. Polymerization on the exterior of bacteriophage QP bacteriophage and the
characterization of the conjugates. (a) Schematic view of grafting-from ATRP on the exterior of
bacteriophage Qp and post-attachment of doxorubicin onto the polymer chains. Characterization of
conjugates: (b) Size exclusion chromatographs of QB VLP (1), Qf VLP with poly(OEGMA) (8) and
QB VLP with poly(OEGMA-N3) (9). (c) and (d) Transmission electron micrographs of (8) and (9).
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Scale bar is 200 nm. Adapted with permission from **. Copyright © 2011 American Chemical

Society
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While PEGylation with PEG or with poly(OEGMA) remains the most popular
method to modify proteins and protein cages with polymers on their outside, it has

155

some disadvantages. °° PEGylated particles sometimes experience lower uptake by

303,304

targeted cells. In addition, recent studies indicate that the immune system can

395 This can

recognize PEG, as evidenced by the discovery of anti-PEG antibodies.
result in an enhanced clearance of PEGylated particles and raises concerns about
their immunogenicity.’’® Moreover, chemical modifications are mostly restricted to
the chain ends of PEG due to the nature of its polymerization. To overcome these
drawbacks of PEGylation, other polymers have been bound to the exterior surface of
protein cages. Poly(2-alkyl-2-oxazolines) (POX) are considered to be good
alternatives to PEG.’”” The properties of poly(2-alkyl-2-oxazolines) make them

suitable for biomedical :»,1pplicati0ns.308’309

They can be synthesized in a well-defined
manner by living cationic polymerizations, their chemical composition and
properties can be easily adjusted during synthesis, e.g. by selecting the hydrophilic 2-
methyl-2-oxazoline or the less polar 2-ethyl-2-oxazoline. =~ Moreover,
copolymerizations with functionalized oxazolines can introduce functional groups
into the polymer. Finn and co-workers bound poly(2-alkyl-2-oxazolines) on the
surface of the bacteriophage Q 3 by single-point attachment, and via multiple points,
using copper-catalysed azide—alkyne cycloaddition click chemistry (Figure
1.2.42)" For single-point attachment, propargyl-poly(2-methyl-2-oxazoline) or
propargyl-poly(2-ethyl-2-oxazoline) were synthesized that featured a single alkyne at
the chain terminus. For multiple-point attachments, copolymers of 2-methyl-2-
oxazoline or 2-ethyl-2-oxazoline, and 2-(pent-4-ynyl)-2-oxazoline were prepared.
The polymers were furthermore end-functionalized with an amine group to attach
targeting molecules or fluorescent dyes to the polymer chains. The surface-exposed
amines of the VLP were derivatized with azido-N-hydroxysuccinimide ester and the
polymers were conjugated to these functional groups. With an increasing ratio

between polyoxazolines and Q S, the diameter of the protein—polymer conjugates

increased from 27 nm (no polymer) to a maximum of approximately 38 nm, i.e. a
polymer shell of up to 5 nm thickness formed around the protein particle. Multi-point
attachment of polymers increased the thermal stability of the protein cage to more
than 100 °C, while VLPs that had polymer chains attached at single points
disassembled into protein subunits. Unmodified VLPs unfolded at these temperatures

(Figure 1.2.4b). These results indicate that cross-linking of the protein subunits by
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polymer chains stabilized the assembly of subunits. The protein—polymer core—shell
particles could be of interest in materials and biological applications if heat-resistant
protein cages are desired. It remains to be elucidated, however, if the modification
with poly(2-alkyl-2-oxazoline) increases the biocompatibility of the protein cage and

how this modification compares with PEGylated VLPs.
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Figure 1.2.4. Different strategies of polymer attachment to Qp bacteriophage. (a) Schematic view of
single-point and multiple-point attachment of oxazoline polymers on the exterior of Q bacteriophage.
(b) By attaching poly(oxazolines) via multiple-point attachment, the cage structure remains stable
upon heating above 100 °C, while the QB VLPs without multiple-point attached polymers were
disrupted. Left side: Comic representation of the description. Right side: TEM image of intact and
stabilized Qp bacteriophage (top). TEM image of disrupted QP protein cages (bottom). Scale bars are
200 nm. Adapted with permission from *'°. Copyright © 2011 WILEY-VCH Verlag GmbH and Co.
KGaA, Weinheim.

Poly(N-isopropylacrylamide) (PNIPAAm) is the most commonly used temperature-

h.3"312 It has a lower critical solution

responsive polymer in biomedical researc
temperature (LCST) of 32 °C,*'**"* j.e. it transforms from a water-soluble polymer at
room temperature to a water-insoluble polymer at body temperature. This is a useful
property for many drug-delivery applications. Maynard and co-workers synthesized
PNIPAAm with a cysteine reactive pyridyl-disulfide group at one polymer chain end
and a dansyl group for UV—vis spectroscopic analytical purposes on the other chain

end by RAFT polymerization (Figure 1.2.5). This polymer was grafted to the surface
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of a cysteine-rich variant of the vault protein cage to create temperature-responsive
polymer—protein cage conjugates.’'* The LCST of the hybrid was 35.9 °C, whereas
the unmodified vault had no LCST. Heating the conjugate to 40 °C resulted in the
formation of micrometre-sized aggregates. The aggregation was reversible. Upon
cooling, the aggregates redissolved completely. Moreover, the protein structure
stayed intact during the heating and cooling process. This heat-responsive vault—
PNIPAAm conjugate could find application in cancer treatment. Local heating of

cancer tissue could cause the conjugate to agglomerate and concentrate in cancer

; . 315,316
tissue, to release therapeutic cargo locally from the vault.” >
é pNIPAAmM Conjugation i
Vault sl Thermo-Responsive

Vault-pNIPAAmM Conjugate

Figure 1.2.5. Schematic depiction of vaults that were modified with the thermoresponsive polymer
PNIPAAm and TEM images showing the reversible aggregation of vault-PNIPAAm conjugates.
Scale bar is 100 nm. Adapted with permission from *'*. Copyright © 2013, American Chemical

Society.

Copolymers of NIPAAm and the UV-cross-linkable monomer 2-(dimethyl
maleinimido)-N-ethyl-acrylamide (DMIAAm) were synthesized on the exterior
surface of horse spleen ferritin’'’ The protein cage was modified with ATRP
initiator on the exterior via coupling of 2-bromo-isobutyric acid NHS ester to
primary amines. NIPAAm and DMIAAm were randomly copolymerized under
ATRP conditions in H,O:DMF (5:1, v:v) at 4 °C with CuBr and MecsTREN as
catalyst. The ferritin—PNIPAAm-co-poly(DMIAAm) conjugate had a phase
transition temperature at 32 °C.>'**"> At this temperature, the conjugate precipitated
from aqueous solution and the solution became turbid. Dynamic light scattering
confirmed a reduction of the hydrodynamic radius of the conjugates from 30 nm at
20 °C to 12 nm at 32 °C. Further increase of the temperature resulted in an increase
in hydrodynamic radius due to the formation of aggregates of the collapsed
conjugates. The ferritin—polymer conjugate was able to stabilize oil-in-water

emulsions. UV-cross-linking of ferritin—polymer conjugates at the oil-water interface
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of emulsion droplets led to capsules with an average size of 10 + 3 pm. Addition of
ethanol homogenized the oil-in-water emulsion, but the capsules of cross-linked
ferritin—polymer conjugates remained stable. The high stability of the capsules
allowed transferring them into solvent of the same polarity as the fluid droplet they

176
were formed on.!”

By starting from oil-in-water and from water-in-oil emulsions, it
was therefore possible to create microcontainers that encapsulated hydrophilic
compounds in a hydrophilic environment and hydrophobic compounds in a

hydrophobic solvent.'”®

Extrusion of an emulsion, stabilized by ferritin—polymer
conjugates, through a track-etch membrane and subsequent UV irradiation allowed
the production of networks of capsule-containing fibres, capsule assemblies and
single capsules.'”” The capsules of cross-linked ferritin—polymer conjugates and the
macroscopic materials made thereof could find applications as substrates for cell
cultivation or as delivery systems, e.g. in cosmetics. Whether the protein remained in

. . . . . . .1 318
its native conformation was, however, not investigated in great detail.

The chemical diversity of polymers extends well beyond ‘classic’ polymers such as
PEG, POX, polymethacrylates and polyacrylamides. Tailor-made polymers with
functional groups in their main chain and in their side chains can add another level of
functionality. Kim et al. modified Adv with a biodegradable poly(disulfide amine) on

11 1 addition to the

which arginine was grafted (ABP—polymer) (Figure 1.2.6).
biodegradable backbone, the polymer featured primary amines in its side chains. It
was designed to enhance the protein’s cellular uptake through electrostatic
interactions and at the same time to minimize the immune response to the virus. Two
types of Adv were used in this study: Adv that delivered genes for the expression of
green fluorescent protein (GFP), and YKL-1001, an oncolytic, hepatoma-targeting
Adv that kills only these cells. GFP expression was approximately threefold higher
with ABP-modified Adv compared with unmodified Adv. The best GFP expression
was achieved with an Adv:ABP ratio of 1:5. GFP expression was reduced at a higher
Adv:ABP ratio (1:10), most likely because the larger number of positive charges
interfered with the Adv infection pathways following cell binding. The higher charge
density could also increase cell death, as known from other -cationic
polymers,’'*which could also contribute to the observed lower GFP expression.’"”
Oncologic YKL-1001 with conjugated ABP—polymers remained longer in blood
circulation and caused an increased hepatoma cell death compared with unmodified

YKL-1001. The latter is in good agreement with the higher transduction efficiency
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caused by the ABP—polymer. Concluding, the Adv—polymer conjugate could become
a powerful gene delivery vector in oncological therapy because of its higher

efficiency compared with unconjugated virus particles.

J _\.""MJ.H ,.\___s-s____,‘n,l-l\__i, i_'t....vl.u.‘.___,s .s____..._u.'a._,_._ll:

Figure 1.2.6. Schematic view of Adv—ABP-polymer conjugate. The ABP—polymer contained
bioreducible disulfide bonds for cleavage and primary amines to promote cellular uptake. Adapted

with permission from '°'. Copyright © 2011, Elsevier Ltd.

Another approach to coat Adv with polymers containing primary amines was
reported by Ramsey and co-workers.”*” Adv was complexed with synthetic polymers
used in gene delivery to allow for cellular uptake into cells that lack the receptors for
Adv. To this end, linear and branched polyethyleneimine (PEI) and poly(ethylene
glycol)-grafted polyethyleneimine (PEG-g-PEI) were non-covalently bound to the
viral capsid by electrostatic interactions. The PEI was modified with PEG to
overcome the intrinsic toxicity and other drawbacks associated with pure PEI**'"*
Indeed, the complexes of Adv and PEG-g-PEI polymer were less toxic than Adv
modified with pure PEI, as was shown by cytotoxicity assays. The polymer—Adv
complexes were able to shuttle their cargo into CAR-negative NIH 3T3 cells, which
Adv alone cannot infect. Gene transduction efficiency was slightly better for Adv
with PEG-g-PEI polymers compared with Adv complexed with plain PEI. PEG-g-
PEI copolymers composed of linear PEI showed a better performance than those

made from branched PEI.

Later, Adv was also complexed with PEI by Yao et al. with variation of the polymer

to protein ratio.'®

They managed to create Adv—PEI particles that showed no
cytotoxicity under the investigated conditions and an enhanced cell uptake by

mesenchymal stem cells compared with unmodified Adv.

Lyophilized proteins are usually solid materials. However, modification of proteins
with polymers allows alteration of their state of matter. Mann and co-workers tuned
the surface of ferritin with a polymer surfactant and were able create protein liquids,

i.e. solvent-free protein melts.!”> The polymer chains were attached to ferritin via
p poly
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electrostatic interactions (Figure 1.2.7a). Ferritin was first cationized on its surface
by binding N,N-dimethyl-1,3-propanediamine to surface-exposed carboxylic acid
groups via N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC)
coupling. Then, the anionic polymer poly(ethylene glycol)-4-nonylphenyl 3-
sulfopropyl ether was complexed with the cationized ferritin. Lyophilization (Figure
1.2.7b) and subsequent annealing at 50 °C yielded a red viscous liquid that remained
liquid after cooling to room temperature (Figure 1.2.7c). Transmission electron
microscopy (TEM) indicated that the protein cage retained its structure in this liquid.
This report opened the door to a new class of protein materials with a huge potential
in bionanomaterials research.'’' For example, protein liquids represent a very

concentrated form for the storage, handling and modification of proteins.
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Figure 1.2.7. Modification of ferritin resulted in liquid proteins. (a) Preparation of a protein liquid by
cationization of ferritin and electrostatic binding of anionic polymers to the external surface of the
protein cage. (b) Lyophilized mixture of cationized ferritin and the anionic polymer. (c) After
annealing at 50 °C, the mixture formed a viscous liquid. It remained liquid even after cooling to room
temperature. Adapted with permission from '”°. Copyright © 2009, Wiley-VCH Verlag GmbH and
Co. KGaA, Weinheim.

1.4.4 Polymer cages as functional additives in polymeric
materials

Protein cages are robust biological nanoparticles that have a variety of properties that

are difficult or impossible to achieve with synthetic nanocapsules. Therefore, protein

cages were incorporated into synthetic polymeric materials with the aim to create

functional hybrid materials.
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Self-reporting (or self-sensing) materials can autonomously report micron-scale
damage and have therefore high potential as safety features in load-bearing
components in the aerospace, automotive, construction and medical materials
sectors. Self-reporting materials were achieved by incorporating force-responsive
molecules or nanostructures into polymeric materials that cause a change in colour,
fluorescence or electrical conductivity when being deformed.’**** The well-defined
three-dimensional (3-D) structure of biological macromolecules results in well-
defined mechanical deformation pathways. Thus, they can be used as force and strain
sensors if they are intrinsically fluorescent or when combined with fluorescent
markers.”>*’ The first protein that was used to create self-reporting materials was

166,328

the protein cage THS (Figure 1.2.8d). It encapsulated a pair of fluorescent
proteins and served as a scaffold to bring enhanced cyan fluorescent protein (eCFP)
and enhanced yellow fluorescent protein (eYFP) into proximity for fluorescence
resonance energy transfer (FRET) (Figure 1.2.8a-c). Moreover, the equatorial plane
of chaperonins is mechanically weak, which allows separating the two hemispheres

from each other.’”

Lysine residues on the THS were modified with acrylamide
groups so that the protein could be copolymerized with acrylamide and bis-
acrylamide in aqueous solution to form a gel. Upon drying, optically transparent and
brittle specimens were obtained. Uniaxial deformation of these materials resulted in
the formation of microcracks and fracture of the material. Fluorescence microscopy
of the area surrounding the fracture face revealed an increased FRET efficiency in
the vicinity of cracks, which was additionally confirmed by fluorescence lifetime
imaging (FLIM) (Figure 1.2.8¢). Most likely, polymerization and sample drying
caused internal stress in the polymers that deformed the protein cage, increased the
distance between the encapsulated fluorescent proteins and therefore lowered FRET.
Crack formation allowed the polymer and the protein cage to relax, thus leading to
the observed increase in FRET. The system proved that the structure and mechanical
response of protein cages can be exploited to engineer polymer—protein hybrid

materials with advanced functionalities.
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Figure 1.2.8. Integration of a protein cage that encapsulated fluorescent proteins into a polymer
matrix yields materials with self-reporting functionality. (a) Schematic depiction of the chaperonin
THS (green lines) with a FRET pair of fluorescent proteins embedded into a polymer matrix. Damage
in the polymer results in relaxation of the polymer matrix and of the disturbed THS, leading to an
increased FRET signal. (b) UV—vis spectrum of the THS—eCFP/eYFP conjugate in solution: the
arrows indicate the absorption due to eYFP (513 nm), eCFP (439 nm), bisaryl hydrazone linker
between THS and the fluorescent proteins (354 nm) and of all proteins (276 nm). (c) Native PAGE of
the conjugate showing that fluorescent proteins are encapsulated in the THS (left: gel imaged in
fluorescence mode; right: Coomassie Brilliant Blue stained gel). (d) TEM image of the conjugate with
particles in top (top arrow) and side view (lower arrow). (e) Microscopy images of self-reporting
PAAmM-THS-eCFP/eYFP hybrid materials after uniaxial deformation and fracture (blue fluorescence
channel, FRET and FLIM). Adapted with permission from ', Copyright © 2009, Wiley-VCH Verlag
GmbH and Co. KGaA, Weinheim.

Functional hybrid nanofibres can be prepared by electrospinning of polymer—protein

0

solutions. For the application of such fibres, e.g. in nanotechnology™ or drug

313324t is important to know if the incorporated biological compounds

delivery,
survive the fabrication procedure of the material. In a study conducted by Zussman
and co-workers, bacterial viruses (T4, T7 and bacteriophage A) and bacteria were
encapsulated into hydrophilic poly(vinyl alcohol) (PVA) nanofibres.”>® The
electrospinning process, which was used for nanofibre fabrication, reduced the
viability of the incorporated viruses to 1-6% of the value before electrospinning,
most likely because the tails of the bacteriophages could not withstand the high shear

forces during spinning. Nevertheless, a portion of the viruses remained biologically

active and retained this activity during storage for three months at —20 °C and —55
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°C. This finding let the authors conclude that the electrospinning process is suitable
for fabrication of nanofibres in which biological material is integrated. Protein cages
can enhance the mechanical properties of electrospun nanofibres. Lee and co-

workers incorporated ferritin into PVA nanofibres.’>

The protein cage was
homogeneously distributed within the fibre. Ferritin interacted with PVA through
hydrogen-bond formation between the hydroxyl group of the polymer and amine and
carboxyl groups of the protein, resulting in a twofold increased elastic modulus
compared with pure PVA nanofibres, as determined by atomic force microscopy
(AFM). Electrospinning of hydrophilic polymers can be used to prepare mats of
nanofibres that are highly porous hydrogels. Hybrid ferritin-PVA nanofibre
hydrogels showed fast water absorption and had good mechanical properties.'” The
strength of swollen ferritin—PVA hydrogels increased by 113%, the strain at break by
227% and the elastic modulus by 151% compared with wet PVA gels that lacked
ferritin. According to the authors, the mechanical properties were even better than
those of PVA hydrogels reinforced with carbon nanotubes. Hydrogels with
incorporated apoferritin instead of ferritin had a similar modulus but lower strength
and strain at break than ferritin—PVA hydrogels. Thus, the iron core of ferritin is an

important factor for the reinforcement of these hybrid materials.**?*°

Incorporation
of ferritin into a nanofibre hydrogel results in biocompatible and degradable
materials with superparamagnetic properties that give good contrast in MRI. The
advantage of using ferritin, compared with synthetic contrast agents, is that it does
not pose toxicity risks. >*° 3-D porous nanofibre hydrogels were fabricated by
electrospinning of ferritin—PVA solutions.'” Elevated temperatures (e.g. 80 °C)
during mixing of the spinning solution were used to denature partially the protein
cage so that clusters of ferritin formed. Nanofibres with these clusters had enhanced
superparamagnetic properties and the fibre hydrogels showed a high contrast in in
vitro and in vivo imaging. In addition to the application as MRI contrast agent,
ferritin-containing hydrogels have also been applied as an actuator towards the
development of artificial muscles.'® Electrospun ferritin-PVA and PVA nanofibre
hydrogels reversibly expanded and contracted when the pH was cycled between pH 4
and pH 9. In contrast, bulk PVA hydrogels do not show this pH-dependent swelling,
indicating that the electrospinning process causes the formation of ionizable
functional groups on the polymer. The pH-induced volume change of the electrospun

hydrogels was independent of the presence of ferritin. However, ferritin—PVA
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hydrogels did not show creep-induced elongation during several extension and
contraction cycles, while the PVA hydrogels gradually increased in length after each
cycle. Ferritin reinforced the PVA matrix by hydrogen-bond interactions, resulting in
the superior mechanical properties of the polymer—protein hybrid material. Lack of
creep is a very important property for artificial muscle development, rendering the

ferritin—PV A hydrogels interesting candidates for this kind of application.

Kim and co-workers followed a similar electrospinning approach for the fabrication

33 Instead of PVA as the polymer,

of ferritin-containing nanofibres (Figure 1.2.9).
they used the polyelectrolyte poly(2-acrylamino-2-methyl-1-propane sulfonic acid)
(PAMPS). However, ferritin precipitated in PAMPS solution, so that glycerol had to
be used as a stabilizer for the protein cage. Coaxial electrospinning of a PAMPS and
a ferritin—glycerol solution allowed fabrication of very thin (<50 nm) nanofibres in
which ferritin formed the core. Such nanofibres have potential in applications

. . . : 335
ranging from batteries to biosensors and nanoelectronics.
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Figure 1.2.9. The integration of ferritin into PAMPS fibers. Top panels (a) — (c) Transmission
electron microscopy (TEM) of PAMPS fibers with different widths and incorporated ferritins in the
fiber core. Bottom panels (a) — (¢) Schematic representation of the ferritin distribution in the core of
the PAMPS fibres in dependence of the fibre width. Adapted with permission from.*** Copyright ©
2008, WILEY-VCH Verlag & Co. KGaA, Weinheim.
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Carbon nanotubes (CNTs) are known to enhance the mechanical strength of

37338 However, it can be difficult to disperse them

polymeric materials.
homogeneously into a polymer. Moreover, low interfacial adhesion between the
polymer and CNTs can reduce the performance of the materials. Saboungi and co-
workers addressed these problems by covalently attaching ferritin to the sidewalls of
CNTs.”*” The carbon—protein hybrids could be homogeneously incorporated into a
hydrophilic PVA matrix that was cast into free-standing composite films. The protein
significantly enhanced the mechanical properties of the material. Compared with

pure PVA, an increase of 108% in the storage modulus was measured.”’

PVA, PAMPS and PAAm are water-soluble polymers and therefore mix readily with
protein cages. For many applications it would be desirable, however, to use
hydrophobic polymers that can be cast from organic solvents. PEGylation is a means
to render viruses and non-viral protein cages soluble in non-aqueous media.'**"
TMV was modified with PEG of a molar mass of 2 x 10° g mol"."> The resulting
capsid—polymer conjugates dissolved in chloroform, while the unmodified virus was
not soluble. TMV solubilized in organic solvents had a markedly increased thermal
stability of at least 160 °C compared with PEGylated TMV in water. The organo-
soluble virus was cast into polystyrene, opening a route to solid polymer—protein

hybrid materials.**’

While TMV is, strictly speaking, not a protein cage in the sense
of this review, it is easy to envision that similar strategies could be applied to
solubilize protein cages in non-aqueous media. Indeed, ferritin was modified with
750 g mol' PEG chains on the exterior carboxylic acid groups.””> The modified
ferritin was soluble in dichloromethane, whereas the unmodified protein cage was
not. In addition, ferritin was also alkylated on the exterior (Co to Cy4 chains coupled
to primary amines).”*' Both types of modified ferritin were incorporated into a
polymer blend of PEG and a hydrophobic poly(desaminotyrosyl tyrosine dodecyl
ester carbonate) (PDTD).”> The PEGylated ferritin accumulated in the PEG polymer
of the blend due to PEG-PEG interactions, while the alkylated ferritins accumulated
in PDTD.?” Therefore, it is possible to direct the location of a protein cage in a
phase-separated material by carefully selecting the type of protein modification.
Organo-soluble protein—polymer conjugates can alter the morphology of block
copolymer films, as shown by the interaction of PEGylated ferritin with poly(2-
vinylpyridine)-block-poly(ethylene oxide) block copolymers (P2VP-b-PEO).'" The

P2VP-b-PEO film had a microphase separated lamellar structure with the lamella
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oriented parallel to the surface. When ferritin—PEG was added, it interacted with the
PEO domains of the block copolymer and prevented their crystallization. As a result,
the microdomains reoriented perpendicular to the surface. In another study, the
distribution of PEGylated ferritin in thin films of the block copolymer polystyrene-
block-poly(ethylene oxide) (PS-b-PEO) was investigated.'”” PS-b-PEO self-
assembled into structures in which the PEO blocks form cylinders that were oriented
perpendicular to the surface. Ferritin—-PEG accumulated in the PEO cylinders.
Different PEG chain lengths on ferritin changed the centre-to-centre distance
between the PEO cylindrical domains.

Another potential application of organo-soluble protein cages would be their use as

nanoreactors for reactions in non-aqueous media.***

Although this is an intriguing
possibility to influence, e.g. the selectivity of chemical reactions, the use of
nanoscale protein-based reaction compartments in hydrophobic media has not yet

been reported.

The presented examples show strategies to incorporate protein cages into polymeric
materials and highlight some interesting properties of the resulting hybrid materials.
However, many of the intriguing functionalities of protein cages, such as their ability
to encapsulate and release guests, the electronic and magnetic properties of ferritin
derivatives and the intrinsic ability of protein cages to self-assemble into 2-D or 3-D
arrays have not yet been exploited to create functional polymer—protein hybrid

materials. Thus, opportunities for innovation are plentiful.

1.4.5 Protein cages adsorbed to polymer surfaces

Most polymeric materials, when brought into contact with a solution of proteins, will
adsorb some of the biomacromolecules at their surface. The investigation of this
phenomenon is important, e.g. for medical device development, as adsorbed protein

1.** Ferritin is a good

layers determine the biological response towards the materia
model protein for such studies because it is very stable and easily imaged by TEM.

The protein cage was adsorbed on a phase-separated blend of PDTD and poly( ¢ -

3% Both polymers have been studied for medical applications.>*

caprolactone) (PCL).
At physiological pH, native ferritin adsorbed mainly on the hydrophobic PDTD
areas. Ferritin and partially hydrolysed PCL are both negatively charged at this pH,

so that the protein is repelled from PCL domains. At pH 3.5, i.e. below the isoelectric
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point of ferritin, it adsorbed equally well on both polymers.'”” To understand the
influence of protein modification on its adsorption behaviour, the carboxylic groups
of ferritin were alkylated with dodecylamine.'®” As a result, the alkylated ferritin was
positively charged at pH 5.8, in contrast to native ferritin, which was negatively
charged at this pH. Alkylated ferritin adsorbed on the PCL phase of the blend due to
positive charges, while the native ferritin mainly adsorbed on the PDTD phase.
Selective adsorption of ferritin on a polymer was also observed on thin films of
polystyrene-block-poly(methyl methacrylate) block copolymers (PS-b-PMMA).'®
The polymer film was treated with UV light and acetic acid, which etched the
PMMA domains. As a result, trenches and ridges were created on the material.
Ferritin adsorbed on the PS domains and not on PMMA. This was due to the
repulsion between the negative charges of ferritin and the negative charges of edged
PMMA. These studies show that protein adsorption is governed by an intricate
interplay between the surface properties of the material and of the protein. Moreover,
they identify polymer morphology as a very important parameter in biomaterial
development because it can influence the distribution of a protein layer on a surface

and therefore affect the behaviour of a polymeric material in a biological

environment.

1.4.6 Protein cages that encapsulate polymers

1.4.6.1 General considerations

Because of their hollow structure, protein cages can encapsulate a variety of guests,
including polymers. These macromolecules can be either synthesized directly in the
cavity of a protein cage or preformed polymers can be incorporated into cages during
self-assembly or through large pores. If the polymers are homogeneously distributed
within the cavity of the protein cage, core—shell particles with a polymer core and a
protein shell are obtained. The polymer core can be a cross-linked polymer network,
a dense polymer particle or a solution of polymer. If the polymers strongly interact
with the protein’s inner surface or if short polymer chains are attached to it, the
synthetic macromolecule will form a layer that coats the inner surface of the protein
cage. The resulting structure is a hollow nanoparticle with a protein—polymer hybrid

shell.
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The strength of interaction between protein and polymer can be adjusted by the
choice of polymer and by engineering the inner protein surface. This allows tailoring
the inner structure of protein cage—polymer hybrids. While such an approach is
already state-of-the-art for other hollow nanoobjects, such as polymer-filled lipid
vesicles,’* deliberate tuning of the inner structure of polymer-filled protein cages
has not been addressed yet. Another interesting challenge for future research could
be to prepare stimuli-responsive hybrid particles that transform from a capsule-like
structure with the polymer lining the cavity to a structure where the polymer is
homogeneously distributed throughout the cavity. This could result in new

approaches for the triggered release of therapeutic cargo from protein cages

1.4.6.2 Non-covalent encapsulation of polymers in protein cages: Tuning the

size and morphology virus-like particles with polyanionic polymers

Because viruses are protein cages that encapsulate RNA, i.e. a natural
macromolecule with anionic phosphate backbone, it is not surprising that successful
attempts were made to replace nucleic acids with a synthetic polyanionic polymer.
Already in the 1960s, Hohn used poly(vinyl sulfate) to assemble protein subunits of
the bacteriophage fr,”*” while Bancroft et al. reassembled CCMV, BMV and BBMV
around poly(vinyl sulfate) and dextran sulfate.**® Their results proved that the
phosphate backbone of nucleic acids is not required for the assembly of viral coat
proteins into virus-like structures. Both groups also observed that the reassembled
particles varied in size, giving a first indication that the structure of reassembled
VLPs is influenced by the polyanion. However, detailed studies on the interplay of
synthetic polymers and VLPs were only reported in more recent times, pioneered by
a study by Douglas and Young. They encapsulated the anionic polymer
poly(anetholesulfonic acid) into CCMV."” To this end, CCMV at pH 7.5, i.e. in its
swollen state, was incubated with the polymer. The pH was lowered to 4.5, which
caused a deswelling of CCMV, closed the pores in the protein shell and entrapped
the polymer into the viral capsid. In a control experiment, CCMV was incubated with

the polymer at pH 4.5 resulting in no encapsulation.

The interior cavity surface of many viral capsids is highly positively charged, while
the outer surface of the proteins carries a smaller number of charged residues. Thus,
electrostatic interactions with polyanions favour their inclusion into the assembling

protein cage. Moreover, the attraction of oppositely charged residues facilitates and
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directs the self-assembly of VLPs. Thus, particles that differ from the wild-type
capsids in their shape, size and number of subunits can be prepared when using
synthetic polymers as scaffold. Cornelissen and co-workers found that poly(styrene
sulfonate) (PSS) with a molar mass of 9.9 x 10> g mol™' induces the formation of
monodisperse icosahedral CCMV VLPs with a diameter of 16 nm (7= 1). At a pH of

196,197,349
197349 Therefore,

7.5, the wild-type virus has a diameter of 28 nm (7 = 3 particle).
under these conditions the polymer causes the formation of VLPs that are smaller

than the native capsid.

Knobler and co-workers investigated the influence of different PSS chain lengths on
the formation of CCMV VLPs at pH 4.8 (Figure 1.2.10a).”"”**° Polymers with a
molar mass of 3.8 x 10% g mol™' are small enough to pack more than one chain into
VLPs. Reassembly of the viral coat proteins around PSS with a molar mass of 3.8 x

10* g mol' resulted in VLPs with a bimodal size distribution.**

By using a
fluorescently labelled polymer, the number of polymer chains per particle could be
determined. VLPs with a size of approximately 19 nm (7 = 1 structure) encapsulated
two chains, whereas VLPs with a diameter of 21 nm (7 = 2 structure) incorporated
three polymers. PSS that had a comparable size or were larger than the capsid
resulted in the formation of larger VLPs."”” PSS with a molar mass between 4 x 10° g
mol ™ and 1 x 10° g mol”' yielded VLPs with a diameter of 22-23 nm (7 = 2
particles) (Figure 1.2.10b+c, left diagram), whereas polymers with a molar mass
between 2 x 10° g mol ™ and 3.4 x 10° g mol ™" induced the formation of VLPs with a
diameter of 27-28 nm (7 = 3 particles) (Figure 1.2.10b, right diagram). Thus, the
virion adapted to the size of the encapsulated cargo. Larger polymers resulted in
larger VLPs. A direct comparison of these results to the assembly into 7'= 1 particles
reported by Cornelissen®*’ is difficult because assembly was carried out at a different

pH and the viral coat proteins differed in their N-terminus.
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a Properties of PSS used in packaging experiments

Mol. mass Polydispersity Hydrodynamic

Reaction (kDa) index® radius® (nm)

1 408 1.24 18.3

2 691 1.16 25.0

3 1010 1.18 32,6

4 2040 1.07 36.6

5 3441 1.01 428

*Polydispersity index data were supplied by Scientific Polymer Products.
1Hydrot:lyrlzu'rnir: radii of PSS were measured by dynamic light scattering in
the viral assembly buffer.
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Figure 1.2.10. CCMV size modulation using PSS with different molecular weights.(a) Table of VLP
size distributions with various PSS that were applied for the formation of CCMV VLPs. (b)
Normalized capsid size distribution histograms showing the influence of polymer chain length on
VLP size. Left diagram: CCMV that was assembled with 4 x 10° g mol™' PSS. Right diagram: CCMV
that was assembled with 3.4 x 10® g mol™ PSS. (c) Left image: TEM image showing wild-type (wt)
CCMYV capsids. Right image: TEM image showing CCMV VLPs that were assembled with 3.4 x 10°
g mol™ PSS. Scale bars are 50 nm. Adapted with permission from 7. Copyright © 2008, The
Biophysical Society.

Polymers can control not only the size, but also the shape of VLPs. Icosahedral VLPs
form when CCMYV coat proteins assemble around flexible polyanionic polymers such
as single-stranded RNA**'*?, a combination of RNA and DNA>> or PSS."?"?#3%
However, rigid dsDNA induces the formation of rod-shaped structures.”>® These
different VLP morphologies can be selectively accessed by a single type of polymer
if it is possible to switch the polymer between a condensed coil and a more expanded

> The water-soluble, fluorescent and semiconducting poly(2-

conformation.>
methoxy-5-propyloxy sulfonate phenylene vinylene) (MPS—PPV) adapts a coiled and

aggregated conformation in aqueous solutions of high ionic strength due to counter-
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ion condensation, whereas at low ionic strength the coils expand.®*® In the absence of
NaCl, the interplay between MPS-PPV and CCMV coat proteins causes the
formation of rod-shaped VLPs (Figure 1.2.11a).>> Addition of 0.1 M NaCl to the
self-assembly buffer resulted in a mixture of spherical and rod-like structures. At 1.0
M NaCl, mostly spherical VLPs were observed (Figure 1.2.11b). Control
experiments with PSS as scaffold resulted in spherical structures, independent of the
ionic strength of the solution. These results suggest that it is not the ionic strength per
se that is responsible for different VLP structures, but rather that the conformation of
the polymer dictates the shape of the VLP. Moreover, the protein cage also
influences the properties of the polymer. The fluorescent properties of
semiconducting polymers such as MPS-PPV depend on the polymer’s chain
conformation. In the spherical VLPS the polymer is encapsulated as a coil, resulting
in blue fluorescence. Rod-shaped VLPs stretch the polymer chains. This leads to a

red-shift in fluorescence.

a
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Figure 1.2.11. The concentration of NaCl in the presence of an anionic polymer can influence the
morphology of CCMV VLPs. (a) Rod-shaped VLPs were formed in the presence of MPS-PPV
without NaCl. Left panel: schematic representation of rod-shaped VLP formation. Right panel: TEM
image of rod-shaped CCMV VLPs. (b) Spherical VLPs were formed in the presence of MPS-PPV at
1.0 M NaCl. Left panel: schematic representation of spherical VLP formation. Right panel: TEM
image of spherical CCMV VLPs. Adapted with permission from **°. Copyright © 2011 American

Chemical Society.

Polyanionic polymers such as PSS can be used to promote self-assembly of
PEGylated CCMV coat proteins.””> The resulting VLPs encapsulate a synthetic
polymer and carry another type of polymer on their outside. PEG was selectively
conjugated to the outside surface of coat proteins by reacting fully assembled RNA-
containing viral capsids with NHS-ester PEG. PEGylation caused the virus to

disassemble slowly, probably because the polymer disrupted interactions between
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protein subunits. Disassembly was irreversible unless PSS was added to the protein
solution. After removal of the RNA, PSS with a molar mass of 7 x 10° g mol'
yielded fully assembled 7 = 1 particles with an average diameter of 18 nm (Figure
1.2.12). In conclusion, the presence of PSS in the interior of the VLP renders it
robust enough to overcome the destabilization by PEG. The method paves the way
for multifunctional VLPs, as both the polymer on the outside of the capsid and the
polymer on its inside could be designed to feature functional groups, such as

targeting ligands and chelators for contrast agents.

a

Figure 1.2.12. Self-assembly of CCMV-PEG using PSS (a) Schematic representation of reassembling
PEGylated and non-modified CCMV coat proteins into VLPs by polyanionic PSS. (b) Left panel:
TEM image of PSS-CCMV-PEG T = 1 particles. Scale bar is 200 nm. Right panel: zoomed TEM
image of PSS-CCMV-PEG T = 1 particles. Scale bar is 100 nm. Adapted with permission from >,
Copyright © 2013 American Chemical Society.

The anionic polymers discussed so far as scaffolds for self-assembly of viral capsids
were linear chains. Recently, de la Escosura and co-workers used anionic Fréchet-
type dendrimers to direct the morphology of CCMV and to add functionality to the

CCMV-polymer particle.'”

The idea was that zinc and ruthenium phthalocyanine
dendrimers”™’ could convert molecular oxygen into singlet oxygen and in addition
drive the self-assembly of CCMV coat proteins to VLPs. Thus, the protein would
form a capsule around the phthalocyanine catalysts. Zn phthalocyanides with four
dendrimers attached to the phthalocyanide macrocycle and Ru phthalocyanides with
two dendrimers axially co-ordinated to the metal centre were tested for their ability

to assemble coat protein into VLPs. Moreover, dendrimers of different generations

were used. 7 -Stacked dimers of Zn phthalocyanides with zero-generation
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dendrimers and individual Ru phthalocyanides with first-generation dendrimers were
efficient templates for VLP formation (Figure 1.2.13). A possible explanation is that
both species carry 16 negative charges, which match the number of positive charges
on coat protein dimers. 7 = | particles with a diameter of 18 nm were obtained.
Phthalocyanides can produce singlet oxygen, which is used in photodynamic therapy
as reactive species. Therefore, these CCMV—phthalocyanine—dendrimer particles

have a high potential for biomedical applications.
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Figure 1.2.13. Schematic representation of VLP formation using Ru phthalocyanine dendrimers.

Depending on the dendrimer, VLP formation is favoured. Adapted with permission from '

Copyright © 2015 American Chemical Society.

1.4.6.3 Non-covalent encapsulation of polymers in protein cages other than

viral capsids

Non-covalent encapsulation of polymers into the cavity of protein cages is not
limited to VLPs. Protein cages that have pores wide enough to allow macromolecules
to enter their cavity can take up polymers from solution. The vault protein has a
barrel-like structure with a large internal cavity.”” However, the nature and size of
pores that connect its interior with the surrounding solution are unknown. To explore
whether polymers can enter into vaults, MPS—PPV of unknown molecular weight

158

was incubated with vault particles. ™ The photophysical properties of the fluorescent

polymer depend on the polarity of its environment,****®

making it a useful tool to
study its interaction with proteins. Fluorescence intensity measurements, TEM and
small-angle X-ray scattering (SAXS) suggest that the polymer was encapsulated into
the vault and did not alter the structure of the protein cage (Figures 1.2.14a—d).
Encapsulation of the polymer within the native protein cage was furthermore
confirmed with the cationic fluorescence quencher, methyl viologen. A much lower
quenching efficacy was observed when the quencher was added to a mixture of

polymer and vault compared with a polymer solution that did not contain protein
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cages. Thus, the vault restricted access of the quencher to the fluorescent polymer,
which implies that the polymer is located inside the protein capsule. For comparison,
some of the experiments were repeated with vaults composed of cross-linked protein
subunits. The polymer could not enter into cross-linked protein particles, as
evidenced by the fact that the fluorescence quenching efficacy with methyl

Viologen,359’3 60

was similar to pure polymer solution. However, vaults could be first
loaded with MPS—PPV and then cross-linked, e.g. to prevent leakage of polymer
from the protein cage. The significance of this study is that fully assembled vaults
can encapsulate and entrap synthetic polymers. As vaults are of human origin, they

could become useful delivery vehicles for macromolecular therapeutics.
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Figure 1.2.14. Integration of a polymer into a vault protein cage.(a) Schematic representation of a
vault protein cage (top) and vault protein cage with cross-linked subunits (bottom), showing that non-
cross-linked vaults are able to encapsulate MPS—PPV, while the polymer cannot enter the cavity of
cross-linked vaults. (b)—(d) TEM images showing (b) vaults in the absence of polymers, (c) vaults that
encapsulate MPS—PPV and (d) vaults that were loaded with MPS—PPV and subsequently cross-linked.
Scale bar is 100 nm. Adapted with permission from '**. Copyright © 2008, American Chemical
Society
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1.4.6.4 Encapsulated polymers that are covalently bound to the interior of

the cavity of a protein cage

Non-covalent encapsulation of polymers into protein cages most often relies on
electrostatic interactions between the charged inner surface of protein cages and

oppositely charged

polymers. Thus, this approach is limited to charged polymers, e.g. polyelectrolytes.
The scope of polymers can be significantly broadened if polymers are covalently
bound into protein cages, which prevents them from leaching out of the protein’s
cavity. To this end, selective attachment points, e.g. cysteine residues, have to be
genetically engineered to the inner surface of the proteins. These residues allow the
introduction of initiators for polymerization reactions into the cage, so that polymer
chains can be grown from the protein within its cavity. Moreover, the attachment
points can bind preformed polymers via established linker chemistries. In both cases,
protein—polymer conjugates are obtained that encapsulate the polymer within the

protein cage.

The group of Douglas pioneered the synthesis of polymers inside protein cages by a
‘grafting-from” approach. Interestingly, their first reports encompassed an
uncommon method to synthesize polymers, the step-wise growth of polymers by
repeated click-chemistry reactions.''"'°***'%> Only later they turned to one of the
routine methods of modern polymer chemistry, atom transfer radical polymerization

113,115,148,162,172
(ATRP). 1151810217

The heat-shock protein (Hsp) from Methanococcus jannaishii was used as a scaffold

160,361 .
" The aim

to synthesize branched and cross-linked polymers within its cavity.
was to prepare drug-delivery and imaging vehicles in which the polymer core
provides a high density of binding sites for therapeutics. A genetically modified
variant of Hsp (HspG41C) that features a cysteine residue on the inner surface of
each subunit was selected.’® This modification allowed selective attachment of
functional molecules into the protein cage. N-propargyl bromoacetamide was
conjugated to these cysteines to act as an alkyne initiator for polymerizations.'®
However, bromoacetamides can also react with primary amines (e.g. of lysine
residues) and the imidazole ring of histidine. There are 11 lysines and one histidine

on each subunit of Hsp. To limit the reaction sites of N-propargyl bromoacetamide,

lysines were passivated with N-hydroxysuccinimide acetate before modification of
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cysteines with the initiator. Step-wise polymer synthesis via click chemistry of
tripropargyl azide and 2-azido-1-azidomethyl-ethylamine within the cavity was
performed using a Cu(I) catalyst. Branched and cross-linked polymers that contained
primary amines as functional handles were obtained (Figure 1.2.15a). Analytical
results of passivated and non-passivated Hsp—polymer conjugates showed similar
results in size exclusion chromatography (SEC), dynamic light scattering (DLS) and
TEM for all generations of step-growth (G0.5-G2.5) (Figures 1.2.15b-d). The size of
the polymer-filled cage was the same as the empty Hsp, indicating that the polymer
does not disturb the protein cage structure. The polymer networks increased the
temperature stability of the protein cage from 70 °C to >120 °C because several

protein subunits were covalently connected through the polymer.
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Figure 1.2.15. Step-wise grafting-from approach within Hsp. a) Sectional image of the mutated
HspG21C variant, showing the interior of the cavity with cysteine residues (red dots) and step-wise
polymerization of 2-azido-1-azidomethyl-ethylamine and tripropargyl amine within the protein cage.

(b)—(d) DLS (left panels) and TEM images (right panels) of (b) native HspG41C, (c) non-passivated
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HspG41C with G2.5 branched polymer and (d) passivated Hsp41C with G2.5 branched polymer.
Scale bar for TEM images is 100 nm. Adapted with permission from '*’. Copyright © 2009 American

Chemical Society.

In a next step, functionality was introduced to the Hsp—polymer hybrid particles and

they were converted into MRI contrast agents.*'

Diethylenetriamine pentaacetic acid
(DTPA) was conjugated to the primary amines of the cross-linked polymer. DTPA is
a chelator that is capable of binding metal ions such as gadolinium ions (Gd>"). The
functionalized protein cages contained up to 159 Gd’" ions per particle with a
maximum 7 particle relaxivity value of 1 = 4,200 mM ' s'. As a comparison, pure
DTPA-Gd has an r, value of 4 mM ' s™'. This was at the time the second highest
relaxivity that was achieved for contrast agents based on protein cages. A higher 7,
value (r; = 7,200 mM ' s') was achieved with the MS2 viral capsid by conjugation
of DTPA ligands to the lysines of MS2.** However, taking into account that MS2
has a 12 times bigger volume than Hsp, the relaxivity per volume of the Hsp—
polymer conjugate was seven times bigger than that of MS2. The branched polymer
network within the cage enabled this high loading capacity for gadolinium ions.

The Hsp—polymer conjugates were also modified with 1,10-phenanthroline (phen).**

The ligand allowed complexation of metal ions like Fe*', generating branched co-
ordinating polymers within the protein cage that contained 0.3 iron ions per protein
subunit (Figure 1.2.16). The hybrid particles could be used as catalysts®® or in drug-
delivery applications, where drugs could be entrapped within and released from the

. 366,36
metal—-organic networks. *°**%’
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Figure 1.2.16. Schematic representation of the co-ordination polymers created by modifying a
branched polymer network with phenanthroline within Hsp G41C. Adapted with permission from **.

Copyright © 2010, The Royal Society of Chemistry.
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The step-wise click-chemistry synthesis of polymers was applied to the P22 viral
capsid to create a protein—polymer contrast agent with a larger size and therefore a

111

greater relaxivity than Hsp. " The P22 capsid in its WB morphology is 64 nm in

diameter and therefore much larger than Hsp with a diameter of 12 nm. In addition, it

has pores that have a diameter of 10 nm.**

It was assumed that bigger pores allow a
better exchange of molecules between interior and exterior than smaller pores. This
is beneficial for MRI applications because water molecules have to be exchanged as
fast as possible between the interior with the Gd®" complexes and the exterior to
achieve high relaxivity rates. A branched and cross-linked polymer was synthesized
in a P22 mutant (K118C), which had a cysteine residue engineered into each of the
420 subunits. The polymer was synthesized first by introducing alkyne groups to the
cysteines as initiating site. The bifunctional azide monomer 2-azido-1-
azidomethylethylamine  (DAA) with  attached 2-(4-isothiocyanatobenzyl)-
diethylenetriamine pentaacetic acid gadolinium (p-SCN-Bn-DTPA-Gd) was coupled
to the alkynes. Prior to the coupling reaction, the p-SCN-Bn-DTPA-Gd ligand was
attached to the primary amine of DAA (DAA-DTPA-Gd). Trialkyne as branching
agent was coupled to the second azide of DAA-DTPA-Gd. The procedure of alkyne—
azide coupling was conducted until theoretically seven ligands (DAA-DTPA-Gd) per
subunit were introduced. Subsequent modification of the polymer’s primary amines
with DTPA allowed for complexation of Gd** ions. While the mass of the protein
cage increased due to the presence of the polymer, its size did not change, as
confirmed by SEC. The polymers enabled a payload of 1900 Gd*" ions per capsid,
which resulted in a very high relaxivity of r; = 41,300 mM ' s per particle.
Moreover, the P22-polymer-DTPA construct slows down molecular tumbling due to
its size, which is important to achieve high relaxivities.”®® These results demonstrate
the potential of virus—polymer MRI contrast agents. The disadvantage of this kind of
step-growth polymerization is, however, that it takes a lot of effort to synthesize

larger polymers within the cavity of a protein cage.

For this reason, Douglas and co-workers switched to ATRP for the synthesis of
polymers within the P22 capsid,'* as it allows preparation of real polymers in a
single synthesis step (Figure 1.2.17).* To ensure that all polymers are within the
cavity, a new mutant of P22 was created by single-point mutation. Serine on position
39 of each subunit was exchanged by cysteine (P22g39c). All cysteine residues are

269

exposed on the interior of the capsid, in contrast to the K118C mutant, ©>~ which also
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has some cysteines on the exterior surface of the capsid. ATRP initiators were
conjugated to the cysteines of the P22g39c mutant in its expanded morphology. Then,
2-aminoethyl methacrylate (AEMA) was copolymerized with the cross-linker bis-
acrylamide, resulting in a cross-linked polymer network (xAEMA) that contained
primary amines (Figures 1.2.17a-c). An additional difference to the previous reported
study that used the click approach for polymer synthesis, the P22 cage was not
applied in its WB morphology, but in its expanded (EX) morphology. The diameter
in both structures is the same, but the WB lacks the penton subunits. The EX form is
similar to the infectious virus in vivo, therefore it was used in this study. To evaluate
the number of accessible primary amines on the polymer chains, P22g30c—xAEMA
conjugates were incubated with FITC. Because FITC attaches to every amine, lysines
were also modified. To overcome this issue, P22g39¢ without polymers was incubated
with FITC. The number of amines from P22s39c was subtracted from the total
number of P22g30c—xAEMA. Thus, it was possible to calculate the number of
primary amines in the polymer chains that could be modified. In addition to FITC,
which was used as an analytical marker and for quantification purposes, Gd-DTPA-
isothiocyanate (Gd-DTPA-NCS) was attached to the amines as MRI contrast agent.
The number of Gd-DTPA per P22g30c—xAEMA was determined by attaching Gd-
DTPA-SCN to the primary amines and as a control to P22g39c. P22g39c—XxAEMA
revealed a 28 times higher Gd*" content than P22g39c as determined by inductively
coupled plasma—optical emission spectroscopy (ICP—OES). Thus, most of the
contrast agent was bound to the polymers. To exclude electrostatic binding of Gd-
DTPA with the polymer chains, P22g30c—xAEMA was incubated with the contrast
agent Gd-DPTA (Magnevist, Bayer Schering Pharma). The P22g39c—xAEMA sample
incubated with Gd-DTPA-NCS showed a shift to higher molecular weight in native
agarose gel electrophoresis compared with the unmodified P22g30c—xAEMA. The
P22g39c—xAEMA sample that was incubated with Magnevist on the other hand
showed the same electrophoretic mobility as the P22g39c—xAEMA conjugate. These
results led to the conclusion that Gd-DTPA was covalently bound to the polymers
and not just by electrostatic interaction. The loading capacity of the capsid was 9,100
+ 800 Gd’" ions and resulted in a particle relaxivity of ; = 200,000 mM ' s™'. Thus,
these ATRP-derived polymers allowed a fivefold higher Gd*" content and relaxivity
per VLP than the previously reported click-chemistry-derived polymers.'"
Unfortunately, the WB form of P22 with cross-linked AEMA was not investigated in
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this study as in the previously reported study. It would be interesting to see the
differences, because the WB morphology has, due to the lack of capsid pentons,
larger pores that should allow a better exchange of water molecules between the

interior of the Gd*"-loaded capsid and the external environment.

Differences in the location of initiator sites between the K118C and S39C mutants of
P22 were demonstrated by homopolymerization of the monomer AEMA'* and N-
tris(hydroxymethyl)methyl acrylamide from protein-bound ATRP initiators.'”
Polymerization yielded protein—polymer conjugates in both cases. The size of the
P22g39¢ remained constant during polymerization. However, the diameter of the
K118C mutant increased, indicating that in the first case polymer chains formed
solely inside the capsid, while in the latter case polymer chains grew on the exterior
and the interior surface of the protein cage.
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Figure 1.2.17. Synthesis and labelling of P22g30-—xAEMA. (a) Schematic representation of ‘grafting-
from’ ATRP inside the protein cage P22 to yield protein—polymer conjugates in which a cross-linked
polymer (xAEMA) is encapsulated in a protein shell. The polymer bears amine groups that can be
further modified, e.g. with fluorescent dyes or MRI contrast agents. (b) SDS-PAGE showing P22-
initiator and P22 with cross-linked AEMA (P22-xAEMA). The latter shows cross-linked subunits at
the top of the gel, and streaking of the subunit band to higher molecular weight, indicating the
formation of protein—polymer conjugates. (c) TEM images of P22—initiator and P22-—xAEMA reveal
that the protein cage remains intact after polymerization within the cavity. Scale bars are 100 nm.

Adapted with permission from '*. Copyright © 2012, Nature Publishing Group.
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A recent study with the P22—xAEMA-DTPA-Gd construct compared the relaxivity
values 7 and r, at different MRI field strengths in dependence of the Gd-loading

capacity of the P22 cage.'”

The protein cage gives at least a three times better
positive contrast (7, value) than free DTPA-Gd at magnetic fields that are used in
clinics (<3 T). Therefore, the P22—polymer conjugate can be applied as T1 contrast
agent. At high magnetic fields of 7 T and a loading capacity of 10300 Gd®" per cage,
the P22—xAEMA-DTPA-Gd has an r,/r ratio of approximately 8, which is almost as
high as for superparamagnetic (T2) contrast agents (72/r; > 10). Thus, the P22-capsid
has high potential as MRI contrast agent.

Because of its high relaxivity, the VLP was used to image vascular inflammation in

. 162
atherosclerosis mouse models.

For comparison, experiments with free DTPA-Gd
complex were also carried out. At the same Gd concentrations (20 pmol Gd/kg in
mice, corresponding to one-fifth the typical clinical dose), P22—xAEMA-DTPA-Gd
resulted in a much stronger contrast in magnetic resonance angiography of vascular

162

systems. - In addition, arginine—glycine—aspartic acid (RGD) peptides were attached

to the exterior of P22—xAEMA-DTPA-Gd for active targeting of « V 3 integrin,

which is upregulated on activated macrophages.'®

RGD is a proven targeting ligand
for specific targeting in vascular inflammation (e.g. vascular cancer).’® RGD-
modified P22-xAEMA-DTPA-Gd showed enhanced uptake for the targeted cells, as
proven by MRI measurements. These results, although so far only published as a
conference proceeding, show that the ATRP-derived P22—polymer conjugate can be
applied for in vivo MRI and that it is capable of targeting specific cells when

modified with a targeting moiety.

Because gadolinium-based contrast agents are linked with nephrogenic system
fibrosis due to the possibility of free Gd**, a less toxic system was developed by
Douglas and co-workers based on P22-xAEMA.'"” The protein—polymer conjugate
was modified with manganese(IIl) protoporphyrin (MnPP) on the accessible amines
of P22-—xAEMA (amines of lysines and xXAEMA). A relaxivity per particle of 7098
mM ' s with a loading of 3646 MnPP molecules per capsid was achieved.

According to the Solomon—Bloembergen-Morgan theory’®

the MnPP containing
P22 capsid should have a higher ionic relaxivity than free MnPP because molecular
tumbling is slowed down. However, their relaxivity was similar. A hypothesis for
this result is that MnPP molecules within the cage interact and block access of water

molecules to the metal site, slowing down or preventing exchange of water
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molecules with the complex. The relaxivity of Mn-based systems was lower than that
of Gd-based systems. Nevertheless, the Mn-based system could be a good alternative
to the Gd-based systems because of manganese’s lower toxicity. As suggested by the
authors, targeting moieties on the exterior of the P22 cage could lead to higher
contrasts at desired places of action.'"® Another proposition to enhance the properties
of the contrast agent is to disrupt interactions between MnPP molecules within the
cavity of the protein cage to allow better access of water molecules to the Mn sites.
Furthermore, it would be possible to label the P22—polymer conjugate with Mn—
porphyrin complexes of higher relaxivity (e.g. manganese(Ill) tetrakis(4-
sulfonatophenyl)porphyrin).

P22—polymer conjugates that encapsulate cross-linked AEMA were not only
explored as contrast agents, but also as nanoreactors for photocatalytic
applications.' AEMA, bis-acrylamide and [ruthenium(5-
methacrylamidophenanthroline);]*” ([(Ru(meth-phen);]*") were copolymerized by
ATRP in P22g39¢c to create protein—polymer conjugates with photocatalytic activity
(Figures 1.2.18a+b). Photoreduction of methyl viologen (MV*"), using EDTA or

. 359,360
ethanol as sacrificial reductants,””

was monitored by UV-vis spectroscopy
(Figure 1.2.18c). Absorbance at 395 nm increased as the reaction proceeded (Figure
18c). In contrast, P22-xAEMA that lacked [(Ru(meth-phen);]*" could not catalyse
the reduction of MV>". The results show that copolymerization of functionalized
monomers inside the P22 capsid can yield core—shell particles in which a
catalytically active cross-linked polymer core is encapsulated in a protein cage. It
remains to be elucidated, however, how the catalytic performance of the protein—

polymer conjugates compares with other catalysts.
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Figure 1.2.18. P22-xAEMA as catalyst for photoreductions. (a) SDS—PAGE of P22g39c initiator after
0 min and 180 min polymerization time. (b) DLS of P22g;39¢ after 0 min and 180 min polymerization
shows the same size distribution, indicating that the polymer formed inside the cage. (c)
Photocatalytic reduction of MV*>" by P22s30c-XxAEMA-co-[(Ru(meth-phen);]*" as monitored by UV—
vis spectroscopy. In contrast, P22s30c-XAEMA that lacked [(Ru(meth-phen)*]; did not reduce the
substrate. Adapted with permission from '">. Copyright © 2013 Elsevier Ltd. All rights reserved.

A complementary study to the grafting-from ATRP of amine-containing monomers

111,148,162,172 .
8162172 was conducted by Finn

within a viral capsid by Douglas and co-workers,
and co-workers (Figure 1.2.19).""* A modified variant of Q 83 bacteriophage was
expressed that had the unnatural amino acid azidohomoalanine (AHA) instead of
methionine residues on the interior. This mutant (T93AHA) allowed the attachment
of ATRP initiators to the interior via click chemistry (Figuure 1.2.19a). The viral
RNA was removed prior to quantification of binding sites and conjugation of
initiators to AHA. The number of available AHAs was determined by letting the

capsid react with fluorescein—alkyne dye in a copper-catalysed azide—alkyne

cycloaddition. A quantity of approximately 147 dye molecules per Q 3 was
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measured. ATRP initiators with alkyne groups were bound to the AHAs, followed by
polymerization of 2-dimethyamino ethyl methacrylate (DMAEMA) in the interior of
Q B bacteriophage. Two Q 3 —poly(DMAEMA) conjugates were synthesized, one

with 250 monomers per subunit (T93@250x) and another with 1000 monomers per
subunit (T93@1000x) (Figure 1.2.19b). Q 3 —poly(DMAEMA) conjugates increased
slightly in diameter (17.3 nm for T93@250x and 22.3 nm for T93@1000x) (Figure

1.1.19¢) compared with the protein macroinitiator (16 nm). The increase might be
caused by disruption of the capsid structure by the polymer chains or by chains that
protruded from the cage. However, DLS and TEM proved that the cages stayed intact
after polymerization (Figure 19c). To verify that polymer chains were within the
interior of the VLP, the terminal bromines on the polymer chains were exchanged
with azides and then labelled with biotin. Biotinylated polymer—protein particles
showed weak interaction with streptavidin in an ELISA assay in comparison with Q

S VLPs that were modified on the exterior with biotin, indicating that the majority

of polymer chain ends was encapsulated in the protein cage. By changing the pH
from 7.0 to 11.0, the initiator-bearing VLP increased in size, while the T93@1000x
conjugate decreased in size. This observation could be explained with a transition of
poly(DMAEMA) from a swollen to collapsed state when the pH is increased.’”® As
additional experiments, a cyclic RGD (cRGD) derivative with a PEG spacer was
attached to the exterior to enhance cellular uptake. Uptake into HeLa cells was
enhanced compared with Q  bacteriophage without cRGD and poly(DMAEMA).
Surprisingly, Q 8 —poly(DMAEMA) conjugates that lacked cRGD on the surface
showed a similar overall cell uptake to the protein—polymer conjugate with cRGD.
Thus, it can be concluded that the poly(DMAEMA) in the interior had an influence
on cellular uptake. A possibility might be that some of the cationic polymer chains
protruded from the protein cage and improved cellular uptake. A difference between
cRGD and poly(DMAEMA) uptake was, however, observed. While cRGD-decorated
VLPs showed a receptor-mediated endolysosomal uptake, Q 3 —poly(DMAEMA)
VLPs were not found in endolysosomes. The Q  —poly(DMAEMA) conjugates were
applied as transfection agents for small interfering RNA (siRNA) into HeLa cells
that expressed GFP. Indeed, a silencing effect of GFP was observed. However, it is
difficult for a 21-mer siRNA (=7 nm length, 2 nm thickness)’”" to enter and leave the

cavity through pores with a diameter of 1.5 nm. Moreover, complexes of 40 siRNAs
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per VLP were formed. It is unlikely that all siRNAs were encapsulated into the
capsid, as this number of nucleotides does not fit into a 22 nm VLP. It is more likely
that some siRNA were encapsulated but the major part formed a complex with the
exterior of Q 3, probably enhanced by the cationic polymer chains that protruded
from the protein cage. Nevertheless, Finn and co-workers showed that a protein cage

with polymers in the cavity could be applied for nucleotide delivery.
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Figure 1.2.19. Synthesis of polymers in the cavity of QB bacteriophage. (a) Schematic representation
of initiator conjugation in the cavity of the protein cage and subsequent ATRP. (b) SDS-PAGE of the
protein macroinitiator (T93@init), a sample that was synthesized with 250 monomers per subunit
(T93@250x%) and a sample that was synthesized with 1000 monomers per subunit (T93@1000x). (c)
DLS (top) and TEM images (bottom) of T93@init, T93@250x and T93@1000x. Scale bars of TEM

images are 50 nm. Adapted with permission from ''*. Copyright © 2014 American Chemical Society.

Direct polymerization from protein-bound initiators is a versatile approach to prepare
functional protein  cage—polymer conjugates. However, well-controlled
polymerizations that yield polymers of predetermined molecular weight and narrow
molecular weight distribution on the surface of proteins can be difficult to achieve.”
Moreover, characterization of the synthesized polymers by gel permeation
chromatography or mass spectrometry is hampered by the covalently bound protein.

An alternative strategy to prepare protein cages that encapsulated polymers is
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covalently to link preformed polymers to the inside of protein cages. The advantage
of this ‘grafting-to’ approach is that the polymers are synthesized, purified and
characterized in solution, so that their molecular characteristics are well defined. Of
course, this strategy will only work for protein cages that feature large pores in their
protein shell through which macromolecules can enter into the fully assembled cage,

or for polymer—protein conjugates that self-assemble into polymer cages.

The natural function of chaperonins is to refold denatured proteins by providing a
folding chamber into which proteins can diffuse. Our group took advantage of this
feature and conjugated dendritic poly(amidoamine) (PAMAM, fourth generation)
into the cavities of THS, a chaperonin from 7. acidophilum to prepare delivery
agents for siRNA (Figure 1.2.20).'” PAMAM is a common transfection agent in
gene delivery and can bind and release oligonucleotides and a variety of drugs.’’
However, the high density of positive charges on the surface of PAMAM initiates
uncontrolled cell uptake and can induce cytotoxicity.””*”> Moreover, PAMAM often
forms non-defined aggregates with DNA and siRNA, leading to particles that are too
large for efficient gene delivery.’’® To overcome these disadvantages of PAMAM, it
was incorporated into the cavity of THS. The cage shields cells from the positive
charges on the polymer, while still allowing the polymer to bind and release siRNA.
In contrast to other PAMAM-based siRNA transfection systems, the THS—polymer
conjugate has a well-defined and monodisperse size of approximately 16 nm, which
is defined by the size of the protein cage. Therefore, it fits well into the therapeutic
size window (10-200 nm) for nanoparticles.”’’”’® To bind PAMAM into THS, a
genetically engineered variant of THS that only carried cysteines on its inside was
functionalized with maleimido trioxa-6-formyl benzamide (MTFB). In parallel,
PAMAM was functionalized with succinimidyl-6-hydrazino-nicotinamide (S-
HyNic). Subsequently, PAMAM-S-HyNic and THS-MTFB were mixed. The
polymer diffused into the protein cage where the linkers reacted to form a bis-aryl
hydrazone bond, i.e. a resonance stabilized Schiff’s base, between the polymer and
the protein (Figure 1.2.20a). On average, approximately four PAMAM molecules
were bound into THS. The THS-PAMAM hybrid was able to bind therapeutic
siRNA and protect it from degradation by RNase (Figure 1.2.20b). Moreover, it
could deliver siRNA to U-87 MG cancer cells, inducing siRNA-related inhibition of
proliferation (Figure 1.2.20c). By modifying the exterior of THS-PAMAM with the
cell-penetrating peptide TAT, siRNA-loaded THS-PAMAM was also taken up by
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prostate cancer cells (PC-3) and induced RNA interference in these cells.’” It was
shown that TAT was crucial to initiate RNA interference in PC-3 cells, as protein
cage—polymer conjugates that lacked the cell-penetrating peptide did not enter those
cells. SIRNA has a big potential to tread different diseases, because it can silence
disease-specific proteins.”” This THS-PAMAM system enables to overcome the
inherent hurdles in siRNA delivery, such as fast degradation of siRNA in the blood,
rapid clearing by the kidney due to its small size and the inability of siRNA to cross

380
cell membranes.
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Figure 1.2.20. THS-PAMAM as transporter for siRNA into cells. (a) Conceptional view of THS—
PAMAM hybrid as siRNA delivery agent. PAMAM incorporates the sensitive cargo, while the
protein shell protects cells from positive charges of the polymer. (b) Degradation of siRNA by RNAse
A, as followed by electrophoresis: 1) Free siRNA, 2) PAMAM-siRNA and 3) THS-PAMAM-siRNA.
The results show that THS-PAMAM protects its cargo, similar to PAMAM. (c) U-87 MG cells
transfected with KIF11 siRNA (blue) or scrambled siRNA (red) with either THS-PAMAM or
Lipofectamine 2000 demonstrate the ability of transfecting siRNA by THS-PAMAM. Adapted with

permission from *".

Nanoreactors are very small reaction vessels that confine chemical reactions into a
. 54 . .
nanoscale reaction volume.” They can be created by encapsulation of catalysts into,

e.g. polymer vesicles, inorganic capsules, phase-separated polymer networks and

51-58,61,72,381,382

protein cages. Reactions in nanoreactors can be controlled in
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unprecedented ways, allowing for enhanced reaction rates, suppressed side reactions,
shape- and size-templated synthesis, as well as control of the reaction on a single-

1 51-54,58,72,381

molecule leve Therefore, nanoreactors have attracted much interest and

382 to

were explored to conduct biocatalytic transformations in non-aqueous media,
investigate reactions on the single-molecule level*”® and as artificial organelles.’®
With their hollow structure and their well-defined pores, protein cages are very
promising nanoreactors. While most investigations concentrated on the conversion of

51-54,58,72

small organic molecules in protein nanoreactors, recent reports suggest that

. . . 61,62
protein cages can also be used as reaction vessels for the formation of polymers.”

384,385

Substituted poly(phenylacetylene)s are conjugated polymers that can be used

e.g. as material for active layers in organic light-emitting diodes (OLEDs)** or as
dynamic helical polymers to amplify chirality of guest molecules.®” To increase
control over the polymerization of phenylacetylenes, Watanabe and co-workers
complexed the catalyst rhodium norbornadiene (Rh(nbd)) to the inside of apoferritin
(Figure 1.2.21a).°* The 24 subunits bound Rh(nbd) by interaction with cysteine,
histidine and glutamic acid on the inside surfaces, as revealed by crystal structure
analysis. Each subunit carried three Rh atoms, as determined by ICP-OES. The
successful polymerization of phenylacetylene was confirmed by a colour change of
the reaction mixture from colourless to pale yellow, indicating the presence of
poly(phenylacetylene). Further, the apo-Fr cage kept its structure during
polymerization, as indicated by similar elution volumes in size-exclusion column
chromatography compared with unmodified apo-Fr (Figure 1.2.21b). The polymer
was extracted from the ferritin by disassembling the protein cage into its subunits at
pH 2. Poly(phenylacetylene) with a stereoregular cis-transoidal main chain, a
number-average molar mass (M,) of 1.31 x 10* g mol™' and a polydispersity index
(D) of 2.6 was obtained. For comparison, polymerization catalysed by free
Rh(nbd)Cl, yielded a stereoregular polymer with M, = 6.37 x 10" g mol”' and P =
21.4. These results demonstrate that the discrete reaction space within the protein
beneficially influences the polymerization of phenylacetylene towards lower M, and

smaller D compared with polymerization in the absence of apo-Fr.

Several other derivatives of phenylacetylene were tested as monomers. Although
phenylacetylene bearing an amino group was polymerized in the protein nanoreactor,
monomers with carboxylic or phosphonic acid substituents did not react. Most likely,

this selectivity stems from electrostatic repulsion between anionic molecules and
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positively charged pores of ferritin, i.e. the anionic monomers were repelled from the
protein cage. Therefore, it can be envisioned to use apoferritin as a selective

nanoreactor for neutral and cationic acetylene monomers.

g

Apo-Fr Rh(nbd)-Apo-Fr

——
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Figure 1.2.21. Apoferritin as nanoreactor for the polymerization of phenylacetylenes. (a) Schematic
view of complex formation between apo-Fr and [Rh(nbd)Cl,] and subsequent polymerization of
phenylacetylene. (b) Size-exclusion chromatograms of Rh(nbd)-apo-Fr after polymerization of
phenylacetylene (top), Rh(nbd)-apo-Fr (middle) and apo-Fr (bottom). The elution was monitored at
383 nm (red), which is caused by poly(phenylacetylene), and at 280 nm (black) where protein and
polymer absorb light. Adapted with permission from ®. Copyright © 2009, American Chemical

Society.

Polymethacrylates and vinyl polymers are usually prepared by radical
polymerization. The advent of reversible-deactivation radical polymerization
(controlled/living radical polymerizations) such as ATRP and RAFT has paved the

22,47,388 :
47388 However, conducting ATRP

way for the precise synthesis of these polymers.
in water can be challenging, as several side reactions might occur.** A possibility to
increase the performance of ATRP is to conduct the polymerization in

% The first example of a protein cage—catalyst conjugate as a

nanoreactors.
nanoreactor for controlled/living radical polymerizations was reported by Bruns and
co-workers (Figure 1.2.22a).°" They bound an ATRP catalyst covalently to the

cysteines of an engineered thermosome from 7. acidophilum (THS). These
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attachment points were present on the inside of every beta-subunit of the chaperonin.
The ligand for the Cu(l) catalyst was synthesized by functionalizing N,N,N',N'-
tetracthyldiethylenetriamine (TEDETA) with an aromatic aldehyde. In parallel, the
hetero-bifunctional linker  3-maleimido-6-hydraziniumpyridine  hydrochloride
(MHPH) was reacted with THS. Then, the ligand and the protein were mixed, which
caused the hydraziniumpyridine to react with the aromatic aldehyde, forming a
resonance-stabilized bis-aryl hydrazone bond between THS and ligand. The ligand
was subsequently used to complex copper ions, yielding THS-L,Cu. SAXS
confirmed that the copper complex was only attached on the inside of the protein
cage. The THS was in an open conformation, allowing the exchange of polymers
between the inside and outside of the protein cage. This enabled the synthesis of
polymers inside the THS and their subsequent release into the surroundings.
Compared with polymerizations in ferritin (vide supra) it was therefore not necessary
to disassemble the protein cage to extract the polymer from the protein. Having a
confined reaction space that allows the product to be released into the surrounding
medium through large pores is an advantage of THS over many other protein cages.
THS-LiCu was used as a catalyst for ATRP of NIPAAm in water. It resulted in
PNIPAAm with M, of 1.5 x 10> g mol™' and P of 1.11. The polymerization of
oligo(ethylene glycol)methyl ether acrylate (OEGA) in the presence of 30% THF as
organic co-solvent yielded a polymer of M, = 1.4 x 10’ g mol ' and P = 1.06 (Figure
1.2.22b). The synthesis of polymers within THS was compared with polymerizations
in which the globular protein bovine serum albumin (BSA) served as the carrier of
the copper catalyst (Figure 1.2.22b). BSA-LCu gave PNIPAAm with M, = 4.26 x
10° g mol™" (P = 1.92) and poly(OEGA) with M, of 1.49 x 10° g mol™' (P of 1.84).
Thus, polymers synthesized within the protein nanoreactor had a lower molecular
weight and narrower molecular weight distribution than their counterparts produced
in solution. These findings are in line with the observations for the polymerization of
phenylacetylene in ferritin (vide supra).®> Native and SDS-PAGE, as well as TEM
(Figure 22c) confirmed the integrity of the protein cage also under harsh synthesis

conditions, i.e. in aqueous solutions that contained 30% organic co-solvent.

Both examples (Rh(nbd)-apo-Fr and THS-L-Cu) demonstrate that polymerizations
can be confined in protein cages by attaching catalysts to the inner surface of the
proteins. The nanoscale reaction space within these engineered protein cages results

in polymers with lower and more narrowly distributed molecular weight compared
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with polymerizations catalysed by freely accessible catalysts in solution. Reasons for
this observation could be that the growth of polymer chains is limited by the rate of
diffusion of monomers into the protein cage and that the nanoreactors hold the

growing polymer chain and catalyst in close spatial proximity.

Protein nanoreactors offer the opportunity to gain new insights into polymerization
reactions. The mechanism of the reactions and the growth of polymer chains could
be studied with sequestered single polymer chains. Furthermore, triggers to open and
close pores in protein cages could be used to alter the rate of polymerization or to
start and stop polymerizations on demand. This could lead to new possibilities to

influence polymerization reactions.

a
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Figure 1.2.22. Polymer synthesis in the cavity of THS. (a) THS as nanoreactor for ATRP of N-
isopropyl acrylamide and poly(ethylene glycol) methyl ether acrylate. (b) Comparison of GPC traces
from poly(OEGA) synthesized within THS-L,Cu (green) or with BSA-L,Cu (brown) in the presence
of 30% THF. (c) TEM image of THS-L,Cu after polymerization, showing that after reaction the
protein cage is still intact. Adapted with permission from °'. Copyright © WILEY-VCH 2014,

Weinheim.

1.4.7 Conclusion and Outlook

Many of today’s technical and healthcare challenges can be addressed by developing
functional nanomaterials, e.g. as drug-delivery devices, as templates for electronic

and energy materials or as advanced catalysts. A fascinating route to novel
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nanomaterials is to take advantage of the rich variety of functional, self-assembled
protein structures found in nature. Of particular interest are protein cages, as these
capsules offer the possibility to host, protect, transport and release therapeutic cargo,
metal nanoparticles, macromolecules, catalysts and many other guests. Moreover,
they have very well-defined structures and sizes, which e.g. fit well in the therapeutic
size window for long circulation time. Protein cages spontaneously self-assemble
from a small number of protein subunits that can be overexpressed in suitable host
organisms (e.g. E. coli). Some cages can be obtained from abundant natural sources
(e.g. certain viral capsids from plants or ferritin from blood). Thus, protein cages are
easily and widely accessible in sufficient quantities to be useful tools and building
blocks for bionanotechnology. Although protein cages can be used on their own,
their full power is unlocked if they are paired with synthetic polymers. In biomedical
applications, e.g. as drug- or gene-delivery agents, biocompatible polymer chains on
the surface of protein cages are essential to lower the risk of immunogenic responses
against the proteins. Moreover, polymers can act as flexible spacers through which
targeting ligands can be attached to the surface of the proteins. Protein cages can act
as functional additives in polymeric materials, e.g. to create self-reporting materials
or to increase the mechanical properties of hydrogels. A major breakthrough in the
design of protein cage-based therapeutics was to synthesize polymers in their inside
to enhance greatly their loading capacity for small molecule drugs or for MRI
contrast agents. In a related approach, cationic polymers were used as anchor groups
within the cavity of proteins to bind nucleic acids, so that siRNA delivery with non-
viral cages became possible. Synthetic polymers not only increase the potential of
protein cages in biomedical applications, but can also guide the self-assembly of viral
subunits into nanostructures that differ in their size or shape from their native
counterparts. If certain technical applications require a higher heat stability of protein
cages, polymer chains can be used to achieve this, e.g. by multi-point attachment of
synthetic macromolecules on the exterior surface or by step-growth polymerization
and cross-linking of polymers within the cavity of protein cages. Polymerizations
within protein cages proceed with fewer unwanted side reactions, so that the proteins
have been used as nanoreactors for the synthesis of polymers or of polymer-filled

protein nanoparticles.

This review summarizes and discusses many fascinating protein cage—polymer

hybrid systems and their (potential) applications. But what lies ahead? The symbiosis
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of polymers with protein cages opens up new opportunities for creative solutions in
bionanotechnology and paves the road to novel building blocks for nanomaterials.
Only a limited number of protein cages have been explored and the selection of
appropriate cages for a particular application is often guided by their availability in
the research groups that are active in this field. However, many more hollow protein
structures are known in the biochemical literature, which can considerably increase
the range of sizes and shapes of functional protein—polymer conjugates. For example

192-194 . . 390-395
or giant viruses have not yet been explored

bacterial microcompartments
as scaffolds to create protein—polymer hybrid nanoparticles, although such large
structures would allow encapsulation of a much higher amount of functional cargo,
such as polymer-bound catalyst, polymer-bound semiconducting nanoparticles, drugs
or MRI contrast agents. Polymerization of conducting polymers in rod-shaped
viruses would create polymer-based nanowires. Another interesting possibility is to
create designer protein nanostructures from scratch by engineering of protein

76396399 yrery recently, this approach has led to highly porous

subunits or oligomers.
protein cubes’® and unilamellar hollow spheres,” but these structures have not been
combined with synthetic polymers yet. While most work on protein cages has
focused on using their intriguing structures as scaffolds or as capsules, the function
of protein cages has seldom been explored. For example, chaperonins provide a
folding chamber for unfolded proteins.**’ This environment might therefore also fold
single polymer chains, which would be a major contribution to the field of single-
chain polymer particles.*”® Moreover, many cages feature gated pores, but this
property has not yet been exploited widely to create gated nanoreactors or triggerable
drug-release vehicles. The pores in protein cages could also be rendered responsive
to non-native stimuli by blocking them with a stimulus-responsive polymer. This
would allow, for example creation of controlled drug-delivery cages that release their
cargo in response to temperature changes, pH changes or any other of the many

401403 polymers would also allow

stimuli that are well known in polymer chemistry.
loading protein cages with a high density of catalyst molecules, so that highly
reactive nanoreactors can be envisioned. They could be used to conduct cascade
reactions with improved yield and reduced side reactions. Moreover, such catalyst-
loaded cages could be immobilized on the surface of a lab-on-a-chip device, e.g. for
biosensing applications. Polymers grafted to the surface of protein cages can render

them soluble in organic solvents."’ If such proteins could be loaded with catalysts,
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they could be used as nanoreactors for reactions in organic solvents. A further
promising field of research is to use protein cage nanoparticles as templates for
nanostructured materials. Protein cages can be self-assembled into 2-D and 3-D
arrays. Such arrays could be used as templates to create polymeric materials with a
highly ordered and well-defined internal structure. This might result in materials with
novel optical or electronic properties, especially when the protein scaffolds are
combined with conducting polymers. Engineering of the contact area between
individual protein cage particles in such arrays would allow self-assembling of the
protein cages into defined orientations, giving rise for an unprecedented degree of
control over the position and orientation of encapsulated cargo, such as polymeric or

inorganic nanoparticles.

In conclusion, the combination of protein cages with polymers results in novel hybrid
nanosystems that combine the advantages of these biomacromolecules and of tailor-
made synthetic polymers. Exciting applications, ranging from drug delivery to the
preparation of advanced materials, have been addressed in the past and a variety of
protein cage—polymer hybrids have been reported. However, this research field is far

from maturity, allowing for many new concepts to be developed and explore
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Chapter 2

2 Research projects

2.1 Synthesis of functional polymers within a
chaperonin for encapsulation and release of

biomacromolecules

This chapter will be published as: Rother M., Nussbaumer M. G., Duskey J. T.,
Postupalenko V. Meier W., Bruns N., Synthesis of functional polymers within a
chaperonin by atom-transfer radical polymerization for encapsulation and release of

biomacrololecules, 2016

In this chapter, cationic and fluorescent polymers

Polymerization .
inside THS Com ple);‘atlon
witl

macromolecules

were synthesized in the interior of the protein cage

thermosome, a group Il chaperonin. This
thermosome-polymer conjugate was explored in its
interaction with biomacromolecules and their

release into mammalian cells. Moreover, the cage

~ b L
Release structure shielded the cells from toxicity of the

into cells

cationic charges of the polymer.

2.1.1 Introduction

Nature provides us with different and versatile types of proteins that carry out

404-406 407,408 409,410

specific functions such as enzymes, membrane proteins, antibodies,

228,411-413

or protein cages. Protein cages are hollow nanometer sized assemblies from

228,411-413

protein subunits. They are kept together by covalent and non-covalent

subunit interactions. Depending on their origin, they play important roles in catalysis,

nucleic acid storage and delivery, folding of denatured proteins and molecular

77,78,234,414-416

storage and regulation. Protein cages have recently attracted great
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interest as functional and structurally well-defined building blocks for
bionanotechnology’’. They are highly uniform hollow nanoparticles whose structure
has been, in many cases, resolved with high resolution. Therefore, they can be site-

selectively functionalized on their exterior and their interior via genetic and chemical

78,101

methods. This is an advantage over hollow nano vehicles based on organic or

inorganic materials, which have a broader size distribution and cannot be site-

72,81,82

selectively modified with that ease as protein cages. Moreover, they have a

remarkable high stability®' and are biodegradable and biocompatible.””'* The

properties of protein cages make them ideal candidates for development of nano

74,82

carriers that can transport cargo to a specific cellular target, and as nano reactors

60,137,417 61,62

for the synthesis of inorganic or organic materials. Protein cages have

viral or non-viral origin. The most studied ones are virus-like particles (VLPs) that
are derived from viruses and bacteriophages by removing their cargo

DNA/RNA."#?>1%418 Non-viral protein cages are, for example, ferritins’’, heat-

185,186,213,234,419 187,188,228,235 242,316

shock proteins, chaperonins or vault proteins.

Protein cages can be combined with synthetic macromolecules in order to create new

hybrid materials that widen the possible applications of these nanostructures.***'

Polymers can be attached on the outside of protein cages to alter the properties of the
proteins (e.g. prolonged circulation time) or they can be equipped with additional
functionalities such as  targeting ligands to  enhance  cellular
uptake, 1?%1>4164.282,283.285.294.297.310.314322- A constantly growing field are protein cage-
polymer conjugates where the polymers are located in the interior of the cages. This
allows introducing a higher density of functional molecules into the protein cages,

e.g. to create highly efficient magnetic resonance contrast agents, protein cage-

polymer conjugates with catalytic activity or gene delivery vehicles.''"'"*"

H3,148.162,163,172,361.362 commonly used polymerization methods to synthesize protein-
polymer conjugates are atom-transfer radical polymerization (ATRP) and radical-

addition fragmentation chain transfer (RAFT)

o e 15,22,29,33,35,39,40,179,275,422,423
polymerization. ~>~5777777 7" 79275422,

Many native protein cages have static pores. Ferritin’s pores are 0.4 nm in diamter,*'"'

264,265

the pores of Qf bacteriophage 2.5 nm and small heat shock proteins have pores

212,213

with a diameter of approx. 3 nm. However, these pores are too small to allow

macromolecular therapeutic cargo, e.g. proteins (~ 50 kDa, approx. 2.5 nm)** or

371,425-427

duplex 21-mer siRNA (~7 nm length, 2 nm diameter) to enter the cavity.
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From all native protein cages, the pores of chaperonins range among the largest. The
thermosome (THS) from Thermoplasma acidophilum, a group II chaperonin that was
used in this work, is assembled from alternating a- and B-subunits in an eightfold
symmetry and has a barrel shape structure, which is approx. 16 nm in outer

428

diameter.” In the open state, THS has two large pores (~ 8-10 nm in

236,237,429 235

diameter) that allow macromolecules like globular proteins (up to 50 kDa)

or polymers®' to enter and leave the cavity (Scheme 1 a & b).

Thus, the THS cage is ideally suited for encapsulation, transport and release of
macromolecules. However, macromolecules do not stay permanently in native THS,
as they can diffuse out of the cavity when THS is in its open state. In order to address
this challenge, cationic polymers can be inserted as an anchor into the THS cavity.
The polymer can bind therapeutic macromolecules via electrostatic interactions and
therefore prevents the premature release of the cargo from the cavity. A mutated
variant (K316C) of native THS was used (Figure 2.1.2a+b).” It carries a cysteine
(Cys) on the inside of every B-subunit, which allowed covalent attachment of
functional molecules in the protein cage. In our previous study, poly(amidoamine)
(PAMAM)*", a cationic dendrimer, was bound to the cysteines via a “grafting-to”-
approach in order to bind siRNA within THS.'® SiRNA was chosen as an example
for a biomacromolecule because of its therapeutic properties and importance.*'***
The oligonucleotide was kept within the THS via electrostatic interactions. However,
the PAMAM-approach has its limitations. Being a presynthesized dendrimer,
PAMAM cannot include even small amounts of other functional units, is inflexible

in its folding and has a very limited scope for further modifications.

In addition, the bulky dendrimer occupies much space in the cavity, limiting the
amount of macromolecules (e.g. siRNA) that can be encapsulated. Furthermore, the
THS-PAMAM-siRNA complex formed undesired aggregates, most likely because
the cargo is not fully encapsulated in the protein cage due to steric reasons. To
overcome these issues, a different method was applied in which linear polymers were
synthesized in the cavity by a “grafting-from” approach. Maleimide-ATRP initiators

4 Then, cationic

were coupled to accessible cysteines (Cys) via Michael-Addition.
2-(dimethylamino)ethyl methacrylate (DMAEMA) was polymerized within the
cavity of THS via activators regenerated by electron transfer atom transfer radical
polymerization (ARGET ATRP) (Figure 2.1.1a).*® Copolymerization of DMAEMA

with the fluorescent monomer methacryloxyethyl thiocarbamoyl rhodamine B
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(RhBMA) (Figure 2.1.1b) allowed synthesizing a polymer with dual functionality
within the cage. PDMAEMA is known to bind to negatively charged molecules like
nucleic acids and is used for their delivery.* The linear polymer chains allowed the
entrapment of two times more siRNA into the THS than with the PAMAM-
approach. Moreover, cationic polymers were utilized for intracellular delivery of

proteins.*°

The THS-pDMAEMA and THS-pDMAEMA-co-RhBMA conjugates were explored

as a delivery platform for siRNA into mammalian U87 cells (Figure 2.1.2¢). In

437

addition, enhanced yellow fluorescent protein (eYFP)™' and a modified variant of

438

the green fluorescent protein (TurboGFP)™" were complexed to extend our strategy

to protein delivery.***

Figure 2.1.1. Chemical structures. (a) pDMAEMA and (b) methacryloxyethyl thiocarbamoyl

rhodamine B.
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Figure 2.1.2. Structure of THS, polymerization within the cavity of THS, and use of the protein-
polymer conjugate to bind and deliver biomacromolecules. Cryo-electron microscopy (cryo-EM)
density map of a thermosome in its sideview (a) and top view (b). (¢) Cross section of the mutated
variant of the native THS, which had one accessible cysteine (Cys) on every B- subunit. Maleimide
ATRP-initiators were coupled to the cysteines and the resulting macroinitiator was used for
homopolymerization of 2-dimethylaminoethyl methacrylate (DMAEMA) or for copolymerization of
DMAEMA with methacryloxyethyl thiocarbamoyl rhodamine B (RhBMA) under ARGET ATRP
conditions. Subsequently, siRNA or fluorescent proteins (eYFP, TurboGFP) were complexed within

the cavity via electrostatic interaction and delivered into U87 cells.

2.1.2 Results and Discussion

2.1.2.1 Synthesis and characterization of THS-pDMAEMA and THS-
pDMAEMA-co-pRhBMA conjugate

Common ATRP reagents with different combinations were tested (Figure 2.1.3), in
order to find out at which conditions the cage structure is stable and which lead to
degradation (see Tables 2.1.1-2.1.3 and the experimental section for further details).
Protein cages were incubated with different single reagents and their combinations in
degased H,O under argon atmosphere for 48 h. After incubation time, the samples
were analysed by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) and basic native polyacrylamide gel electrophoresis (BN-PAGE). The
influence of Cu(I) and Cu(Il) on the cage structure in presence and absence of two

different ligands (1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA)22 and



74 Chapter 2

tris(2-pyridylmethyl)amine (TPMA)* was tested (Figure 2.1.3a+b). Then, we
wanted to know the influence of reducing agents (sodium ascorbate (NaAsc) and
tin(I)ethyl hexanoate) for Cu(Il) complexes, which are commonly applied in
ARGET ATRP, on the cage structure (Figure 2.1.3a+b). Moreover, to the tested
reagents in various combinations, monomers (hydroxyethyl acrylate (HEA)), ATRP-
initiators were added in order to test if the cage keeps its structure under ARGET
ATRP conditions (Figures 2.1.3a-c). The THS subunits did not degrade in the
presence of Cu(Il) (Figure 2.1.2a, lane 2), whereas subunit degradation could be
observed in the presence of Cu (I) (Figure 2.1.3a, lane 6). Even when Cu(I) was
complexed with HMTETA, subunit degradation could be observed by the
appearance of smearing bands (Figure 2.1.3a, lane 8), which was not the case for
Cu(Il) (Figure 2.1.3a, lane 5). In a comparison between the ligands HMTETA and
TPMA, the samples with HMTETA showed no degradation of subunits (e.g. Figure
2.1.3c lane 2), while TPMA showed degradation of the subunits by a smearing (e.g.
Figure 2.1.3c, lane 3) in the SDS-PAGE gels. No difference in cage structure was
found after treating THS with the reducing agents sodium ascorbate (NaAsc) and
tin(Il)ethylhexanoate in presence of Cu(Il) and HMTETA as ligand. When TPMA
was used as ligand, decomposition of the cage was stronger with

tin(Il)ethylhexanoate (Figure 2.1.3c¢, lane 9) than with NaAsc (Figure 2.1.3c, lane 8).

THS is stable in the presence of radicals (ARGET ATRP conditions, Figures 2.1.3a-
c) as well as in 50 vol% dimethylsulfoxide (DMSO) (Figure 2.1.3d) and 5 vol%
methacrylate monomers (Figure 2.1.3¢e), which is approx. 75’000 monomer units per
initiator at 4 initiators per cage (see below). Moreover, a high concentration of Cu
(), even when bound to a ligand, caused disruption of the cage structure. As a
consequence, we used HMTETA as ligand and kept the amount of copper very low.
At the same time it was desired to generate enough radicals for polymerization
within the cavity of THS. Thus, we chose activators regenerated by electron transfer
atom transfer radical polymerization (ARGET ATRP) as our polymerization method

. 41,46,441
of choice.” "™

DMSO was chosen as a co-solvent, because preliminary
experiments showed a slightly better control over molecular weight of the polymers

than with tetrahydrofuran (THF).

From the stability experiments we derived the ARGET ATRP conditions. Copper
concentration (as CuBr, complexed with HMTETA in a 1:1.3-ratio) was chosen to

be four times higher than initiators to have an adequate amount of copper that can
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create radicals within the cavity of THS. The concentration of the reducing agent
NaAsc was chosen to be four times higher than of the Cu-complex. This guaranteed
a constant generation of radicals even though concentration of reactants, except
monomers, was kept low. We know that the cage structure is stable at a monomer
concentration of 5 vol%. For this reason, the monomer concentration was kept below

5 vol% in order not to eventually disrupt the cage structure at higher concentrations.
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Figure 2.1.3. THS protein cage stability tests to find out at which polymerization conditions the cage
remains intact. (a) SDS-PAGE of THS at different reagent compositions. The influence of Cu(I) +
Cu(II) in absence and presence of the Ligand HMTETA and reducing agent sodium ascorbate on the
cage structure was investigated. In addition, it was tested if the cage structure is stable in presence of
radicals. L = protein ladder. Details of the conditions are shown in table 1(b) SDS-PAGE (top) and
BN-PAGE (bottom) of THS at different conditions. The influence of Cu (I) + Cu(Il) in absence and
presence of the Ligand TPMA and reducing agent sodium ascorbate on the cage structure was
investigated also in the presence of radicals. Details of the conditions are shown in table 2 (c) SDS-
PAGE (top) and BN-PAGE (bottom) of THS at different conditions. The ligands HMTETA and
TPMA were compared at various ATRP-conditions. Moreover, the influence of radicals on the cage
structure was investigated. Details of the conditions are shown in table 3 (d) THS in DMSO:H,0 1:1
(v:v). (e) THS in presence of 5 vol% oligo(ethylene glycol) methylether methacrylate (OEGMA, M,, =
480 g mol™).
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Table 2.1.1 (to Figure 2.1.2a). Influence of different parameters (Cu (I) / Cu (II) in presence/absence of HMTETA and presence/absence of Na-ascorbate (NaAsc) on the

structure of THS subunits

Lane Lane Lane Lane Lane Lane Lane Lane Lane

Figure S 1a
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Subunit Stable Degradati )
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Table 2.1.3 (to Figure 2.1.2¢). Comparison of the ligands HMTETA and TPMA at different conditions and their influence on the THS cage structure.

Lane Lane Lane
Figure Slc

1 2 3

Lane Lane Lane Lane

4 5 6 7

Lane Lane

8 9

Stable cage
Subunit and cage Stable according to BN-
Stable cage and
structure / cage and ] PAGE, but
subunits
remarks subunits degradation of

subunits

Stable cage
according to
Stable cage and Stable cage and Stable cage and
BN-PAGE, but
subunits subunits subunits
degradation of
subunits.

Degradation of Degradation of

cage and subunits cage and subunits
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Prior to polymerization within the cavity, macro-initiators (THS-Br) were prepared
from mutated THS (K316C) and maleimide functionalized ATRP-initiator,”* which
reacted with the cysteines in the interior. In order to assess the amount of initiators
within the cavity, THS and THS-Br were labelled with a cysteine-reactive dye
(Alexa488 maleimide).

The labelled samples were purified via spin desalting and spin diafiltration and
subsequently analysed by fluorescence correlation spectroscopy (FCS) (Figure
2.1.4a). Fitting of the autocorrelation curves were based on one-population fits
including triplet state. The obtained diffusion times of THS (408 £15 ps) and THS-
Br (393 + 26 ps) were almost equal, while the free dye Alexa488-maleimide had a
much lower diffusion time (35 ps + 3.3 ps). Hydrodynamic diameters and molecular
brightness (counts per molecule (CPM)) were then calculated based on equations 1
and the equations in the experimental section. Free dye (Alexa488-maleimide) had a
molecular brightness of CPM = 5.6 kHz, and a hydrodynamic diameter of 1.1 + 0.1
nm. In contrast, labelled THS revealed CPM of 31.2 + 0.9 kHz, and a hydrodynamic
diameter of 13.1 £ 0.5 nm. For THS-Br a CPM value of 12.0 + 0.5 KHz, and a
hydrodynamic diameter of 12.7 + 0.8 nm was calculated. The number of dyes within
the cavity was calculated by comparing CPM values according to equation (1).

CPMsample

—————— = #dyesTHS ! 1
CPMfree dye ( )

5.6 £ 0.2 dye molecules were obtained per THS, whereas THS-Br contained only 2.1
+ 0.1 dye molecules in average (Figure 2.1.4b). From these values we can conclude
that from the 6 available cysteines from THS, 4 could be modified with ATRP-
initiators (6 cysteines in THS minus 2 that could be modified in the THS-Br). The
initiators could not be bound to all cysteines in the interior. A possible explanation
for the deviation from a theoretical value of 8 available cysteines might be that our
THS was in average not composed of an equal ratio of 8 a- and B-subunits. It rather
had more a-subunits that did not have an assessable cysteine in the interior. Mass
spectrometry was unfortunately not conclusive, because the different subunits could

not be resolved and merged into one signal.
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Figure 2.1.4. Determination of available cysteines in THS and THS-Br by coupling of Alexa488
maleimide to Cys and fluorescence correlation spectroscopy (FCS). (a) Normalized autocorrelation
curve of Alexa488 maleimide dye, THS that was incubated with Alexa488 dye and THS-Br that was
incubated with Alexa488 dye. (b) Calculated number of bound dyes per THS and THS-Br (as derived

from the counts per molecule according to equation (1)).

Polymerizations were conducted with the THS-Br macroinitiator. The monomer-to-
initiator ratio was varied in order to vary the molecular weight of the THS-polymer
conjugates. The different amounts of monomers that were used for the synthesis of
the discussed protein-polymer conjugates are combined in Table 4. Homopolymers
from 2-dimethylaminoethy methacrylate (DMAEMA) and copolymers of DMAEMA
and methacryloxyethyl thiocarbamoyl rhodamine B (RhBMA) were synthesized with
the interior. The reaction parameters for the synthesis of protein polymer conjugates
are summarized in Table 2 in the experimental section. In this study three different
THS-pDMAEMA conjugates were synthesized with an increasing amount of
monomers in respect to initiators (from 5’000 monomers per initiator to 15°000)
(Table 1). As comparison a bovine serum albumin (BSA, Mw ~ 64’000 g mol™)
pDMAEMA conjugate (BSA-pDMAEMA) with 15’000 monomers per initiator was
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synthesized (Table 2.1.4). BSA was chosen, because it is a globular protein that has

approximately the same molecular weight as a THS-subunit.

Table 2.1.4. THS-polymer and BSA-polymer conjugates of this study.

n(DMAEMA) per initiator ;
n(RhBMA) per initiator
Name
amount of initiators:
4 per THS, 1 per BSA
THS-
5’000 ; --
pDMAEMA1
THS-
10°000; --
pDMAEMA?2
THS-
15°000; --
pDMAEMA3
BSA-
15°000; --
pDMAEMA
THS-
pDMAEMA-co- 15°000; 40
pRhBMA

Several methods were applied to determine if the synthesized samples contain
polymers that are bound to the protein. THS and THS-polymer conjugates were
analysed by matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-ToF MS) (Figure 2.1.5). The cage structure disassembled
most likely due to the impact energy of the laser and therefore only subunits could be
analysed by this method. The MS spectrum of THS (Figure 2.1.5a, red curve)
doesn’t show two separated masses for the a- and B-subunits as expected, but more
an averaged spectrum of both. Therefore, it was not possible to show the attachment
of small molecules (e.g. ATRP-initiators) to the B-subunits by mass spectrometry.
The presence of polymers attached to the protein subunits could be shown by a clear
shift of the subunits to higher molecular weight (Figure 2.1.5a, black curve) when
compared with the MS-spectrum of THS (Figure 2.1.5a, red curve). Moreover, only
conjugates of reactions in which the molar ratio of DMAEMA to initiator was 50:1
or less could be evaporated and analyzed. It was possible to calculate the size of the
polymers by subtracting the MS spectrum of THS from the MS spectrum of the

conjugates. For the conjugates with a monomer to initiator ratio of 50:1, most of the
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polymers had a molecular weight between 200 - 1400 g mol”, which in average
corresponds to 1.2 to 9 monomers per protein subunit. Higher DMAEMA amounts
per initiator decreased the signal of the conjugate dramatically that no analysis was

possible.
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Figure 2.1.5. Matrix-assisted laser desorption ionization mass spectroscopy (MALDI-ToF MS) THS
and THS-poly(DMAEMA). (a) MS spectrum of THS (red curve) and MS spectrum of THS-
poly(DMAEMA) (black curve) with a ratio of DMAEMA: initiator = 50:1 used for reaction.(b)
Calculated spectrum of poly(DMAEMA). Spectrum was calculated by subtracting the MS spectrum
of empty THS from THS-poly(DMAEMA).

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was used
to assess the formation of THS-polymer conjugates. Under denaturing conditions, the
cage is dissembled into its subunits, which have a molecular weight around 60’000 g
mol” (Figure 2.1.6a). In addition, dimers of the subunits can be observed in a less
pronounced band at approx. 120°000 g mol’ and tetramers in an even less
pronounced band at approx. 250’000 g mol'. The tetramer band is more promiment
with the THS-pDMAEMA samples (Figure 2.1.6a, lanes 2-4). Dissembled protein
cage-polymer conjugate subunits have a higher molecular weight than the subunits

with no modification. They have a lower electrophoretic mobility, which can be seen
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on the gel. In addition, conjugate samples moved as streaks under electrophoresis

conditions due to the attached polymers (Figure 2.1.6a, lanes 3-5).

THS-pDMAEMA conjugates showed weak streaking towards higher molecular
weights (Figure 2.1.6a, lanes 3+4), whereas pure THS did not show this smearing of
bands (Figure 2.1.6a, lane 1). With an increasing amount of monomers, from 5’000
monomers per initiator (THS-pDMAEMAI, Figure 2.1.6a, lane 2) to 10°000 (THS-
pDMAEMAZ2, Figure 2.1.6a lane 3) and 15’000 (THS-pDMAEMAZ3, Figure 2.1.6a,
lane 4), the smearing of bands to higher molecular weights in the THS-polymer
conjugates increased. The increase of smearing bands can be associated with
increased polymer chain lengths that are attached to the proteins. This increase is, in
addition, visualized as a two-dimensional intensity plot in which the sample density
is plotted against the molecular weight (Figure 2.1.6b). In those two-dimensional
plots it is visible that the THSpDMAEMA3 sample moved towards higher molecular
weights when compared with THS-pDMAEMA?2 and especially THS-pDMAEMA1.
A molecular weight range between 50’000 g mol” and 100’000 g mol™ was chosen
for the samples, because in this range the single subunits with attached polymers are
located. Like in the mass spectrometry analysis a shift to higher molecular weights is
visible with the THS-pDMAEMA?2 and THS-pDMAEMA3 samples (Figure 2.1.6b).
The subunits with polymers of THS-pDMAEMA2 shifted less (500 g mol") to
higher molecular weights than THS-pDMAEMA3 (1500 g mol™) in comparison to
THS. In addition, the THS-pDMAEMAZ3 sample covers a higher molecular weight
range from approx. 62°000 g mol™ to around 90°000 g mol " whereas the THS-
pDMAEMA?2 sample ranges from around 60’000 g mol” to 80’000 g mol”. The
THS-pDMAEMAI1 sample did not show any shift or streaking like the other
conjugate samples. A reason might be that the polymer were so small that gel
electrophoresis could not resolve the little difference between the conjugate and

THS. Gel electrophoresis has a limited resolution.

From these observations we conclude that with an increasing amount of monomer
per initiator the polymer chain length in the conjugates increased. Thus, for our
synthesis conditions, the monomer-to-initiator ratio is a parameter that influences the

chain lengths of the polymers in protein-polymer conjugate synthesis.

In addition to the monomer-to-initiator parameter that influenced chain growth of the
polymers, we wanted to know if the cage structure also influenced the

polymerization reaction. From previous investigations in our group, we knew that the
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cage structure improved the control of polymer synthesis.’ However, the difference
to our reported study is that polymers were synthesized in THS or with BSA that
were not covalently bound to the proteins.®’ For this reason, THS-pDMAEMA3
(Figure 2.1.6a, lane 4) was compared with a BSA-pDMAEMA conjugate (Figure
2.1.6a, lane 5). Both conjugates were synthesized under same conditions and with the
same monomer-to-initiator ratio of 15°000:1. The BSA-pDAMEMA conjugate also
showed the blurring of bands to higher molecular weights, however, polymers were
smaller in the THS-pDMAEMA3 conjugate sample. A direct comparison between
THS-pDMAEMA3 (black line) and BSA-pDMAEMA (purple line) in the two-
dimensional intensity plot confirms this observation (Figure 2.1.6b). From this
observation we conclude that the cage structure has an influence on the
polymerization, most likely due to steric hindrance of the protein cage. Access of the
catalysts and monomers into the cavity is limited when compared with BSA that
does not have a shielding cage structure. Thus, the confined space of THS influenced

the polymerization.

From both analytical methods we can conclude that MALDI-ToF is for conjugates
with shorter chain lengths. Conjugates with longer chain lengths can not be analysed
by MALDI-ToF, but with SDS-PAGE. SDS-PAGE, however, has its limitations with

shorter conjugates due to its limitation in resolution.
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Figure 2.1.6. SDS-PAGE of THS-poly(DMAEMA) and BSA-poly(DMAEMA) conjugates. (a) Lane
L = protein ladder, lane 1 = THS, lane 2 = THS-pDMAEMA 1, lane 3 = THS-pDMAEMA 2, lane 4 =
THS-pDMAEMA 3, lane 5 = BSA-pDMAEMA. The gel was stained with silver nitrate. (b)
Normalized 2D-plots of the SDS-gels of the analysed conjugates shown in a molecular weight range
from 50’000 g mol” to 100’000 g mol”, i.e. in the range in which the THS subunit-polymer
conjugates were located. The calibration curve for determination of molecular weights of the

conjugates is shown in the experimental section.

Besides the synthesis of homopolymers also copolymers were synthesized within
THS. As comonomer, we chose methacryloxyethyl thiocarbamoyl rhodamine B
(RhBMA). THS and THS-pDMAEMA3 have the same absorbance spectrum, while
THS-pDMAEMA-co-RhBMA has an additional peak for the RhBMA with an
absorbance maximum at 560 nm (Figure 2.1.7a). RhBMA is a fluorescent monomer
and can be quantified by UV/Vis (Figure 2.1.7a). For the THS-pDMAEMA-co-
RhBMA sample with 15°000 DMAEMA and 40 RhBMA monomers per initiator, an
amount of 5 RhBMA molecules per THS-polymer conjugate was calculated. Like
THS-pDMAEMA3 (Figure 2.1.7b left gel, lane 2), THS-pDMAEMA-co-RhBMA
(Figure 2.1.6b left gel, lane 3) shows a shift to higher molecular weights and a band
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streaking in SDS-PAGE. The fluorescence of the conjugate was proven by
fluorescence analysis under UV-light of the gel (Figure 2.1.7b right gel, lane 3).

SDS PAGE analysis was complemented by basic native polyacrylamide gel
electrophoresis (BN-PAGE) of the conjugates (Figure 2.1.7¢). In BN-PAGE proteins
are not denatured and therefore it can be used to determine if the cage structure
remained intact after polymerization. The empty THS cage (Figure 2.1.7c¢, left gel,
lane 1) had the same electrophoretic mobility than the THS-polymer conjugates
(Figure 2.1.7c, left gel, lane 2+3). The results show an intact cage structure of the
conjugates. The fluorescence of THS-pDMAEMA-co-RhBMA was also observed in
BN-PAGE (Figure 2.1.7c, left gel, lane 3). Furthermore, in BN-PAGE analysis two
lines of THS occur in every sample. The two lines are more apparent in the THS-
pDMAEMA-co-pRHBMA sample due to the presence of fluorescent molecules
(Figure 2.1.7c, right gel, lane 3). At certain conditions, THS can occur in two
different open conformations, a fully opened and half-opened, so-called bullet

shaped conformation.**®

We assume that the bullet shaped THS is less bulky than the
opened THS. The fully open conformation interacts more with the acrylamide gel.
Therefore, the bullet-shaped THS migrates further. The band of the bullet-shaped

THS is more prominent visible in the gels (Figure 2.1.7c¢, left gel).
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Figure 2.1.7. Spectroscopic and gel electrophoretic characterization of THS and THS-conjugates. (a)
UV/Vis of THS, THS-pDMAEMA3 and THS-pDMAEMA-co-pRhBMA. (b) Gel electrophoresis
characterization of THS and THS-polymer conjugates. L = protein ladder. (1) = THS protein cage, (2)
THS-pDMAEMA 3 (3) THS-pDMAEMA-co-pRhBMA. (a) SDS-PAGE of THS and THS-polymer
conjugates. Left gel: Coomassie staining, right gel: fluorescence image (b) BN-PAGE electrophoresis

of THS and THS-polymer conjugates. Left gel: coomassie staining, right gel: fluorescence image.

The different cage shapes of the empty THS and THS-polymer conjugates can be
seen in the transmission electron microscopy images (Figures 2.1.8-2.1.10). Fully
open and bullet-shaped protein cages can be found in the images of the analysed

samples.
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Figure 2.1.8. Transmission electron microscopy images (TEM) of empty THS protein cages. Red
circles = side views of bullet-shaped THS, white circles = side views of fully open THS. Scale bar is

200 nm.
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Figure 2.1.9. Transmission electron microscopy images (TEM) of THS-pDMAEMAS3 protein cages.
Red circles = side views of bullet-shaped THS-pDMAEMA 3, white circles = side views of fully open
THS-pDMAEMA 3. Scale bar is 200 nm.
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Figure 2.1.10. Transmission electron microscopy images of THS-pDMAEMA-co-RhBMA protein
cages. Red circles = side views of bullet-shaped THS-pDMAEMA-co-RhBMA, white circles = side
views of fully open THS-pDMAEMA-co-RhBMA. Scale bar is 200 nm.
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Dynamic light scattering (DLS) and transmission electron microscopy (TEM)
provided additional proof of an intact cage structure after polymerization (Figure
2.1.11a-c). The conjugates have the same size and structure than the empty cage. The
DLS and TEM-results are in good agreement with the size and structure of THS

reported in literature.***

DLS shows, in addition, that the polymer chains are mainly located within the cage

because the size of the cage did not increase after polymerization.
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Figure 2.1.11. Dynamic light scattering and transmission electron microscopy of THS and THS-
polymer conjugates. (a) THS, (b) THS-pDMAEMA 3 and (c) THS-pDMAEMA-co-pRhBMA. (a) —
(c) left panels: DLS measurement of empty THS protein cage (top), THS-pDMAEMA 3 (middle) and
THS-pDMAEMA-co-pRhBMA (bottom). (a)-(c) right panels: TEM image of empty THS protein cage
(top), THS-pDMAEMA 3 (middle) and THS-pDMAEMA-co-pRhBMA (bottom). TEM scale bars are
100 nm.
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2.1.2.2 Interaction of THS-pDMAEMA conjugates with siRNA

PDMAEMA is known to bind DNA and RNA due to its cationic charges that interact

with the negative charges of the nucleic acids.*”

that pPDMAEMA (Figure 2.1.12a) is capable to bind siRNA (Figure 2.1.12b).*

We confirm findings from literature

a 1.4,
"1 M,: 8.008*10* g mol’'
1.2] My: 1.419%105 g mol!
| PDI: 1.77
0.8
S 0.6
$0-
0.4
0.2]
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Molar mass (g mol)
b 1

2 3 456 78

Figure 2.1.12. Characterization of the polymer that was used in this study and its binding capacity to
siRNA. (a) Gel-permeation chromatography curve of pDMAEMA, which was synthesized by
ARGET ATRP. (b) Agarose gel of pPDMAEMA complexed with siRNA.

Moreover, from our previous investigations we know, that macromolecules like
siRNA can be encapsulated within THS.>”” To follow up with these results, we were
interested, if our new THS-polymer conjugate can be used as siRNA delivery agent.
Therefore, we investigated the siRNA binding capacity of the THS-pDMAEMA
conjugates. With the electrophoretic mobility shift assay (EMSA), the interaction and
binding capacity of a host (THS-pDMAEMA) towards a guest (siRNA) can be

. 442
estimated.

In this agarose gel assay, samples with a constant amount of siRNA
were incubated with increasing amounts of THS-pDMAEMA conjugates. For
comparison, bare siRNA is shown in lane 1 of the gels. The agarose gels in Figure

2.1.13a show that THS-pDMAEMA 1 did not bind any siRNA at any of the
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investigated siRNA-to-THS-pDMAEMA ratios. From a ratio of 1:0.25, THS-
pDMAEMAZ2 bound siRNA, albeit not completely (Figure 2.1.13a, middle gel, lane
4). With THS-pDAMEMA3, binding occured already at the lowest molar ratio
(1:0.06) between siRNA and THS-pDAMEMA used for the experiment. Only very
little free siRNA was observed in the sample with a siRNA-to-THS-pDAMEMA
ratio of 1:0.25 and no free siRNA was observed at a ratio of 1:0.5 (Figure 2.1.13a,
right gel, lanes 4+5) and at higher THS-pDMAEMA concentrations. Therefore, full
binding of siRNA was achieved with the sample THS-pDMAEMA3. From the
results we could estimate that between 2 and 4 siRNAs were encapsulated within the
cavity of THS-pDMAEMA3. This estimation is justified with the argument that in
the THS-pDMAEMA3 sample with a 1:0.25 ratio, almost no free siRNA could be
detected. THS-pDMAEMA does not have any functional groups that actively drag
siRNA into its cavity. This means that in a saturated host-guest system, still free
species can exist even though most of it could be bound. In addition, a part of the
sample migrated in the opposite direction of the normal migration direction of
nucleotides (Figure 2.1.13a, left gel, lane 4). This indicates that THS-pDMAEMA3
conjugates in solution existed that had excess in positive charges and did not
completely bind the siRNA. Eventually after longer incubation time than in the
performed experiment (30 min.) the equilibrium could be shifted towards more
binding and thus the disappearing of the weak free siRNA band. The
overcompensation of positive charges is even more present in the samples with

higher ratios 1:0.5 and 1:0.85 (Figure 2.1.13a, left gel, lane 5 and 6).

From the EMSA assay experiments we found out that THS-pDMAEMA can bind
siRNA. In addition, we wanted to know if the THS itself is capable to encapsulate
and bind siRNA. This investigation is important to justify the polymers in the cavity
of THS. Comparing Figure 2.1.13b, left gel (siRNA, gel red stained) and Figure
2.1.13b right gel (THS, coomassie blue stained) we see that both compounds are
separated from each other and do not form a complex. Form this experiment we can

conclude that pPDMAEMA is necessary for encapsulation and binding of siRNA.
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Figure 2.1.13. The presence of polymers and their chain lenght is crucial for siRNA binding. (a)
Agarose gels of THS-pDMAEMA samples with different siRNA-to-THS-pDMAEMA ratios.

Samples were run for different duration, thus the different migration lengths. The siRNA was stained
with GelRed and visualized by fluorescence. The applied ratios between THS-pDMAEMA and
siRNA are described in the experimental part. (b) Electrophoretic mobility shift assay (EMSA) of a
mixture of siRNA and THS. Left gel: siRNA, gel red stained and fluorescence imaged. Right Gel:

THS, coomassie blue stained and imaged with visible light.

The THS-pDMAEMA 3 conjugate is the most promising sample for further
investigations. Therefore, we decided to conduct further experiments with this
sample. THS-pDMAEMA3 was compared with pPDMAEMA in the presence of
siRNA. We wanted to know if any structural changes occur when samples are
complexed with siRNA. PDMAEMA is a linear polymer and THS-pDMAEMA, in
contrast, has the cage structure that shields the polymer chains and can prevent
interaction with neighbouring molecules. Dynamic light scattering (DLS) was
performed with THS-pDMAEMA3 (Figure 2.1.14a) and for comparison with
pDMAEMA in presence of siRNA (Figure 2.1.14b). The size of THS-pDMAEMA 3
complexed with siRNA (14.6 + 4.0 nm) did not increase in size, compared to THS-
pDMAEMA 3 without siRNA (14.2 + 3.8 nm, Figure 2.1.11b). This result was, in
addition, confirmed by TEM (Figure 2.1.15). Another observation from the DLS
measurement of THS-pDMAEMA complexed with siRNA was that aggregates of
the protein cage were not formed. In contrast, pPDMAEMA complexed with siRNA
formed larger (~ 600 nm), highly polydisperse aggregates (Figure 2.1.14b). It is
known from literature that pPDMAEMA complexed with e.g. DNA or RNA can form
inhomogeneous aggregates.**’ Aggregate formation was, in addition, observed by the

formation of a slightly turbid solution. Since no surrounding structure shielded the
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polymer chains, aggregates were formed in a random fashion. The feature that THS-
pDMAEMA did not form aggregates is beneficial in delivery applications,***
because the transporter is more defined in its structure.
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Figure 2.1.14. The cage structure of THS-pDMAEMA prevented aggregate formation when
complexed with siRNA. (a) DLS measurement of THS-pDMAEMA3 incubated with siRNA. (b)

PDMAEMA incubated with siRNA.
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Figure 2.1.15. Transmission electron microscopy (TEM) image of THS-pDMAEMAJ3 protein cages
that were incubated with siRNA. The amount of siRNA was 14 times higher than THS-pDMAEMA3.
Red circles = side views of bullet-shaped THS-pDMAEMA-co-RhBMA, white circles = side views of
fully open THS-pDMAEMA-co-RhBMA. Scale bar is 200 nm.

2.1.2.3  Protection of siRNA by degradation from RNAses

A further important aspect in siRNA delivery is the protection of siRNA from
degrading enzymes (RNAses) that are present in extracellular fluids.*** In order to
assess the protection capability of THS-pDMAEMA3 a digestion experiment was
conducted in which THS-pDMAEMA3 was first incubated with siRNA and then
RNAse, a RNA degrading enzyme, was added to the solution (Figure 2.1.16a, top
gel). As comparison, bare siRNA without any protection was incubated with RNAse
(Figure 2.1.16a, bottom gel). At particular time intervals, samples were withdrawn
and the degradation reaction stopped. This allowed the quantification of siRNA

degradation at specific time points. After 10min. incubation of samples with RNAse,
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less than 1 % of THS-pDMAEMA3 protected siRNA was degraded (Figure 2.1.16b,
black curve), whereas at the same time, bare siRNA in presence was degraded
already to over 80 % of its starting concentration (Figure 2.1.16b, red curve). After
50 min. incubation time, still 50 % of siRNA was intact in the THS-pDMAEMA3
sample, while the amount of unprotected siRNA dropped to 6 % of the starting
concentration after this time. The unprotected siRNA was degraded very fast, as can

446
I.

be seen in the graph and also shown by Urban-Klein et a This result is

comparable to our previous THS-PAMAM approach'® a PAMAM-only approach*"’
and with the work of Kong et al,*® who used a PEGylated pDMAEMA for the

complexation of siRNA.
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Figure 2.1.16. THS-pDAMEAMS3 can protect siRNA from degradation by RNAse II. (a) Agarose
gels of siRNA + THS-p(DMAEMA) (upper gel) and of free siRNA (lower gel). (b) Decay curve of
siRNA protected by THS-pDMAEMA 3 (black rhomb and line). Decay curve of unprotected siRNA
(red triangles and line). The error bars represent the standard error of the evaluation method. Standard

deviation errors are between 0.7 % and 2.3 %.

2.1.2.4 Cytotoxicity of THS-pDMAEMA3 and THS-pDMAEMA-co-
RhBMA in comparison with
The test for the toxicity of nano objects is very important, if the objects will be used

in cell-based assays. A nano transporter that interacts with cells should not cause a

toxic reaction. We tested our conjugates (THS-pDMAEMA3 and THS-pDMAEMA-
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co-RhBMA) for toxicity and compared them with pPDMAEMA (Figures 2.1.17a-c).

Cells treated with both

conjugates showed same viability as the untreated cells

(Figure 2.1.17a + b). PDMAEMA on the other hand showed high toxicity even at the

lowest applied concentration (50 pg ml™"), which is consistent with literature (Figure

2.1.17¢).**” From those results we concluded that the cage structure shielded most of

the positive charges of pPDMAEMA from interaction with the cells.
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Figure 2.1.17. Toxicity data of THS-polymer conjugates and pPDMAEMA. (a) THS-pDMAEMA3 (b)
THS-pDMAEMA-co-RhBMA and (¢) pPDMAEMA.
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2.1.2.5 Cellular uptake of THS-pDMAEMA-co-RhBMA

From our previous investigations we know that our pDAMEMA-containing
conjugates can entrap siRNA and that they showed promising results from the
toxicity assays, which allow going a step further and investigate cellular uptake of
our THS-polymer conjugates. From our previous investigations’® we know that
THS-PAMAM is uptaken by US87 cells without further modifications (e.g. cell

P08 For cellular uptake studies into U87 cells (Figure

penetrating peptides).
2.1.18a), we used the THS-pDMAEMA-co-RhBMA conjugate (Figure 2.1.18). This
conjugate has fluorescent monomers integrated into its polymer chains that allow the
visualization of the particles when uptaken by cells. The conjugate was uptaken by U
87 cells at different conjugate concentrations (Figure 2.1.18b-d). With an increasing
concentration from 100 pg ml™ (Figure 2.1.18b) to 500 pg ml" (Figure 2.1.18d), also

the amount of THS-pDMAEMA-co-RhBMA within the cytosol increased.
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Figure 2.1.18. Cellular uptake of THS-pDMAEMA-co-pRhBMA into U87 cells after 24h. THS-
pDMAEMA-co-RhBMA (red areas) and cell nuclei, which were stained with Hoechst 33342 dye
(blue compartments). (a) U 87 cells with stained nuclei under the microscope. (b) U87 cells with 100
pg ml' THS-pDMAEMA-co-pRhBMA. (c) U87 cells with 250 pg ml"' THS-pDMAEMA-co-
pRhBMA. (d) U87 cells with 500 pg ml”" THS-pDMAEMA-co-pRhBMA.

2.1.2.6 Complex formation of THS-pDMAEMA-co-RhBMA  with
fluorescent proteins and its cellular delivery

The thermosome is able to encapsulate macromolecules up to 50°000 g mol”,** and

there are examples where proteins were delivered into cells with cationic

436,452,453

polymers. Therefore, we explored the capability of THS-polymer conjugates

to deliver biological macromolecules peptides or proteins*******> into U 87 cells. To
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show the proof of concept of delivering a protein, we used enhanced yellow
fluorescent protein (eYFP) and an improved variant of the green fluorescent protein
(TurboGFP). EYFP has an isoelectric point (pI) of around 6.2, and is therefore
negatively charged at the physiological pH value used for the experiments (7.2-7.4).
EYFP should therefore interact with positive charges of the PDMAEMA. In addition
to eYFP, TurboGFP was chosen, because its emission spectrum does not overlap
with the emission spectrum of RhBMA in our THS-pDMAMEA-co-RhbMA

438 It

conjugate. TurboGFP, in addition, has a higher photostability and brightness. s

pK,-value of 5.2 indicates that it is also negatively charged at physiological pH.**
Complex-formation between THS-pDMAEMA-co-RhBMA and the proteins was
investigated by agarose gel experiments. With a molar excess of THS-pDMAEMA-
co-RhBMA to eYFP of 2:1, no free eYFP could be observed in the gel (Figure
2.1.19a lane 2). At higher eYFP concentrations, more free eYFP is visible (Figure
2.1.19a lane3-5). Thus, an excess of conjugate is needed to fully complex eYFP. The
agarose gel shown in Figure 2.1.19b shows that TurboGFP could not be complexed
with THS-pDMAEMA-co-RhBMA, even with a molar excess (2:1) of THS-
pDMAEMA-co-RhBMA. This might be due to the size of TurboGFP, which occurs
in solution as dimer and has a molecular weight of 54’000 g mol™". This is above the

maximum molecular weight for proteins that can be encapsulated in the cavity of

THS.*** Moreover, the synthesized polymer in the cavity occupies additional space.

a 1 2 3 4 5 6

Figure 2.1.19. Agarose gels of THS-pDMAEMA-co-RhBMA with eYFP (a) and TurboGFP (b) to
evaluate complex formation. Following conjugate-to-fluorescent protein ratios were applied with a
constant conjugate concentration. (a) Lane 1: eYFP only, lane 2: (2:1), lane 3: (1:1), lane 4: (1:2), lane
5: (1:3), lane 6: conjugate only (b) Two separate gels are shown. Lane 1: TurboGFP only, lane 2:
(2:1), lane 3: (1:1), lane 4: (1:2), lane 5: conjugate.
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With the agarose gel experiment (Figure 2.1.19a) we could show that THS-
pDMAEMA-co-RhBMA can complex with eYFP and from toxicity experiments we
know that our conjugates did not decrease cell viability. Therefore, a cellular uptake
experiment into U87 cells with THS-pDMAEMA-co-RhBMA and eYFP (molar ratio
1:2) was conducted and the uptake efficiency of the conjugate and eYFP was
measured by fluorescence-activated cell sorting (FACS) (Figure 2.1.20). The
fluorescence intensity of cells containing THS-pDMAEMA-co-RhBMA of the
conjugate/eYFP-complex (Figure 2.1.20a, red curve) increased by a factor of around
100, compared to the auto-fluorescence of the U87 cells (Figure 2.1.20a, light blue
curve). The fluorescence intensity of eYFP of the conjugate/eYFP-complex
increased by a factor of 0.5 (Figure 15b, red curve) compared to the auto-
fluorescence of U87 cells (Figure 2.1.20b, light blue curve) and the fluorescence
intensity of cells to which only eYFP as sample was added (Figure 2.1.20b, bright
green curve). Thus, a slight cellular uptake of eYFP was measured. The relative low
increase in fluorescence intensity of uptaken eYFP might be the result of a weak
fluorescence of the eYFP-protein in the applied concentrations. Moreover, the
complex between THS-pDMAEMA-co-RhBMA and eYFP might not be strong
enough in the cell culture medium, so that uptake of eYFP by U87 cells was not very
pronounced. Nevertheless, these findings show the potential of the THS-polymer
conjugate to deliver proteins, but the delivery has to be investigated in more detail.
For example, with a higher concentration of eYFP and THS-pDMAEMA-co-
RhBMA the signal-shift of eYFP in FACS could be stronger. A delivery of
TurboGFP promoted by THS-pDMAEMA-co-RhBMA could not be measured
(Figure 2.1.20c¢). The signal intensity of TurboGFP (Figure 2.1.20c, red line) is equal
to the signal of U87 cells (Figure 2.1.20c, light blue line). No cellular uptake was
measured. However, it is possible that TurboGFP was uptaken by some cells, but in
the average signal of all cells, the amount of cells with uptaken TurboGFP did not

change the overall fluorescence intensity.
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Figure 2.1.20. Fluorescence-activated cell sorting (FACS) of the THS-pDMAEMA-co-
RhBMA/eYFP complex uptaken by U87 cells. (a) Fluorescence intensity of THS-pDMAEMA-co-
RhBMA (red curve) compared with the fluorescence of the U87 cells (light blue curve). (b)
Fluorescence intensity of eYFP from the THS-pDAMEMA-co-RhBMA/eYFP-complex (red curve),
eYFP uncomplexed (bright green curve) and fluorescence of U87 cells (light blue curve). (c)
Fluorescence intensity of TurboGFP (red curve) and U87 cells (light blue curve) in the presence of

THS-pDMAEMA-co-RhBMA.

Even though we could not observe strong complex formation with THS-
pDMAEMA-co-RhBMA and TurboGFP (Figure 2.1.19b) and an uptake by FACS,
further cell uptake experiments were conducted in order to prove if TurboGFP was
uptaken by cells in presence of THS-pDMAEMA-co-RhBMA (Figure 2.1.21). After
incubation, cells were imaged by confocal laser scanning microscopy (CLSM). A
higher amount of TurboGFP was uptaken into selected U87 cells in the presence of
the conjugate (Figure 2.1.21a), when compared with the control of TurboGFP
without conjugate (Figure 2.1.21b). A possible explanation for the higher uptake
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could be that THS-pDMAEMA-co-RhBMA formed a transient complex with
TurboGFP and enhanced the uptake of TurboGFP. Due to the spectral overlap of
RhBMA and eYFP, conclusive images could not be recorded by CLSM. This can be
resolved by using a different protein and label it with e.g. Alexa488 dye (e.g. horse-
radish peroxidase M = 44’000 g mol”, pI between 3 and 9).*” The complex
formation between fluorescent proteins and THS-pDMAEMA3 could not be
observed by gel electrophoresis as well as enhanced cellular uptake with this
conjugate. By changing the protein to a more negatively charged at physiological pH
(e.g. fluorescent labelled tyrosine aminotransferase, M = 32°000 g mol™, pI = 4.1)*®,
it might be possible to form a complex with this conjugate. Although these initial
experiments are promising, they have to be investigated and proven more in detail by
repeating experiments and eventually adapt the conditions (e.g. longer incubation
time, variation of pH) and the protein (pI around 4.0) to clearly show protein

delivery.
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2.1.2.7 SiRNA delivery with THS-pDMAEMA3 into mammalian U87 cells

The ability of THS-pDMAEMA3 to bind and protect negatively charged molecules
makes it a good candidate for siRNA delivery. Experiments in which siRNA was
deliverd into U87 cells were conducted. This coding siRNA is capable to bind to a
specific pattern of the messenger-RNA (mRNA) gene sequence and can knock-down
the synthesis of proteins that are synthesized according to the gene sequence by

interfering with the mRNA translation.*>**

This mechanism of silencing a specific
gene is known as RNA interference (RNA1). RNAi can be useful in the treatment of
cancer and many other human diseases.*®** As the silencing target for our
experiments, glyceraldehyde-3-phosphate dehydrogenase (GAPDH, M = 37°000 g
mol ™) was chosen, which is a protein that is present in all living cells and plays an

important role in the cell metabolism.*®

While investigations are still ongoing, initial
results show promise that THS-pDMAEMA3 can deliver siRNA into cells and create
a maximum knockdown reaching of 80% of intracellular GADPH levels when 5
pmol of siRNA were delivered, remaining the same with higher amounts (Fig
2.1.22a+d). The control experiments show that siRNA alone cannot reduce the
GAPDH protein level by gene-silencing (Figure 2.1.22b). Moreover, the loading
control protein (M~ 40’000 g mol') was not affected by gene silencing, indicating
that the specific knock-down of GAPDH worked (Figure 2.1.22.c). While THS-
pDMAEMA3 still required a 5x higher amount of siRNA than the commercially
available lipofectamine RNAIMAX reagent (5 pmol compared to 1 pmol

respectively), further optimization could lead to improved results.
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Figure 2.1.22. Delivery of siRNA into U87 cells by THS-pDMAEMA3. (a) GAPDH gene
silencing in U87 cells mediated by THS-pDAMEMA3. THS-pDMAEMAZ3:SiRNA 1:4 with
an amount of siRNA of lane 1: 0 pmol, lane2: 0.1 pmol, lane 3: 1 pmol, lane 4: 5 pmol, lane
5: 5 pmol. (b) Control experiments with cell lysate (lane 1), naked siRNA (lanes 2-5) and
siRNA deliverd with RNAIMAX (lanes 6-7) with an amount of siRNA of lane 1: 0 pmol,
lane 2: 0.1 pmol, lane 3: 1 pmol, lane 4: 5 pmol, lane 5: 10 pmol, lane 6: 0.1 pmol, lane 7: 1
pmol. (c) Control experiment showing that the control protein was not affected by gene-
silencing. Samples and lanes correspond to (b). (d) Graph visualizing the data of the different

experiments.
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2.1.3 Conclusion

With the integration of ATRP-initiators into the cavity of THS, it was possible to
synthesize conjugates with functional polymers that could entrap and form
complexes with biomacromolecules and enabled particle localization when uptaken
by cells. We found that the cavity influences on polymerization. Polymers
synthesized within the cavity of THS were smaller than polymers that were
synthesized on a protein without having a cage structure. This is in agreement with
another study from our group where polymers that were not covalently bound to the
protein were synthesized in the THS.®' Size measurements showed that the cage
structure did not increase in size, which is an indication that polymers were in the
interior and not exterior. PDMAEMA, the polymer synthesized in the interior of
THS, is toxic as known from literature** and as confirmed by our own experiments.
However, the cage shielded cells from the toxic positive charges of the polymers and
reduced their toxicity. Our THS-pDAMEMA3 and THS-pDMAEMA-co-RhBMA
conjugates showed same cell viability as the untreated cells in the tested range (< 300
pg ml™). Another important finding for drug delivery applications is that the THS-
polymer conjugates did not form aggregates in presence of biomacromolecules such
as siRNA, which is important because aggregate formation could lead to less

effective delivery.**

For drug delivery applications, it is important that the cargo is
protected from degrading agents in the local biological environment. THS-
pDMAEMAS3 can entrap siRNA and protect it from degradation by enzymes.
Moreover, the delivery of siRNA into cells by THS-pDAMEMA3 and gene knock-
down was shown. The encapsulation strategy for biomacromolecules was extended
by complex formation of the THS-polymer conjugates with fluorescent proteins and
their delivery into cells. We took fluorescent proteins as the proof-of-concept,
because of their fluorescence and therefore possibility of detection by confocal laser
scanning microscopy in living cells. The results show that protein delivery into cells
is possible, but currently has limitations that have to be investigated in more detail.
We showed the potential behind a protein cage with polymers that are synthesized
within its cavity. The monomer to be polymerized within the cavity can be chosen to
suit the desired needs. Polymers allow having a high density of functional groups

within a protein cage. Therefore, customized bio nano particles can be created for

114,379 111,148

applications like drug delivery, magnetic resonance imaging or

catalysis.'
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2.1.4 Experimental section

2.1.4.1 Materials

All Chemicals were purchased from Sigma-Aldrich with the highest purity and used
as received, unless stated otherwise. Water used for buffers was produced with a
water purification system (ELGA PureLab DV25). Methacryloxyethyl thiocarbamoyl
rhodamine B (RhBMA) was purchased from PolySciences Europe (Germany).
Scrambled siRNA with following sequence delivered as double stranded siRNA (5°-
AGG UAG UGU AAU CGC CUU GTT-39)*" was purchased from Microsynth AG
(Switzerland). DMEM, optimum, Fetal calf serum (FCS), non-essential amino acids
(NEAA), and PEN/strep were purchased from Gibco. TEMED, Bovine serum
albumin (> 96 %)Leupeptin, aprotinin, pepstatin, and PMSF were purchased from
Sigma-Aldrich. The U87 cell line was obtained from ATCC (USA). Sodium dodecyl
sulphate (SDS) and the TGX stain free acrylamide kit (10%) were obtained from
Bio-Rad (Switzerland). Supersignal molecular weight protein ladder, lipofectamine
RNAIMAX reagent, monoclonal mouse antiGADPH antibody and goat anti mouse
HRP conjugated secondary antibody were purchased from Life Technologies (USA).
Nitrocellulose membranes and gel-blotting paper were purchased from GE
Healthcare (USA). Micro BCA protein assay kit and Supersignal west Pico
chemiluminescent substrate, DMEM, opti-MEM and Silencer select GAPDH siRNA
as well as 6X MassRuler DNA Loading Dye, Hoechst 33342 and SimplyBlue Safe
Stain, Alexa 488 maleimide, nuclease free PBS buffer (10x), nuclease free water and
spin desalting colums (Zeba Spin Desalting Columns, MWCO = 7°000 g mol™") were
purchased from Thermo Scientific (USA). Argon used for the glove box (99.998 %,
Argon 48) was obtained from Carbagas (Switzerland).The centrifugal filters
(Amicon) with various molecular weight cutoff values (MWCO) were purchased
from Merck Millipore (Ireland). RNAse A (RNAse ILactivity 50 U mg"') was
purchased from Roche (Switzerland) and GelRed agarose gel staining from Biotium
(USA). The nuclease free PBS buffer (10x Ambion) was and diluted with nuclease
free water Gradient gels with 4 — 20 % acrylamide content (Mini-PROTEAN TGX
Precast Gels) for electrophoresis were obtained from BioRad (USA). Spin desalting
colums (Zeba Spin Desalting Columns, MWCO = 7°000 g mol ™) were obtained from
Thermo Scientific (USA).Recombinant TurboGFP (rTurboGFP) (M = 54’000 g mol
! £430=707000 M cm™)*® was obtained from Evrogen (Russia). The protein ¢YFP
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(M = 27°000 g mol™”, €514 = 36°500) was expressed in our group according to

published protocols.*®®

2.1.4.2 ATRP-initiator:

The maleimide functionalized ATRP-initiator was synthesized according to the
protocol by Le Droumaguet et al.,** with slight modification. Instead of petrol ether,

a 1:1 mixture of hexane and ethyl acetate was used for chromatography.

2.1.4.3 THS expression

A mutated variant of the thermosome (THS) from Thermoplasma acidophilum was
expressed and purified as reported by Bruns et al .*"'% The mutated variant (K316C)
of THS had a Cys residue on the inside of every B-subunit, which allowed covalent
attachment of functional molecules. For purification and concentration centrifugal
filters with a MWCO of 100’000 g mol were used. The purified THS stock solution
was kept at 4°C in a 100 mM sodium phosphate buffer (pH 7.4, 150 mM NacCl, 0.01
% NaN3)

2.1.4.4 Methods

Indicated concentrations are given as end concentrations in the sample/reaction
mixtures. Structures of protein cages were rendered with UCSF chimera software
(Version 1.9).* Since no structural data of the THS cage in its open state is
available in the databases, as alternative the cryo-electron microscopy structure of
the similar chaperonin Mn-Cpn from Methanococcus maripaludis (PDB: 31ZH) in its

open conformation was taken for vizualization.**’

2.1.4.5 UV/Vis spectroscopy

If not stated otherwise, a Nanodrop 2000c spectrometer (Thermo Scientific, USA)
was used for concentration determination. Following extinction coefficients were
used for calculations: THS &50=210 880 M cm™*°, RhBMA €55, = 38’460 M™' cm
"'+ 1’060 M"' cm” (determined by absorption measurements at different

concentrations and slope calculation).
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2.1.4.6 THS stability studies

Stability studies of the THS in presence of common (ARGET) ATRP reagents and
organic solvents were performed at a THS concentration of 1.1 pM (1 mg ml™).
Experiments were conducted in degased H,O under argon with 48 h incubation time

at room temperature. After incubation time, samples were analysed by SDS-PAGE

and BN-PAGE.

2.1.4.7 Macroinitiator synthesis (THS-Br)

Prior to maleimide initiator attachment to Cys, the buffer (100 mM sodium
phosphate pH 7.4) was exchanged to 100 mM sodium phosphate pH 6.5 using
centrifugal filters with a MWCO of 100 kDa. After buffer exchange, the THS was
diluted in 100 mM sodium phosphate buffer (pH 6.5 + 150 mM NaCl + 0.01 %
NaN3) to a concentration of 1 mg mL™ (1.1 uM, 6.6uM Cys). To the diluted THS
solution, 4% DMSO (v/v) was added. Afterwards, ATRP-initiator dissolved in
DMSO (200 mM stock solution) was added with a 40-times molar excess in respect
to Cys. The solution was incubated over night at room temperature with shaking at
400 rpm (BioShake iQ, Quantifol Instruments). Unreacted products were removed
and the buffer was exchanged to 100 mM sodium phosphate buffer (pH 7.4, 150 mM
NaCl, 0.01 % NaNjs) using centrifugal filters (AMICON, MWCO = 100’000 g mol™)
with at least 6 dilution-concentration cycles. The bovine serum albumin (BSA)
macroinitiator (BSA-Br) was synthesized in the same way. The phosphate buffer was
exchanged to degased water before the macro-initiators were used for conjugate

synthesis.

2.1.4.8 Labeling of THS and THS-Br with Atto-488 maleimide for FCS

measurements:

THS and THS-Br were diluted in 100 mM sodium phosphate buffer (pH 6.5 + 150
mM NaCl + 0.01 % NaNj3) and 4 % DMSO to a concentration of 1 mg ml™ (1.1 pM).
Atto-488 maleimide dissolved in DMSO (200mM) was added in an amount, that was
40-times higher than the B-subunits of THS (6 per THS, 6.6uM). The sample was
incubated over night and purified by spin desalting followed by two cycles of spin

diafiltration.
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2.1.49 THS-pDMAEMA synthesis

Synthesis of THS-polymer conjugates was performed in a glove box (Labstar,
MBRAUN, Germany) at < 0.5 - 1 ppm Os-level, < 0.5 - 1 ppm H,O-level, an argon
over pressure of 1.2 — 1.6 mbar and at a room temperature of 20 + 2 °C. Solvents and
reagents were degassed with argon for 30 min. before use. The monomer DMAEMA
was purified by filtration over basic aluminium oxide and degassed with argon
before application. The ligand 1,1,4,7,10,10-hexamethyltriethylenetetramine
(HMTETA) was distilled before use and kept in the fridge at 4°C under argon. The
macroinitiator (THS-Br) was degassed by at least 5 centrifugation filtration (Amicon,

MWCO = 30’000 g mol™) cycles with degassed H,O.

The tube and filter with THS-Br were filled with argon prior to centrifugation.
Reducing agent (sodium ascorbate, NaAsc) and catalyst (HMTETA + CuBr3) stock
solutions were prepared in 10 ml two-neck round bottom flasks connected to a
Schlenk line. Flasks were evacuated and re-filled with argon in at least 4 cycles
before dissolving the reagents in 5 ml deoxygenized ELGA water H,O under stirring.
All reactants were transferred into the glovebox. First H,O was added into the
reaction tube followed by the addition of the calculated amount of THS-Br.
Afterwards DMSO was added to a final concentration of 20 % (v/v). The calculated
amount of DMAEMA was added as well as an aliquot of the catalyst stock solution.
The reaction was started by the addition of an aliquot of reducing agent stock
solution. The reaction tubes were shaken at 500 rpm (BioShake iQ, Quantifol
Instruments, Germany) at room temperature for 16 h. THS-Br concentration was 1
mg ml™ (1.1 pM) or expressed in a total concentration of bound initiators: 4 x 1.1pM
= 4.4 puM. Concentrations of reactants were calculated based on the initiator
concentrations. The ratios were [Initiator]:[Catalyst]:[Reducing agent]:[Monomer] =

[1]:[4.1]:[16.1]:[various]. Experimental details are summarized in Table 2.

The reaction was quenched by addition of non-deoxygenized H,O and exposure to
air. Polymerization reaction samples were concentrated and the solvent was
exchanged to 100 mM phosphate buffer (pH 7.4 + 150 mM NaCl + 0.01% NaNj3) by
centrifugal filters (MWCO = 100’000 g mol™") with at least 6 dilution-concentration

cycles.
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2.1.4.10 THS-pDMAEMA-co-pRhBMA:

Synthesis was performed according to the protocol for THS-pDMAEMA. In
addition, after 10min. reaction time initiated by addition of Na-Asc, an aliquot of
RhBMA dissolved in DMSO (crnma = 100 mM) was added. Amount of RhBMA in
reaction solution corresponded to 40 monomers per initiator. The amount of RhBMA
in THS-poly(DMAEMA-co-RhBMA) was determined from A(RhBMAss;) and with
€(RhBMAss;). In order to be able to calculate the amount of THS in THS-
poly(DMAEMA-co-RhBMA), first a ratio from A(RhBMA,s) / A(RhBMAss;) of
RhBMA was calculated. With this ratio (mean value = 0.370) and the known
concentration of RhBMA it was possible to calculate the signal amount of RhBMA
at 280 nm within the total signal intensity at 280 nm. Subtraction of the signal
amount of RhBMA at 280 nm from the total sample signal at 280 nm gave the
absorbance of THS at 280 nm.
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Table 2.1.5. Experimental conditions for THS-pDMAEMA, THS-pDMAEMA-co-pRHBA and BSA-pDMAEMA. Polymerization reactions were conducted in a solvent
mixture of 80 % degased H,O and 20 % DMSO.

Amount
o Amount of Amount Amount of
Reagents c c(initiato c(HMTETA) CuBr of Na- DMAEMA of
(THS- | 1Sper | BSA- =12 x c 2 c(Na- | Ascorbate c c REBMA
THS) B CuB molecules lecul molecules
Br) r ¢(CuBr) | (CuBn) or Ascorbate) | molecules | (DMAEMA) or (RhBMA)
[uM] [LM] (uM] [kM] M E%ESH M per M E%Eﬁoﬂ M molecul
_”_.\_. H_ _H: H_ mﬂmam—ﬂOH _”B H_ _HT— H_ es HVOH.
mmaﬁ—n initiator
THS-
1.1 44 | - 21.6 18.0 4.1 71.0 16.1 22 57000
pDMAEMAI1
THS-
1.1 44 | - 21.6 18.0 4.1 71.0 16.1 44 10°000
pDMAEMA?2
THS-
1.1 44 | - 21.6 18.0 4.1 71.0 16.1 66 15°000
pDMAEMA3
THS-
pDMAEMA- 1.1 44 | - 21.6 18.0 4.1 71.0 16.1 66 15°000 176 40
pRhBMA
BSA-
................ 4.4 21.6 18.0 4.1 71.0 16.1 66 15°000
pDMAEMA
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2.1.4.11 SDS-PAGE

Acrylamide gels were prepared based on the protocol published by Laemmli.*’”’ The
amount of protein or protein-polymer conjugate per sample well was 5 — 7 pg. If
necessary, samples were diluted with either water or PBS buffer. 8 pl 2x loading
buffer (130 mM Tris/HCI pH 6.8, 200 mM dithiothreitol, 20 % (v/v) glycerine, 4 %
(w/v) SDS, 0.01 % (w/v) bromophenol blue) was added to 8 pl sample, followed by
heating at 95°C for 3 min. After denaturing, samples were loaded on a 12 %
acrylamide SDS-PAGE gel or 4 - 20 % gradient gel if not otherwise mentioned
(Mini-PROTEAN TGX Precast Gels, BioRad) and run with a constant voltage of 200
V for 55 min. (Mini Protean Tetra cell, BioRad). The running buffer for these
experiments was 25 mM Tris, 250 mM glycine pH 8.3 + 0.1 % SDS buffer. For
Coomassie staining a ready-to-use solution was used (SimplyBlue™ SafeStain, Life
Technologies) and samples were stained according to the manufacturer’s protocol.

Silver staining was performed according to the protocol by Nesterenko et al .*”!

Conjugate bands were plottet as two-dimensional (2D) plots with the software
image] (1.47v). For the calibration of the molecular weights, the x-y-cooridinates of
the 2D-plots were converted into into a signal-to-molecular weight relation. With the
software qTi-plot, an equation was determined that could convert x-coordinates into
molecular weights. The exponential equation in Figure 2.1.22 below was determined

by iterative analysis.

2500001 1) = 34878 + 11097 * efx* 000579
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ein ladder
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Figure 2.1.23. Kalibration curve and equation for molecular weight calculation in SDS-PAGE.
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2.1.4.12 Basic native PAGE:

The amount of samples was calculated to have a total mass of 5-7pug of protein or
protein-polymer conjugate per well and that all wells have equal amounts of protein
and volumes. If necessary, samples were diluted with H,O or PBS buffer. A volume
of 2 puL of 5x sample buffer (150mM Tris/HCI pH 6.8, 70 % glycerol, 0.01 % w/v
bromo phenol blue) was added to 8 pul of samples and mixed. Samples were pipetted
into the wells of a 4-20% gradient gel and the gel was run at constant 100V for 100
min.

Gel imaging: Electrophoresis gels were imaged using an automated imager (Gel

Doc™ EZ system, BioRad) with the Image Lab™ software.

2.1.4.13 Fluorescence correlation spectroscopy (FCS):

FCS measurements were conducted on a Confocor 2 (Carl Zeiss, Germany) with an
Ar'-laser for excitation at 488 nm with a LP505 filter. An 40x C-apchromat water
immersion objective with a numeric aperture of 1.2 was used for laser beam
focussing. The fluorescence intensity was recorded with an avalanche photodiode
(APD). Measurements were conducted at a constant temperature of 20 °C and a
sample volume of Sul. Raw data processing was done with the software ConfoCor
3. Measured samples were fitted with one-component fits including triplet state

according to the following equation:

N1+Z [ 7
1+TD 1+R2;—D

In this equation zp describes the diffusion time. 7 is the fluorophore fraction that is in

e Ttrip

_L>1 1 1
1-T

Qﬂm=1+Q+

the triplet state with the appropriate triplet time 7,,. R is the structural parameter that
is determined after measuring the free dye molecules and N describes the number of

particles.

The diffusion coefficients (D) were calculated according to the relation between the

diffusion time (7p) and the x-y dimension of the confocal volume oyy.

Wxy?
4D

Tp =
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The hydrodynamic radii (Rg) of the samples were calculated with the Einstein-
Stokes equation in which kg is the Boltzman constant, 1 the viscosity of the solvent
and T the absolute temperature in Kelvin.

kT
N 61‘[]]RH

The counts per molecule (CPM) value can be calculated with the count rate (CR),
which is the amount of photons that reach the detector and the number of molecules

N with following equation:

CPM = (R
N

2.1.4.14 Dynamic light scattering

Size determination of the THS, poly(DMAEMA), THS-polymer conjugates and
THS-polymer conjugates with encapsulated siRNA were performed on a Zetasizer
ZSP (Malvern, UK). Following instrument parameters were used: backscattering
(173°), dispersant: 1x PBS, equilibrium time: 30 sec. temperature: 25 °C. For
measurements UV-cuvettes micro (Brand, Germany) with a volume of 70 pl and
following dimensions (12.5 x 12.5 x 45 mm) were used. Particle size distribution
(PSD) was calculated according to the number of particles. The mean value of the
diameter was calculated according to 4 measurement cycles with 14 single
measurements per cycle. The standard deviations from the mean value were
calculated the same way. Experiments were performed with a protein concentration
of 0.7 uM (0.63 mg ml") THS or THS-polymer conjugates diluted in nuclease free
PBS buffer (pH 7.4). Complexation reactions with siRNA were conducted at a THS-
pDMAEMA 3 concentration of 0.7 uM and a siRNA concentration of 10 uM.
Samples were incubated at 37 °C for 30 min. prior to measurement. Experiments
with pPDMAEMA and siRNA were carried out at a pPDMAEMA concentration of 0.5
mg ml” and a siRNA concentration of 10 pM. The pPDMAEMA + siRNA sample
was incubated at room temperature for 10 min. and measured. Incubation time and
temperature was lower with pPDMAEMA because, at longer incubation time and
higher temperature, larger aggregates were formed that made a measurement
impossible. The THS-poly(DMAEMA) conjugate did not form any aggregates. It

stayed intact and kept the cage architecture, whereas the polymer formed aggregates
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in presence of siRNA. Furthermore, aggregate formation was observed by visible

turbidity in solution.

2.1.4.15 Transmission electron microscopy (TEM)

TEM analysis was done on a FEI Morgani 268D. Sample preparation: A 5 pl drop of
sample was placed on a glow-discharged specimen grid (Cu 400 mesh, coated with 2
% palladium and carbon (Stork Veco, Netherlands)) and allowed to be absorbed for
60 sec. Excess of liquid was gently removed via a filter paper. Afterwards the
absorbed sample was washed two times with H,O. Samples were two times stained
with a 2% Uranylacetate solution. For the first staining, the 2 % Uranylacetate drop
was kept on the sample for 1 sec. and removed with a filter paper. For the second
staining, the was kept on the sample for 10 sec. and then removed by a filter paper.
Binding capacity of siRNA and pDMAEMA with Mn = 80080 g mol" and PDI =
1.77 in dependence of increasing N/P-ratios at pH 7.4 . Concentration of siRNA in
all samples was 2 pM. The used siRNA was a 21-mer doublestrand and had therefore
42 negative charges. Samples were incubated for 30 min. at 37 °C prior to
analysis.(1) bare siRNA (2) N/P=0.1:1(3) N/P=05:14)N/P=1:1(5)N/P=
3:1(6)NP=6:1(7)N/P=8:1(8)N/P=10:1

2.1.4.16 Electrophoretic mobility shift assay (EMSA) with pDMAEMA
samples and siRNA

EMSA***"% were performed at pH 7.4, constant voltage of 100V, but different time
intervals. Sample volumes were kept at 10 pl, if necessary diluted with PBS buffer
(pH 7.4) and 2 pl loading dye (6x Mass Ruler DNA loading dye) was added prior to
electrophoresis. Agarose gels were stained with GelRed dye (Biotinum, USA).
Concentration of siRNA was kept constant at 2 uM. In all gels, lane 1 was siRNA
only. Following ratios [siRNA]:[THS-pDMAEMA 3] were used: Lane 2) [1] : [0.06]
Lane 3) [1]:[0.125] Lane 4) [1] : [0.25] Lane 5) [1] : [0.5] Lane 6) [1] : [0.85].

For the control reaction with THS and siRNA a molar ratio of 1:1; [2 uM] : [2 uM]

was used.

2.1.4.17 RNAse protection assay

SiRNA (c = 2 uM) was incubated with or without THS-pDMAEMA 3 (c = 3 uM)
for 30 min. at 37 °C in a nuclease free PBS Buffer (pH 7.4) in order to encapsulate
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the siRNA. A slightly higher concentration of THS-pDMAEMA 3 compared to the
EMSA was chosen to make sure that all siRNA is encapsulated. It was assumed that
better protection would be achieved by a little excess of THS-pDMAEMA 3 over
siRNA. A stock solution (10 ul) of RNAse II with an activity of 500 U ml"' and a
concentration of 10 mg ml™ was prepared and incubated for 30 min. at 37°C. (The
enzymatic activity U ml" (1 U = 1 pmol min™") describes the conversion rate of a
substrate by an enzyme.) After the incubation time, an aliquot (7 pl) of the RNAse
stock solution was added to the THS-pDMAEMA 3 + siRNA solution. The RNAse
concentration in the reaction tube (THS-pDMAEMA 3 + siRNA + RNAse) was 1
mg ml" with an activity of 50 U ml". After specific time intervals of incubation at
37 °C (0 min., 10 min., 15 min., 30 min., 45 min., 60 min., 90 min.), 10 pl aliquots
were withdrawn from the reaction solution and 1 pl of 4 % SDS was added to the
samples to a final concentration of approx. 0.4 %. Addition of SDS inactivated the
RNAse and released encapsulated siRNA from THS-poly(DMAEMA) for better
analysis. Samples were kept at 4°C until gel electrophoresis. To all samples 2 ul
loading dye (6x Mass Ruler DNA loading dye) was added. In order to analyse the
samples an agarose gel electrophoresis (AGE) was performed. Samples were run for
25 min. at 100 V constant. Afterwards the gels were stained using a fluorescent dye
(GelRed, Biotium, USA) and an incubation time of 30 min. in the GelRed solution.
The GelRed staining solution was prepared according to the manufacturers protocol.
The gels were imaged with a fluorescence imager (GelDoc EZ Imager, Bio-Rad,
Switzerland). Fluorescence intensity was analysed with the software imageJ 1.47v
(NIH, USA) by plotting intensity plots of the samples and measuring the area under
curve (AUC). For the decay graph, the AUC from the sample at 0 min. incubation
time was normalized to 100 % siRNA content in the reaction mixture. AUCs of the
other samples were compared to the 100% siRNA sample and proportionate
calculated. Error bars were calculated according to the analysis method of the gels

using imageJ (v.147).*”

The bands were depicted as 2D-plots. Signal intensity was
determined by measuring the area under the curve (AUC). Depending on the
integration, for the same peak, different AUCs were measured. The standard

deviation of N = 5 AUC measurements represents the error.
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2.1.4.18 Agarose gel electrophoresis (AGE) of THS-pDMAEMA -co-RhBMA

conjugates and fluorescent proteins (FPs):

Prior to analysis, samples of THS-polymer conjugates were incubated in constant
amounts of THS-pDMAEMA-co-RhBMA and various amounts of fluorescent
proteins for 3h. The amount of THS-pDMAEMA-co-RhBMA in the experiments
was 4.4 pmol for each well. The volume for each sample/well was 10ul. If necessary,
the sample was diluted with PBS buffer to 10ul. The ratios between conjugate and

eYFP are summarized in table 6 and between the conjugate and TurboGFP in table 7.

Table 2.1.6. Molar ratios between THS-pDMAEMA-co-RhBMA and eYFP

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
eYFP (13.2 THS-poly:eYFP THS-poly:eYFP | THS-poly:eYFP | THS-poly:eYFP THS-poly
pmol) 2:1 11 12 13 (4.4 pmol)

Table 2.1.7. Molar ratios between THS-pDMAEMA-co-RhBMA and TurboGFP.

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
TurboGFP THS- THS- THS- THS-poly
(2.2 pmol) poly:TurboGFP poly:TurboGFP | poly:TurboGFP (4.4 pmol)

2:1 1:1 1:2

2.1.4.19 Cell culture

U87 glioblastoma cell line was maintained at 37 °C in a 5% CO; humidified
atmosphere. Cells were grown in Dulbecco's modified eagle medium (DMEM) with
10% fetal bovine serum (FBS), 1% non-essential amino acids, 100 units mL™

penicillin, 100 pg mL™" streptomycin and 2 mM L-glutamine.

2.1.4.20 Cell viability assay

Cytotoxicity testing was performed using the Promega CellTiter 96 AQueous Non-
Radioactive Cell Proliferation (MTS) assay to determine the number of viable cells
in culture. An amount of 10’000 U87 cells were cultured in a 96-well plate for 24 h
prior to the experiment. Thermosome-polymer conjugates (50 — 300 pug ml") were
added to the cells and incubated for 24h at 37°C with 5% CO,. Next, a MTS mixture
(20 pL/well) was added to the cells and then incubated for 1.5 h. Cell viability was
calculated by measuring the absorbance at 490 nm using a 96-well plate reader. Two
internal controls were set up for each experiment: untreated cells and medium

without cells. Background absorbance due to the non-specific reaction between test
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compounds and the MTS reagent was deducted from exposed cell values. Each

experiment was performed in triplicate.

For THS-pDMAEMA-co-pRhBMA, in addition, wells without the MTS reagent with
the same concentrations as for the cell viability test were prepared. The absorption
values from those wells were taken as blank values for each concentration and were
subtracted from the values that were measured with the samples where the MTS

reagent was added.

2.1.4.21 Sample preparation for protein delivery

To an aliquot of THS-pDMAEMA-co-pRHBMA (10.0 pg, 10.8 pmol), TurboGFP
(1.16 pg, 21.6 pmol) was added in a molar ratio of 1:2. For eYFP samples the molar
ratio was also 1:2 (THS-polymer conjugates: 15.0 ng,16.6 pmol and eYFP 0.9ug,
33.3 pmol). The incubation and complex formation was done in PBS buffer at 4°C
over night.with a total sample volume of 10 pl. Control samples had the same
concentration of either eYFP or TurboGFP, but were without THS-polymer
conjugates. For FACS measurements, the sample amount was increased by a factor

of three.

2.1.4.22 Cellular uptake

Freshly trypsinized U87 cells (4x10* cells in 300 pL cell culture medium) were
seeded into 8-wells chamber 24 h prior to the experiment. The cell culture medium
was replaced with a cell culture medium without serum (200 pL) followed by
addition of the different amount of THS-pDMAEMA-co-pRhBMA (100, 250, 500
ng ml™") or THS-pDMAEMA TurboGFP complex (50, 100, 250 pg of THS-polymer
conjugates, formed as described earlier). After 4h incubation, the cell culture
medium was carefully removed and replaced with serum-containing medium (300
puL). The cells were incubated for additional 20 h. Immediately before live cell
imaging, the cell culture medium was replaced with an Opti-MEM. Cell nuclei were
stained for 10 min with 2 pL of a 50 pg/mL Hoechst 33342 solution in PBS. The
imaging was performed on a commercial Confocor2 (Carl Zeiss, Jena, Germany).
Images were taken using a 40x water-immersion objective. The samples were excited
at 405 nm (Hoechst 33342), 488 nm (TurboGFP), 543 nm (THS-pDMAEMA-co-
pRhBMA) and the emission was collected with a broad pass filter at 420-480 nm
(Hoechst 33342), a long pass 505 nm filter (TurboGFP) and a long pass 560 nm filter



122 Chapter 2

(THS-pDMAEMA-co-pRhBMA), respectively. Images were taken with the same

acquisition settings for comparison purpose.

If necessary, cell uptake images were adjusted in contrast/brightness with the
software imageJ (1.47v). For comparison reasons, settings were the same for each
experiment. In order to reduce horizontal streaks in LSM images, the LSM
Transmission deblurring plugin was applied. In some cases, the images were

deblurred two times with the plugins default settings to remove horizontal streaks.

2.1.4.23 Flow cytometry analysis

U87 cells (1x10° cells/well) were plated into 24-well tissue culture plates 24 hours
prior to the experiment. The cell culture medium was replaced with serum-free
medium (464 pL) and 36 ul of the eYFP or THS-pDMAEMA-co-pRhBMA eYFP
complex were added. After 4h incubation, the serum-free medium was carefully
removed and replaced with 1 ml of medium containing 10% FBS. The cells were
then incubated 20h. To prepare the sample cells were trypsinized with 200 pl of
trypsin for 10 minutes at 37 °C and 5% CO,. Following trypsinization, 800 ul PBS
were added to the cells, gently mixed by pipetting and transferred into 1.5 mL
microcentrifuge tubes. Cells were then pelleted by centrifugation at 200 RCF for five
minutes. Subsequently, the media was aspirated and the pellet was resuspended in
250 pl PBS and put on ice. 6 pL of a 50 pg/mL stock solution of Hoechst 33342 was
added to each sample. The cells were vortexed gently prior to FACS analysis. FACS
measurements were performed by measuring at least 30000 cells with a FACS BD
LSR Fortessa, the cells were excited with lasers at 405 nm (Hoechst 33342), 488 nm
(eYFP and TurboGFP) and 561 nm (THS-pDMAEMA-co-pRhBMA), the emitted
light passed through a Band Pass 450/50 (Hoechst 33342), 542/27 (eYFP), 512/25
(TurboGFP) and 586/15 (THS-pDMAEMA-co-RhBMA) filters, respectively, before
reaching the detector. The low pass filter was set to 505 nm for eYFP and
TurboGFP. The data were processed with FlowJo Vx (Tree Star, USA) and a

histogram of fluorescence intensity of only viable cells was plotted.

2.1.4.24 Cell cultivation for siRNA knockdown experiments

U87 cells were grown in DMEM media containing 10% FBS, 1%
penicilin/streptomycin, and 1% NEAA at 5% CO, and 37 °C.
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2.1.4.25 Western blot analysis of THS-pDMAEMA3-mediated siRNA
GAPDH knockdown

The procedure was followed from a previously published peptide siRNA delivery
protocol with several modifications.*”> 24 hours before the experiment 5000 U87
cells were plated in 100 ul per well in 96 well plate and incubated at 5 % CO, and 37
“C. For every sample 4 wells were plated. After 24 hours, the media was removed
and replaced with 100 pl opti-MEM media. Samples were prepared by adding 0.4-40
pmol of siRNA (volume 20 pul) in opti-MEM, and mixing it with either blank opti-
MEM, opti-MEM containing Lipofectamine RMAIMAX, or THS-PDMAEMA3 (in
a ratio of 4:1 siRNA to THE-PDMAEMA3) in 20 pl (total volume 40 pul) and
incubated at room temperature for 30 min. 10 pl of sample were added to each well
(final concentrations of 0.1-10 pmol siRNA per well). After 4 hours 100 ul DMEM
containing normal cell culture media was added to each well and incubated for 68
more hours (72 total hours). After 72 hours, the media was removed from cells and
they were washed with PBS 3x. 60 pl of lysis buffer was added to the first well
incubated for 5 minutes and then transferred to the second, third, and fourth well of
each sample with 5 minute incubation in each (final volume of 60 pl containing a
mixture of the cell lysate of all 4 wells). The cell lysate protein concentration was
quantified with the micro BCA protein assay kit. 15 pg total protein of each sample
were then mixed in 5x SDS protein loading buffer and heated at 95 'C for 10
minutes. After heating, the samples were loaded into a 10% TGX stain free
acrylamide gel and electrophoresed at 120 V for 50 minutes. The gel was removed
from the cassette and imaged on an EZdoc one touch imager (BioRAD) using the
TGX stain free method activating for 5 min. This image was analysed in imageJ to
verify consistant loading of each well by quantifying the band at 40’000 g mol”'. The
gels were then transferred to nitrocellulose membranes via a biometra FASTblot
semi-dry transfer system at a constant 80 mA for 25 minutes. The membranes were
then blocked in 5% milk in TBS buffer overnight at 4 'C. The next morning the
blocking solution was removed and 15 mL of 5% milk in TBS containing 1:10°000
mixture of primary monoclonal mouse antiGADPH antibody was added to each
membrane and incubated at room temperature for 2 hours. The membranes were then
washed in TBST buffer 3x for ten minutes each. The second incubation was also
done in 15 ml 5 % milk in TBS containing 1:10°000 goat antimouse HRP conjugated

antibody for 1 hour. The membranes were washed 3 more times at 10 minutes each
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in TBST buffer and then dried. The supersignal west pico chemiluminescent
substrate was added as per manufacturer’s directions and imaged on a Bucher biotec
fluorescence imaging system equipped with s FujiFilm Las-4000 camera. Images
were recorded with the Las-4000 software and quantified using imageJ to determine

percent GAPDH-protein level of each sample.
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2.2 Self-sealing and puncture resistant breathable

membranes for water evaporation applications

This work has been published: Rother, M., Barmettler, J., Reichmuth, A., Araujo, J.
V., Rytka, C., Glaied, O., Pieles, U. and Bruns, N., Self-Sealing and Puncture
Resistant Breathable Membranes for Water-Evaporation Applications. Adv. Mater.
2015, 27, 6620-6624, DOI: 10.1002/adma.201502761."

In this chapter a composite membrane was

closing of developed, which was based on a thin non-porous
defects
and poly(ether ester) multi-block copolymer membrane

breathability
that was covalently bound with an amphiphilic

’ ? polymer conetwork (APCN), based on the
i }///'1 hydrophilic poly(hydroxyl ethyl) acrylate and the

-

| hydrophobic poly(dimethylsiloxane). This

composite material was capable to let water vapour pass through the membrane,
while being capable to seal punctures at applied pressures of at least 1.6 bar. The
self-closing properties were investigated with two different APCN compositions.

Moreover the breathability was demonstrated on a cooling pad example.

2.2.1 Introduction

Waterproof, but water vapor permeable membranes are thin polymeric membranes
that are designed to let water vapor pass, while condensed water is retained. Such
waterproof and breathable membranes can be made out of expanded
poly(tetrafluorethylene), polyurethane or poly(ether ester) block copolymers.*>*’®
They are widely used in the textile industry for weather protective clothing that allow

body-generated moisture to pass the membrane while preventing wind and rain from

penetrating the fabric, thus keeping the body dry and warm. Their selective

! Reprinted (adapted) with permission from reference (474) Rother, M.;
Barmettler, J.; Reichmuth, A.; Araujo, J. V.; Rytka, C.; Glaied, O.; Pieles, U.; Bruns,
N. Self-Sealing and Puncture Resistant Breathable Membranes for Water-
Evaporation Applications. Adv Mater 2015, 27, 6620-6624. Copyright Wiley-VCH,
Weinheim 2015
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permeability for water-vapor is not only interesting for apparel, but can also be used
in medical applications, e.g. for cooling garments that alleviate symptoms of multiple

. 477-480
sclerosis.*”’

Their working-principle is based on the evaporation of water through
a breathable membrane. Evaporative heat loss causes a gentle drop in temperature of
the skin and the tissue underneath. Moreover, breathable membranes find application

.. . . . g 484
#1452 membrane distillation™ moisture regulation of buildings

in pervaporation,
and in humidification for the conservation of art and paper.*® They can also be used
as part of a sensor for constant electrocardiography monitoring.*****" A major
drawback of these membranes is that they are sensitive to punctures and mechanical
wear and tear. Even a microscopic hole causes the membrane to become leaky for
liquid water. To overcome this problem, self-sealing membranes that autonomously
close or heal damage would be desirable. The sealing of holes in rubbery materials is
well known,™® e.g. in the case of rubber septa,* in waterproofing construction foils

0 or in self-sealing actuators.*”' The self-

that feature a layer of rubberized asphalt,
sealing effect can be enhanced if the material is not only elastic, but also swellable in
a solvent. The volume gain due to swelling can close reasonable large holes. This
concept has been used in technical applications, such as bullet proof fuel tank of
world war II aircrafts®* and in self-repairing car tires.*” Inspiration for self-sealing
materials can also be drawn from Nature. The plant Aristolochia macrophylla, a

494 .
Its tissue

northamerican liana, has a mechanism to mechanically close defects.
expands and swells to seal fissures. Inspired by this phenomenon, Speck and co-
workers developed an airtight pneumatic membrane (as used, e.g. in inflatable boats)
that is capable to close punctures by the expansion of a polyurethane-foam.*”
Unfortunately, all these materials are not suitable for self-sealing breathable
membranes, as a sealing layer on a climate membrane has to be permeable for water

in order to retain the original function of the membrane, i.e. the evaporation of

moisture.

Here we present a two-layered composite membrane for water evaporation
applications that autonomously closes small defects by swelling of a water-swellable
elastomeric layer. The self-sealing membrane consisted of a waterproof and
breathable, non-porous poly(ether ester) multi-block copolymer membrane (PEE;

Sympatex membrane)*’***°

onto which an amphiphilic polymer conetwork
(APCN)*7°!% was polymerized. APCNs are water-swellable materials that have

much stronger mechanical properties than conventional hydrogels due to the
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497,511-513

presence of a reinforcing hydrophobic phase. Moreover, they have been

514,515 515,516

investigated as membranes for pervaporation, nanofiltration, chiral
separation,”’’ and drug delivery.”'®"” We chose APCNs in which hydrophilic
poly(2-hydroxyethyl acrylate) (PHEA) was cross-linked with hydrophobic
poly(dimethylsiloxane) (PDMS) because these APCNs are rubbery, elastic materials
both in dry and wet state.’®**'*** The combination of PHEA-I-PDMS with a PEE
membrane resulted in a composite material, here named APCN/PEE, that effectively
closed punctures, while having water evaporation properties similar to unmodified

PEE membranes.

2.2.2 Results and Discussion

A precursor method reported by Bruns. et al. was adapted for the synthesis of PHEA-
1-PDMS.>*! The APCN/PEE composite membranes were prepared by synthesizing
PHEA-I-PDMS conetworks on modified PEE membranes. First, the surface of PEE
was activated with oxygen plasma and functionalized with methacrylate groups by
condensation of 3-(trimethoxysilyl)propyl methacrylate. This modification ensures a
tight bonding between the PEE and the APCN, because the methacrylate groups
copolymerize with monomers of the APCN.”*' UV-initiated free radical
copolymerization of 2-(trimethylsilyloxy)ethyl acrylate (TMSOEA) with a,0-
dimethacrylate-terminated poly(dimethylsiloxane) (MA-PDMS-MA; M, = 5050 g
mol”, PDI = 1.11) under argon atmosphere resulted in hydrophobic precursor
networks that were covalently bound to PEE. The trimethyl-silyl (TMS) groups of
these networks were cleaved by immersing the composite membranes in acidified
mixtures of 50% isopropanol (iPrOH) in water, resulting in hydrophilic PHEA chain
segments. Successful removal of the TMS groups was confirmed via infrared

521

spectroscopy (See Figure 2.2.1).”"" Our synthesis approach allows to prepare APCNs

with a wide range of compositions by adjusting the ratio of the TMSOEA to MA-

PDMS-MA in the monomer mixture.”>!

A higher hydrophilic content results in a
higher degree of swelling in water.”*' As a pronounced swelling should give rise to a
good self-sealing effect, we chose to synthesize PHEA-1-PDMS conetworks with 75
wt% and 90 wt% PHEA content. The thickness of the APCN could also influence the
self-sealing properties of the composite membrane. Therefore, APCN/PEE were

prepared in casting molds of 200 pm and 400 pm height.



128 Chapter 2

A
1 ) ‘My_w

o B) W'
0.8
g | Polymer-OH
E 0.6 3390
v
c
©0.41
|_

0.2

4'000 3000 ©2'000

Wavenumber (cm™)

Figure 2.2.1. ATR-FT-IR spectra of APCN/PEE composite membrane with a composition of
PHEA:PDMS 90:10 (w/w). The spectra were recorded on the APCN side of the sample. A)
PTMSOEA-I-PDMS before treatment in acidified iPrOH:H,O (1:1); B) The same sample after
incubation for 24 h in acidified iPrOH:H,O (1:1) and subsequent drying. This process cleaved the
TMS groups from the PHEA chain segments and yielded an amphiphilic PHEA-1-PDMS conetwork.
Removal of the TMS groups resulted in the appearance of the broad OH-Polymer band at 3390 cm™'
and disappearance of the —Si-C-band at 836 cm™.

2.2.2.1 Imaging of the APCN/PEE composite

The produced APCN/PEE composite membranes were imaged by scanning electron
microscopy (SEM). The micrograph (Figure 2.2.2a) shows the two layers of the
composite material. There is no gap between the PEE-membrane and the APCN,
which indicates good binding between the materials. SEM also allowed measuring
the thickness of the APCNs. A 400 pum casting mold resulted in PHEA-I-PDMS
layers with a thickness of approx. 340 um, while the 200 um casting mold yielded
approx. 170 um thick APCNs. This decrease in volume is most likely due to
polymerization shrinkage and the cleavage of TMS groups. All synthesized APCNs
were optically transparent. This proves that no macroscopic phase separation
between the hydrophilic and the hydrophobic polymers occurred, and is consistent
with literature reports on the nanophase separated morphologies of APCNs.*7*!
However, the hydrophobic phase can accumulate on the surface of APCNs,”*! which
would lead to the formation of a water-impermeable PDMS layer on the surface.
Such layer would hamper the ability of the composite membranes to take up and
evaporate water. Therefore, the phase morphology on the surface of an APCN/PEE
composite membrane was visualized by atomic force microscopy (AFM) in phase

mode (Figure 2.2.2b). Dark areas represent soft PDMS domains, whereas bright
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areas show harder PHEA domains.”® AFM revealed a nanophase separated
cocontinuous morphology with average domain sizes below 70 nm. The area covered
by PDMS is higher than expected from the overall PDMS content of the sample (10
wt%), indicating that the hydrophobic polymer enriched on the surface during
synthesis. However, the PDMS does not form a closed layer, so that water can

penetrate into the APCN and diffuse through the material.

Figure 2.2.2. SEM and AFM characterization of the APCN/PEE composite. (a) SEM image of a dry
APCN/PEE composite membrane (side cut). Composition of the material was PHEA:PDMS 90:10
(w/w) with a thickness of approx. 350 um. (b) AFM image (phase mode) of the surface of the APCN
side of an APCN/PEE composite membrane with a composition of (PHEA:PDMS 90:10 (w/w)) and a
thickness of 340 pum.

2.2.2.2  Swelling properties of APCN/PEE composites

As expected, PHEA-I-PDMS conetworks swelled in water. Freestanding samples
with a composition of PHEA:PDMS 75:25 (w/w) reached an equilibrium degree of
swelling Q = 1.57 = 0.02 and samples with a composition of PHEA:PDMS 90:10
(w/w) swelled to Q =2.10 = 0.1.

2.2.2.3 Mechanical properties of APCN/PEE composites

The mechanical properties of composite membranes were investigated by tensile
tests (Figure 2.2.3). APCN/PEE membranes with a composition of PHEA:PDMS
90:10 (w/w) behaved like an elastomer with a young modulus of 0.05 + 0.01 MPa
and a stress of 1.74 + 0.23 MPa at 250 % strain. In contrast, stress-strain curves of
neat PEE membranes and of methacrylate-functionalized PEE membranes are typical
for thermoplastic polymers. Thus, the predominant load-bearing phase in the

composite membranes is the APCN. The elastic modulus and yield strength of PEE
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increased significantly after its surface was functionalization with a methacrylate-
bearing silane, most likely because of the formation of brittle silica on (and in) the
PEE. Similar observations were made for other polymer-silicon oxide hybrid
materials.”>~** PDMS-based APCNs are elastomers.*”’”''"** Addition of the APCN

to the PEE resulted in a composite membrane in which the elastomeric PHEA-/-

PDMS became the predominant load-bearing phase
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Figure 2.2.3. Mechanical properties of dry membranes. (a) Stress-strain curves of PEE (—) and
methacrylate-functionalized PEE (----) membranes; (b) Stress-strain curve of APCN/PEE composite
membrane with a composition of PHEA:PDMS 90:10 (w/w) and a thickness of 340 pm (
Measurements were stopped before the ultimate tensile strength and elongation at break were reached,
as the experimental-set-up did not allow to measure at higher strains. (¢) Mechanical properties of

membranes. Average values from at least five tensile tests per type of membrane and standard

deviations are reported.

2.2.2.4 Investigation of self-sealing properties

In order to show that APCN/PEE composite membranes can self-seal small defects,
dry membranes were punctured with a needle of 0.6 mm diameter. Figure 2.2.4 and
Figure 2.2.5a show SEM pictures of the resulting holes. When the composite
membrane was brought into contact with water, the APCN swelled and closed the

holes (Figure 2.2.5b). The self-sealing capabilities of APCN/PEE membranes were
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quantified by measuring the water flow through damaged membranes. PEE
membranes are water-proof to pressures above 4.4 bar, according to the
manufacturers specifications.’’*When pierced, a substantial amount of water passes
through the hole in the membrane (Figure 2.2.5¢ and Figure 2.2.6). In contrast, the
APCN/PEE composite membranes show no or only little leaking, i.e. they are self-
sealing materials. In a first set of experiments, the effect of APCN composition on
self-sealing was investigated at water pressures between 0.02 bar and 0.04 bar above
atmospheric pressure (Figure 2.2.6). Leaking rates between 8x10° ml sec” and
2.2x10” ml sec”' were determined for APCN/PEE membranes with a composition of
PHEA:PDMS 75:25 (w/w) and a thickness 170 pm. This is 450 times lower than the
leaking rates of the unmodified PEE-membrane at these pressures (0.035 ml sec™ to
0.1 ml sec™). Composite membranes with an APCN composition of PHEA:PDMS
90:10 (w/w) had leaking rates that ranged from 0 ml sec”’ to 7x10™* ml sec™, i.e. they
were more than three orders of magnitude lower than those of unmodified PEE.
APCNs with a PHEA-content of 90% showed a stronger self-sealing effect than
those with a PHEA-content of 75%, most likely because a higher hydrophilic content
leads to higher swelling of the APCN in water. For this reason, all further self-
sealing experiments were carried out with APCN/PEE membranes with a

composition of PHEA:PDMS 90:10 (w/w).

The influence of the APCN thickness on the self-sealing performance of APCN/PEE
membranes was evaluated at pressures between 0.1 bar and 1.6 bar. With 170 um
thick samples, leaking rates at pressures < 0.5 bar were very low (< 0.006 ml sec™)
(Figure 2.2.5d). Above this threshold, leaking rates increased with pressure, i.e. the
170 pm thick APCN layer was not capable to seal small defects completely. In
contrast, the water flow through 340 pm thick membrane stayed between 0 ml sec™
and 0.003 ml sec” for pressures up to 1.6 bar (Figure 2.2.5¢). The 340 pm thick
APCN was therefore capable to seal holes in the investigated pressure range. In
conclusion, thicker APCN layers lead to a higher pressure tolerance of the self-

sealing effect, because more swollen material covers the defect in the PEE.

Although water penetrated through the 170 pm thick APCN/PEE membranes at
pressures > 0.6 bar, it should be pointed out that the observed leaking was
significantly less than the loss of water through an unmodified PEE membrane. At
0.5, 1.0 and 1.5 bar, respectively, a leaking rate of 0.85 ml sec™’, 1.1 ml sec™ and 2.6
ml sec’ were measured for pierced PEE. Drying of a damaged APCN/PEE
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membrane reopens the puncture, because the APCN de-swells. In order to determine
if this process would impede the ability of the membrane to seal the hole if rewetted,
a punctured membrane was repetitively dried and exposed to water. A self-sealing
experiment with a 340 um thick APCN/PEE was carried out at a pressure of 0.5 bar
as described above. No leaking of water was observed (Figure 2.2.5f, cycle 1). After
the measurement, the membrane was dried in air over night. Then, water was refilled
into the test apparatus, wetting the membrane. Pressure was set to 0.5 bar. The
material immediately sealed the puncture, and no water passed through the
membrane. These drying and wetting cycles were repeated four more times (Figure
2.2.5f, cycles 2 to 5). Leaking rates remained at 0 ml sec”, i.e. the composite
membrane sealed the puncture completely. Thus, the self-sealing property of

APCN/PEE membranes is not affected by repeated drying-swelling cycles.

Figure 2.2.4. SEM image of a puncture in a dry APCN/PEE composite membrane (side cut).
Composition of the material was PHEA:PDMS 90:10 (w/w). The APCN thickness of this membrane
was approx. 200 pm. The membrane was damaged with a syringe needle (diameter 0.6 mm) in the dry

state. Scale bar is 100 pm.
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Figure 2.2.5. Self-sealing of APCN/PEE composite membranes with a composition of PHEA:PDMS
90:10 (w/w). (a) Cryo SEM image of a puncture in a dry APCN/PEE membrane with a thickness of
340 um. (b) Cryo SEM image of a defect after swelling of the APCN in water (thickness of sample
340 um). (c) Measurement of the water flow through punctured unmodified PEE membrane in
comparison to punctured APCN/PEE composite membranes with thicknesses of 170 pm um and 340
um at a water pressure of 0.5 bar above atmospheric pressure. Such data was used to determine
leaking rates. (d) Leaking rate in dependence of water pressure for punctured APCN/PEE composite
membranes with a thickness of 170 um. (e) Leaking rate in dependence of water pressure for
punctured APCN/PEE composite membranes with a thickness of 340 um. The membranes were
damaged by puncturing them with a syringe needle (diameter 0.6 mm) in the dry state. Variations in
the leaking rate might be a result of the manual piercing process and small inhomogeneities in the
materials’ thickness. (f) Effect of repetitive drying/wetting cycles on the ability of an APCN/PEE
composite membrane to self-seal. A composite membrane with a thickness of 340 pm was punctured
with a syringe needle (diameter 0.6 mm) in the dry state and leaking rates at 0.5 bar water pressure

were measured.
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Figure 2.2.6. Leaking rates of 170 pm thick APCN/PEE composite membranes with different

compositions and of unmodified PEE at water pressures between 0.02 bar and 0.04 bar.

2.2.2.5 Evaluation of water vapour evaporation through the APCN/PEE

Water evaporation through the composite membranes was measured in order to
assess if the layer of APCN on the PEE hampers the functionality of the membrane

in cooling garment applications,477’478,480

To this end, two types of cooling laminates were produced. One was made with the
unmodified PEE membrane and served as reference sample. The other was made
using an APCN/PEE composite membrane with a composition of PHEA:PDMS
90:10 (w/w) and a thickness of 170 um. The fabrication procedure and experimental
setup is described in the supporting information. In brief, the membranes were used
to enclose a hydrophilic polyethylene terephthalate (PET) fabric in a sandwich
laminate (Figure 2.2.7a). The APCN layer was facing inwards, i.e. towards the
fabric. Membranes and fabric were glued together with an array of glue spots and the
laminates were sealed at their edges. Water that was filled into the laminate was
distributed throughout the laminate by the inner fabric. The two laminates were
connected to water-reservoirs and placed on a heating plate that was set to the
average human skin surface temperature of 34 °C.”*’ Evaporation of water through
the membranes was measured as loss of water in the reservoirs. In addition,
temperature of the cooling laminates was monitored by an infrared (IR) camera. Both
types of cooling laminates evaporated water through the membranes (Figure 2.2.7b):
APCN/PEE-based laminates with an evaporation area of 20 cm” at a rate of 0.0162 +
0.0006 ml h™ cm™ (and PEE reference laminates at 0.0298 + 0.0003 ml h™' cm™).
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Evaporation of water from APCN/PEE samples was slower, most likely because the
APCN layer transports water to the PEE membrane by diffusion, while unmodified
PEE membrane is in direct contact with liquid water. Moreover, the additional
material could act as heat resistance that reduced energy transfer from the plate to the

surface of the laminate.

The infrared camera measured average temperatures on the APCN/PEE-based and
the PEE-based laminates of 26 £ 1 °C and 30 + 2 °C, respectively (Figure 2.2.5c).
The drop in temperature is in accordance with previously reported results for similar
cooling devices.”’® The laminates had a lower surface temperature than the heating
plate. The temperature was also lower in the middle of the laminates than at their
sealed edges, indicating that the evaporation of water resulted in cooling. The heat
transfer resistance of the material also contributed to the decrease in surface
temperature, which is the reason why the temperature of the thicker APCN/PEE
membranes was lower than the temperature of the PEE-based laminate, despite the

higher rate of water evaporation in the latter case.
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Figure 2.2.7. Water evaporation and cooling due to evaporative heat loss in APCN/PEE-based, water-
filled laminates. (a) Schematic view of the three-layer laminate. (b) Water evaporation from
APCN/PEE-based and PEE-based laminates, measured as the loss of water in the reservoirs. The
laminates had a size of 8 x 7 cm”and an evaporation area of 5 x 4 cm = 20 cm” (see supporting
information for explanation of the evaporation area). (c) Temperature of the cooling laminates during

a water evaporation experiment as measured with an IR camera.
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2.2.3 Conclusions

In conclusion, we have modified a waterproof, but breathable PEE-membrane with
an amphiphilic polymer conetwork in order to equip the membrane with self-sealing
properties. When in contact with water, the two-layer APCN/PEE composite
membrane was able to seal damages by swelling of the APCN. Thicker and more
hydrophilic APCN layers resulted in a more pronounced self-sealing effect. A 340
um thick APCN/PEE prevented leakage through punctures at pressures of at least 1.6
bar, which corresponds to a water column of >16000 mm. A membrane is considered
to be waterproof if it can withstand a pressure of 1300 mm.>*® Thus, the self-sealing
effect is strong enough to render the composite membranes waterproof after puncture
with a sharp object such as a syringe needle. Cooling laminates were assembled from
these membranes. Water evaporation through the composite membrane was similar
to the evaporation of water through unmodified PEE membranes and resulted in a
gentle drop of surface temperature. We demonstrated the functionality of the
composite membrane in the context of cooling garments. However, it is easy to
envision that such self-sealing composite membranes can also find applications in
other areas, e.g. as pervaporation membranes with prolonged life time,
humidification devices for paper conservation, or as robust climate membrane in

protective textiles.

2.2.4 Experimental section

2.2.4.1 Materials

All chemicals were used as received unless described otherwise. Isopropanol (iPrOH,
EP, PhEur) was purchased from Brenntag Schweizerhall (Switzerland). 3-
(Trimethoxysilyl)propyl methacrylate (TMSPMA, >98%) was purchased from
Sigma-Aldrich. Methacryloxypropyl terminated poly(dimethylsiloxane) (o,m-
dimethacrylate-terminated poly(dimethylsiloxane); MA-PDMS-MA; M, = 5050 g
mol” (GPC), PDI = 1.11 (GPC), end functionalization > 99 % ('"H-NMR)) and 2-
(trimethylsilyloxy)ethyl acrylate (TMSOEA, 97%) were purchased from ABCR
(Germany). TMSOEA was distilled prior to use in order to remove the
polymerization inhibitor at 50 °C and 6.2x10™ mbar. The photoinitiator Irgacure 651
(2,2-dimethoxy-1,2-diphenylethane-1-one) was kindly provided by BASF
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(Germany). Self-adhesive poly(propylene)-tape (tesafilm® kristall-klar from Tesa
AG, Germany) with a thickness of approx. 50 um was used. Polyester-polyether
(PEE) membrane with a thickness of approx. 20 pm was obtained from Sympatex
Technologies (Germany). The polyethylene terephthalate (PET) fabric with a
thickness of approx. 50 um and mesh density of 150 dtex was obtained from Serge

Ferrari Tersuisse AG (Switzerland).

2.2.4.2 Functionalization of PEE-membrane

The surface of PEE membrane was functionalized with methacrylate groups in order
to allow covalent binding of TMSOEA-I-PDMS to the PEE membrane (see Scheme
S1). For this purpose, the PEE membrane was treated with an oxygen plasma at a
pressure of 0.0108 mbar and a flow rate of 84.5 x 10° Pa m’ s and a radio
frequency (RF) power of 50 W. The membranes were treated on both sides for 5 min
each side. Subsequently, the membranes were placed between two glass plates (20 x
20 cm). TMSPMA was injected between the activated membrane and the glass plate
on both sides with a concentration of 1.7 x 10 mol ml"'. The temperature was

maintained at 40°C for 2

hours followed by 1 night at room temperature and ambient pressure allowing the
condensation of TMSPMA onto the PEE-membrane. The membranes were washed 3

times with EtOH and then dried.

2.2.4.3 Synthesis of APCN/PEE composite membranes

The process of APCN/PEE preparation is depicted in Figure 2.2.8. Synthesis of the
composite membranes was carried out in a glove box (Labstar Glove Box
Workstation, MBraun) under argon atmosphere (p(Oz) < 1 ppm). MA-PDMS-MA
was mixed with TMSOEA in a glass vial containing Irgacure 651 with a
concentration of 5 mg mL™'. The mixture was thoroughly mixed until the initiator
was completely dissolved. Volume ratios between TMSOEA and PDMS were
calculated based on the final product after cleavage of the TMS-groups (e.g.
PHEA:PDMS 90:10 (w/w)). Table 2.2.1 reports the quantity of reagents used for
APCN/PEE composite membranes with a size of 16.3 cm x 10.3 cm and a mold
thickness of 200 um. For the preparation of APCNs in a 400 um thick mold the

amount was doubled.
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Figure 2.2.8. Fabrication process of APCN/PEE composite membranes. PEE membranes were treated
with oxygen plasma and functionalized with methacrylate groups by condensation of TMSPMA.
Then, a monomer mixture of TMSOEA, MA-PDMA-MA and photoinitiator Irgacure 651 was casted
onto the membrane. The monomer mixture was cured by UV-initiated free radical polymerization.
Casting and UV curing was performed under inert atmosphere. Subsequently, the composite
membrane was incubated in an acidified H20:iPrOH (1:1) mixture to cleave TMS groups. The overall
process yielded PHEA-I-PDMS amphiphilic polymer conetworks that were covalently attached to the

PEE membrane.

Table 2.2.1. Quantity of reagents used for APCNs with the size of 16.3 cm x 10.3 cm and a thickness
of 200 um.

\% m n m
Final n
(MA- (MA- (MA- v m n (Irgacure
composition Irgacu
( P PDMS-  ppoMs- PDMS- (TMSOEA)  (TMSOEA) (TMSOEA) 651) ( i51)
PHEA:PDMS, re
) MA) MA) MA) [uL] [mg] [umol] [mg]
W/W
mol
[uL]  [mg] [umol] (hmel]
75:25 831 814 163 4169 3961 21035 25 98
90:10 311 305 61 4689 4454 23655 25 98

The functionalized PEE-membrane was moistened with EtOH. The edges of the
membrane were fixed onto a glass plate with self-adhesive tape in a way that the
membrane was strained after evaporation of EtOH. The tape formed a rectangular
mold into which monomer mixtures could be casted. By using several layers of tape,
the APCN thickness could be adjusted in 50 um steps. The monomer mixture was
added uniformly onto the PEE-membrane. Curing of the mixture was performed in a
curing chamber using a 400 W UV curing lamp (UV Light Technology Limited,
Birmingham, UK). Radiation power of the UV lamp at the surface of the sample was
10 mW cm™. The lamp had an output between 315 nm and 405 nm using the
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suppliers black filter glass. The monomer mixture was exposed to UV light for 1
min. Then, the sample was then taken out of the chamber for 2 min to cool down the
material. This cycle was repeated 4 times for each sample. Cooling times were
important in order to have clear materials with nanoscopic phase seperation. When
cooling times were not included in the synthesis procedure, the APCNs became
opaque due to larger domains that phase seperate. After synthesis, the sample was
incubated for 24 h in a 1:1(v:v) mixture of H,O and iPrOH that had been acidified
with 2-3 drops of HCI (37%) per liter. HC1 was added to increase the cleavage rate of
TMS-groups.

Free-standing APCNs were prepared as described above, but with no PEE membrane

present.

2.2.4.4 Preparation of cooling laminates

Cooling laminates with a size of 8 cm x 7 cm were produced. To this end,
APCN/PEE composite membranes with a composition of PHEA:PDMS 90:10 (w/w)
and a thickness of 170 pm were glued with an array of dots of Elastosil E43
(Wacker, Germany) (dot diameter = 2 mm, distance between dots = 5 mm) to both
sides of a hydrophilic PET fabric with the APCN layers facing towards the PET
fabric. The result was a three-layer laminate in which the PET fabric is enclosed by
the composite membrane (Figure 3a). The gaps between the dots of glue in
combination with the PET fabric allowed water to evenly distribute in the laminate
and contact the composite membranes. The edges of the sandwich were sealed with
Elastosil E43. Due to sealed edges, the evaporation area, i.e. the area of the
membrane that could get in contact with water, was 20 cm”. In addition, two silicone
tubings (MVQ Silicones, Germany) with different diameters (outer diameter = 4.5
mm resp. 2.8 mm; inner diameter = 2 mm resp. 0.8 mm) were fixed in between the
two membrane layers using Elastosil E43. The thinner tube acted as an air outlet the

thicker as a water inlet.

Reference cooling laminates were prepared as described above, but replacing the
APCN/PEE composite membrane with unmodified PEE membrane (thickness = 20
um) that had briefly been flame treated (one second butane gas flame with a distance
of 5 cm to the surface) in order to create reactive groups for a better adhesion of the

glue.”
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2.2.4.5 Methods

Fourier-transform infrared (FT-IR) spectra were recorded on an Alpha FT-IR
spectrometer with attenuated total reflection (ATR) module (Bruker Optics,

Germany). Spectra were analyzed using OPUS 6.5 software from Bruker.

Atomic force microscopy (AFM) images were recorded using an Agilent 5100
AFM/SPM microscope (PicoLe System, Molecular Imaging, USA) in tapping mode
at ambient conditions. Silicon cantilevers (PPP-NCHR; Nanosensors, Switzerland)
with nominal spring constant of 42 N m™ were used for measurements. Images were

collected with a resolution of 1024 x 1024 pixels at a scan rate of 0.4 lines s~

For conventional scanning electron microscopy (SEM), samples were cut with a
scalpel. The sample was mounted onto a 45° sample holder in a way that the area of
interest did not contact the sample holder. Then, the sample was sputtered with a 20
nm thick gold layer using a Leica EM ACE600 high vacuum coater. SEM images
were taken with a FEI NOVA Nano SEM230 Microscope at 5 kV. In order to see the
edge of the sample from a top view, the sample holder was tilted. For cryo-SEM, an
APCN/PEE membrane sample was mounted on an aluminum cylinder and
mechanically fixed with a ring of wire in a way that the APCN side was facing the
outside. The cylinder had two drilled holes and the composite membrane was pierced
with a syringe needle (Sterican 0.6 mm x 30 mm; B|Braun Melsungen AG,
Germany) from the PEE-side. After mounting the cylinder on the cryo holder, the
sample was plunge frozen in nitrogen slush and transferred under vaccum to the
prechamber of the cryo preparation unit Gatan Alto 2500 (Figure 8). There, it was
sputtered with a gold layer of 20 nm and finally transferred to the cryo stage of the
SEM, which was cooled to -150°C. Images were taken with a Philips ESEM XL 30
Microscope at 5 kV. For images of water-swollen APCN/PEE membranes, samples
were prepared and imaged as described above. In addition, the cylinder with fixed
membrane was put into a small dish filled with water prior to freezing. The sample
was allowed to swell for 2 h. Then, surface water was removed using a fiber-free
tissue and the sample was immersed in nitrogen slush under vacuum. Tensile tests
were conducted with a Dynamic Mechanical Analyser (DMA-Q800, TA
Instruments). The samples were cut into rectangular strips of 5 x 15 mm” and gripped
using clamps. Tests were performed with dry samples at 26 °C, with a strain rate of 5
% min™', to a final strain of at least 300 % (which represents the maximal strain that

could be achieved with the experimental set-up). The Young’s moduli for PEE and
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methacrylate-functionalized PEE membranes were calculated from the slope of the
initial linear region of stress-stain curves. Yield strength for PEE and PEE-
methacrylate was determined as the maximum stress value after which the materials
began to deform plastically, i.e. at the yield point. At least five specimens were tested

for each type of material. Average values and standard deviations are reported.

‘. Gryo sample
'plate

Swollen and frozen e
APCN/PEE
sample, fixed with
a ring on the
sample holder

Figure 2.2.9. Inside view of the prechamber of the cryo preparation unit Gatan Alto 2500 with a
swollen and frozen APCN/PEE sample that was fixed on a cylindrical sample holder.

2.2.4.6 Swelling and water content measurements

Mswollen

The equilibrium degree of swelling (Q) was calculated from Q = , Whereas

Mary
Mgworen Tepresents the mass of a free-standing APCN sample in its swollen state
and mg,, is the same sample in dry state. Samples were dried in a vacuum oven at
40°C for 48 h until constant weight. Afterwards, samples were immersed in H,O for
24 h. Excess of water was removed from the surface of the sample by blotting with
laboratory tissue and the swollen APCN was weighted. For each APCN composition,
the swelling of at least 3 samples was measured. Average Q and the standard

deviation are reported.
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2.2.4.7 Self-sealing experiments

For each dataset all experiments were performed with samples of the same batch, i.e.
of the same APCN thickness, to ensure that batch-to-batch variations in sample

thickness did not influence the measured leaking rates.

Self-sealing at pressures between 0.02 bar and 0.04 bar was evaluated by tightly
fixating an APCN/PEE membrane with a rubber band across the cut-of opening of a
syringe and connecting the syringe as an adapter to a glass column (3 cm diameter)
via luer connections. The APCN was facing towards the water reservoir. A hole was
pierced into the membrane in wet conditions from the PEE side using a syringe
needle with 0.6 mm diameter (Sterican 0.6 mm x 30 mm; B|Braun Melsungen AG,
Germany). The glass column was filled with water to a height of 20 cm, 30 cm, or 40
cm, respectively. The water column defined the applied pressure on the material.
Leakage through the pierced membranes was measured by collecting the water in a

beaker on an analytical balance (AL204, Mettler-Toledo, Switzerland).

Scheme S2 shows the experimental setup for measurements at pressures between 0.1
bar and 1.6 bar. A small round piece of APCN/PEE membrane (1.00 cm diameter,
0.79 cm?) was cut out and placed in a custom-made poly(tetrafluoroethylene) (PTFE)
adapter. This adapter consisted of two rings with an inner diameter of 0.5 cm and an
inner metal plate with a hole of 0.2 cm in diameter. It prevented coiling up of the
membrane and undesired leakage. The adapter was placed in a swinny stainless steel
syringe filter holder (13 mm; Cat. No. XX3001200; Millipore). A hole was pierced
into the membrane in dry conditions from the PEE side using a syringe needle with
0.6 mm diameter. Membranes were pierced after placing the membrane into the filter
holder device. The filter holder was connected to a glass chromatography column
(height approx. 65 cm, inner diameter 4 cm, max. pressure 2.5 bar) via a syringe
adapter so that the APCN faced towards the column. The adapter was composed of
rubber tubing in which a half-cut 1 ml syringe was inserted on one side with the male
luer part looking out. The adapter was tightened to the column outlet with a clamp.
The male luer was connected to the filter holder. The column was then filled to a
height of 45 cm with water and pressurized with air. A pressure reduction valve with
manometer (DTG-35, Druck & Temperatur Leitenberger GmbH, Germany) was used
to regulate and determine the pressure. The manometer was connected with the top

of the column by a tube. Primary air pressure was set to 2.0 bar. Leakage rates were
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determined by measuring water flow through the membrane using a beaker and an

analytical balance (see Figure 2.2.10.).

metal plate

Figure 2.2.10. Schematic depiction of experimental setup for self-sealing experiments. A membrane
was placed in a PTFE adapter which was then put into a swinny filter holder. The membranes were
punctured in this holder by means of a syringe needle. Then, the filter holder was connected with a
flash chromatography column by a piece of rubber tubing in which a syringe adapter was inserted.
The column was filled with water and connected to a pressure gas system. The pressure was regulated
by a needle valve in a manometer. Leaking rate was measured by collecting the water in a glass

beaker on an analytical balance.

2.2.4.8 Effect of repetitive drying/wetting cycles on self-sealing

performance of membranes

In order to assess the materials self-sealing performance, an APCN/PEE composite
membrane (PHEA:PDMS 90:10 (w/w), thickness 340 m) was punctured in its dry
state with a syringe needle (0.6 mm diameter) as described above. Then, the sample

was wetted at 0.5 bar water pressure and the leakaging rate was measured as
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described above. After the experiment, the swinny filter holder with inserted PTFE-
adapter and APCN/PEE membrane was disconnected from the water reservoir and
unscrewed. Remaining water drops were gently removed with a lint-free tissue. The
PTFE-adapter and the APCN/PEE membrane were kept in the filter holder in order
to guarantee the same position of the puncture in the next leakage measurement, i.e.
to perform the experiments at same conditions without any changes in the material’s
position. To ensure drying of the swollen APCN/PEE, the filter holder was left open
over night, with the APCN-side exposed to the environment, so that the membrane
could dry in air at ambient conditions. A gentle airflow from the work place
ventilation aided the drying process. After over night drying, the filter holder was
screwed together for the next experiment, connected to the water reservoir and the
leaking rate at 0.5 bar was measured as described above. The drying/wetting cycle

was performed five times in total with the same sample.

2.2.4.9 Water evaporation tests

Evaporation measurements (air humidity = 50 %, temperature = 23 °C) were
conducted in parallel with an APCN/PEE-based laminate and a PEE-based reference
laminate. Evaporation tests were performed using a heating plate (Type 0812, Medax
Nagel GmbH, Germany) on which the laminates were fixed with self-adhesive tape.
Samples were tested for leaking prior to evaporation experiments to guarantee that
water loss is only due to evaporation. Water reservoirs were attached to the inlet
tubes of the cooling laminates. The reservoirs guaranteed a constant water amount
within the samples. Syringes with 20 ml content were used as reservoirs. They were
installed on the same height (7 cm) to ensure an equal hydrostatic pressure in both
laminates. The laminates were filled with approximately 10 ml water each, the outlet
tubes were closed by means of a metal clamp for tubing and the evaporation test was
started by setting the heating plate temperature to 34 °C. Monitoring of evaporation
started after ca. 0.5 h in order to be sure that the experimental set-up had thermally
equilibrated. The evaporation of water out of the laminates was monitored by the loss
of water from the water reservoir. Periodically, the water in the reservoirs was
refilled. Measurement of surface temperature during evaporation experiments was
performed using a contactless infrared camera (Optris PI 160, Optris GmbH,
Germany). The temperature was measured with a rectangular IR spot of 2 cm x 2 cm

in the center of the membrane, as an average of 3 measurements within 10s.
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3 General conclusions and outlooks

In the first project described in this work, functional homo and copolymers were
synthesized from polymerization initiators bound to the interior of a protein cage, the
thermosome. Prior to the polymerization, the cage was tested for its stability in
presence of different polymerization reagents. From those tests the polymerization
conditions within the thermosome were derived. The functionality of the polymers
can be described by the cationic charges of protonated tertiary amine groups and in
the copolymers with additional fluorescence of Rhodamine B. The polymerization
process in the confined space of the cavity of the thermosome was compared with a
protein that does not have a cage structure. The cationic charges of the polymers
allowed the interaction with negatively charged biomacromolecules. Thus, the
polymers acted as anchors. The encapsulation of biomacromolecules was possible,
because the thermosome has two large pores that are big enough for macromolecules
(up to 50’000 g mol"') to enter and leave the cavity. The thermosome-polymer
conjugates and, in addition, their interaction with biomacromolecules were evaluated
with different analytical methods like gel electrophoresis, dynamic light scattering
and transmission electron microscopy. As examples for biomacromolecules, siRNA
and fluorescent proteins (eYFP and TurboGFP) were selected. Cellular uptake
studies of complexes of the thermosome-polymer conjugate and fluorescence

proteins or siRNA were conducted.
The central findings of this project work are:

a)  ATRP conditions were elaborated in which the protein cage remained stable.

b)  Polymers and copolymers were synthesized by ATRP within the protein cage
using a grafting from approach from thermosome-bound initiators.

c)  With an increasing monomer-to-initiator ratio the polymers within the cavity of
the thermosome became larger.

d) Polymers synthesized within the cavity of the thermosome are smaller than

those synthesized on albumin under the same conditions. This is most probable
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due to the cage structure of the thermosome that restricts access of reactants
into the cavity.

e) The size of the protein cage did not change when homo or copolymers were
synthesized within its cavities. This finding shows that polymer chains are
mainly located within that cavity. Binding of siRNA into the polymer-protein
conjugate did also not affect the size of the cage, indicating that
macromolecules were and did not stick to the exterior of the protein cage.

f)  The homopolymer conjugates could entrap siRNA and protect it from fast
degradation by enzymes.

g)  Besides synthesis of homopolymers, it was possible to synthesize copolymers
of ionizable methacrylate monomers and fluorescent methacrylate monomers.
This shows the versatility of the grafting-from-approach, which allows
synthesizing tailor-made polymer chains with different functionalities.

h)  The homopolymer and copolymer conjugates showed similar cell viability as
the untreated control cells. Thus, the cage structure shielded the cells from the
cationic charges of the polymers.

1) Complex formation with eYFP was possible and the first preliminary results
show a cell uptake of eYFP, which was complexed with the thermosome
copolymer conjugate.

j)  The delivery of siRNA with thermosome-homopolymer into U87 cells was

successful and protein expression could be lowered by gene silencing.

The presented results allow concluding that with the synthesis of polymers within the
cavity of a protein cage, it is possible to create nano-transporters that are capable to
encapsulate or interact with cargo and release it into cells. Customized polymer
synthesis gives a higher flexibility towards the possible applications. The results will
help in further advancements in the development of the thermosome-polymer
conjugates as nano-transporter and can be a source of inspiration for other

researchers to device protein cage-polymer conjugates as drug delivery vehicles.

In order to advance the developments of the thermosome-polymer conjugates, further
investigations should look more in detail of the polymerization process. As observed
during the experimental work, a high amount of monomers (10’000 - 15’000 per
initiator) was needed in order to synthesize polymers with longer (approx. 60-160
monomer units) chains. This is different to a reported work in the field of protein

cage-polymer conjugates in which longer polymer chains could be synthesized with
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a lower amount of monomers (250 — 1000 per initiator) by classical ATRP with a
bipyridine ligand instead of ARGET ATRP."'* Another alternative would be AGET
ATRP in which just a part of the catalysts is generated by the addition of reducing

agents.32

Moreover, the temperature of polymer synthesis might be an important parameter in
the synthesis of THS-pDMAEMA conjugates. In two samples that were synthesized
during days, when the average room temperature was 5 °C — 7 °C higher than in the
results reported herein, an additional band at higher molecular weights (300 000 g
mol™) was observed in SDS-PAGE. Those samples formed aggregates (approx. 100
nm) when incubated with siRNA, whereas samples synthesized at normal room
temperature did not show this property. In addition, samples synthesized at higher
temperature showed higher toxicity. The data for the conjugates that were
synthesized at higher temperature was not included in this thesis, because further
investigations have to be conducted. Therefore, for further developments of synthesis
of thermosome-polymer conjugates, the polymerization reaction temperature should

be taken into account.

For future ideas, it would be desirable to implement more amino acids (e.g.
cysteines) on each subunit in the interior to which polymerization initiators can be
bound. This should allow the synthesis of a higher density of polymers within the
cavity of the thermosome. A higher amount of positively charged polymer chains
could possibly bind more negatively charged macromolecules or a higher degree of
functionalities could be implemented. Moreover, the probability of protruding
polymer chains interacting with the surrounding (e.g. cells) could possibly be

lowered.

In this work, the thermosome was in its apo state, i.e. the cage structure remained
fully open or half-open in all steps. The cage of the thermosome can be completely

closed with ATP-derivates (e.g. ATP+AlFx).238 The protection of (e.g. siRNA) can

eventually be improved with a fully closed cage.

Cell experiments with the conjugates in this thesis were conducted with a cell line
that was previously shown to uptake thermosome. Other cell lines should be tested in
order to evaluate the uptake of the thermosome-polymer conjugates and the possible

influence of protruding polymers on the cellular uptake.
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The uptake experiments with fluorescent proteins have to be investigated more in
detail by repeating experiments, adapt the complexation conditions or by changing
the protein to a different one (e.g. fluorescence labeled horseradish peroxidase or

tyrosine aminotransferase).

Since polymers can be synthesized within the cavity depending on the application,
for entrapment purposes also anionic polymer could be synthesized that allow the
encapsulation of macromolecules with positive charges at physiological pH (e.g.

anti-HIV and anti-tumor protein MAP30, M = 30°000 g mol™, pI = 9.12).°*%*!

In the second project of this dissertation, a thin semipermeable membrane (poly(ester
ether)) was equipped with a water-swellable polymer layer (amphiphilic conetwork)
in order to add a self-closing feature to the composite material without hampering
water vapor evaporation through it. Prior to composite material synthesis, the
poly(ester ether membrane) was functionalized with methacrylate groups for
covalent binding with the amphiphilic conetwork. The synthesized composite
membrane was tested for its water-swellability and self-sealing properties at over
pressures up to 1.6 bar. With the composite membrane a laminate was fabricated in
order to show its water evaporation capability. This capability is important in e.g.

medical applications.*’”’
The central findings of this project are:

a)  The higher the content of hydrophilic monomers the higher the swelling of the
amphiphilic conetwork in water.

b) The self-closing property is related to the thickness of the amphiphilic
conetwork and becomes more pronounced with thicker amphiphilic polymer
conetworks.

c) A punctured membrane keeps its full self-closing property even after five
drying/wetting cycles.

d)  Water vapour could evaporate through the membrane.

The presented results allow concluding that by the attachment of a polymer layer
onto a thin climate membrane, properties can be added that extend the field of
possible applications and make the material more durable. The developed membrane
showed self-closing properties at overpressures to at least 1.6 bar, therefore it could

be applied in fields where such features are necessary (e.g. medical applications,
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membrane filtration). The generated results should give an example of composite
material development and how to improve an already existing material by the

addition of another.

The next step in further development of this composite membrane is to implement
self-healing properties and keeping the water vapour evaporation feature. This can be
done by the integration of groups that form donor-acceptor interactions (e.g. nucleic

: . 533
acids, boronate-catechol complexation

). Another idea is to integrate subunits of
viruses or other protein cages into the polymer network material. The interaction of
virus subunits is very strong and they have to withstand internal pressures of the
DNA of approx. 50 bar when the virus is fully packed with DNA.>** Thus, the
integration of virus-like particles or viral subunits into an amphiphilic conetwork

could add self-healing property.
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