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Abstract

Supramolecular self-assembly is a modern tool for development of materials with well-defined
nanostructure. The process is simple and has low energy requirements, making it appealing as a
production method. Electrostatic interaction is a versatile driving force for self-assembly due to
the quantity of applicable components and environmental sensitivity of the phenomenon. Protein
cages are a subclass of proteins characterized by a hollow interior, which can store smaller particles
within. The cages have well-defined and symmetric structures, making them optimal particles for
self-assembling systems. In this thesis, electrostatic self-assembly of two protein cages, apoferritin
(aFT) and cowpea chlorotic mottle virus (CCMV), and synthetic molecules as well as inorganic
particles is studied by focusing on both the assembly process itself and the obtained structures.
In publication I, aFT is complexed with synthetic block copolymers with cationic and
thermoresponsive

segments. The obtained systems are multi-responsive and can be assembled or

disassembled by changing temperature or electrolyte concentration.

In publication II, CCMYV is used to form aggregates with cationic colloidal lignin particles (c-CLPs).
Significance of the charged nature of lignin is quantified and ¢-CLPs are found effective in removing
virus particles from water as aggregates by sedimentation or filtration.

Publication III demonstrates self-assembly of aFT and CCMV structures with green fluorescent
protein (GFP) carrying a cationic polypeptide tail. GFP is successfully incorporated in the
assemblies and the order of the obtained structures varies with the dimensions of the assembling
protein cage.

In publication IV, aFT is complexed with various cationic cyclophanes to initiate self-assembly.
With optimisation of cyclophane structure, charge density and solution conditions, highly ordered
crystal structures are obtained.

In publication V, properties of aFT with open and close cage morphology are compared. Both
selfassemble

with cationic gold nanoparticles, but the closed cages are found to reach higher level of

order.

Publication VI demonstrates production of mesoporous silica using aFT crystals as templates. The
crystals are encased in silica and removed by calcination to yield mesoporous material, where the
order of the crystals is retained in orientation of the pores.

The research shows that protein cages are versatile particles for self-assembling systems and
electrostatic interactions are an applicable driving force for their construction. Combination of
different cages and synthetic co-assembly agents enables design of specific hybrid materials for
targeted applications.
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Supramolekulaarinen itsejarjestyminen on nykyaikainen tyokalu tarkkaan mééaritellyn
nanorakenteen omaavien materiaalien kehitykseen. Prosessi on yksinkertainen ja vaatii vdhéan
energiaa, mika tekee siitd houkuttelevan tuotantomenetelmain. Elektrostaattinen vuorovaikutus on
monikayttéinen voima itsejarjestymiselle kdytettdvissa olevien osasten suuren mairan ja ilmion
ympéristoherkkyyden vuoksi. Proteiinihékit ovat proteiinien alaluokka, joille on ominaista ontto
sisus, jonne pienempid hiukkasia voidaan sailoa. Hakeilla on hyvin méaaritellyt ja symmetriset
rakenteet, mika tekee niista ihanteellisia kappaleita itsejarjestyviin jarjestelmiin. Tassa
viitdskirjassa tutkitaan kahden proteiinihékin, apoferritiinin (aFT) ja lehmanpavun
kloroosilaikkaviruksen (CCMV), itsejarjestymistd synteettisten molekyylien ja epdorgaanisten
hiukkasten kanssa, keskittyen seka itse itsejarjestymisprosessiin ettéd tuotettuihin rakenteisiin.
Julkaisussa I aFT kompleksoidaan synteettisten lohkopolymeerien kanssa, jotka sisaltavit
kationisen ja lampoherkén osion. Jirjestelmit ovat herkkia useille muuttujille, ja ne voidaan
jarjestaa tai purkaa muuttamalla 1ampdotilaa tai elektrolyyttikonsentraatiota.

Julkaisussa II CCMV:t4 kiytetddn muodostamaan aggregaatteja kationisten kolloidisten ligniini
hiukkasten (c-CLP) kanssa. Ligniinin varauksen merkitys jarjestelmille maéaritellaéan ja c-CLP
havaitaan tehokkaaksi virusten poistamiseen vedestd aggregaatteina sedimentaation tai
suodatuksen avulla.

Julkaisu III esittelee aFT:n ja CCMV:n itsejarjestymisen vihredn fluoresentin proteiinin (GFP)
kanssa, joka kantaa kationista polypeptidi hantaa. GFP siséllytetdan onnistuneesti rakenteisiin,
joiden jarjestys vaihtelee kéaytetyn proteiinihdkin mukaan.

Julkaisussa IV aFT kompleksoidaan useiden kationisten syklofaanien kanssa itsejarjestymisen
kdynnistamiseksi. Syklofaanirakenteen ja sen varaustiheyden seka liuosolosuhteet optimoimalla
onnistutaan tuottamaan hyvin jarjestyneita kiderakenteita.

Julkaisussa V avoimen ja suljetun rakenteen omaavien aFT hdkkien ominaisuuksia vertaillaan.
Molemmat itsejarjestyvit kultananoparttikkelien kanssa, mutta suljettulla rakenteella saavutetaan
paremmin jérjestyneitd rakenteita.

Julkaisu VI esittelee keskihuokoisen silikan valmistusta aFT kidemuottien avulla. Kiteet
koteloidaan silikaan ja poistetaan kalsinoimalla, mika jattaa jéljelle keskihuokoisen materiaalin,
jossa kiteiden jarjestys sdilyy huokosten suuntautumisessa.

Tutkimus osoittaa, ettéd proteiinihékit ovat monikayttoisia hiukkasia itsejérjestyviin jarjestelmiin,
ja elektrostaattinen vuorovaikutus soveltuu niiden tuottamiseen. Eri hdkkien ja niiden kanssa
jarjestyvien hiukkasten yhdisteleminen mahdollistaa erityisiin sovelluksiin suunniteltujen
hybridimateriaalien valmistamisen.
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1. Introduction

Self-assembly is a versatile concept used to describe autonomous arrangement
of numerous nanometer-scale building blocks, for example molecules, into
more ordered systems. However, the concept is not restricted only to small par-
ticles, as self-assembly is present in all scales up to heavenly bodies and galaxies.
These processes often strive for equilibrium, which is why no external energy is
required to drive the assembly, suggested by the prefix “self”.t Alternatively, in
non-equilibrium self-assembly, fuel is consumed to reach an assembled state,
but the order is still determined by the assembling units and no guidance is re-
quired. The order often persist after addition of fuel is stopped.2 This makes the
processes significant for practical applications, as the order within the systems
originates from the assembling components themselves and no guiding proce-
dures are needed. Therefore, the complexity of the systems and the required
energy input to obtain larger structures are decreased. On molecular level, both
synthetic and natural self-assembling particles are known and used in research
and practical applications.3-¢ Synthetic block copolymers are among the most
widely used such molecules, as the pool of applicable monomers is vast and by
adjusting their ratios and configuration of the blocks, the number of obtainable
molecules is practically limitless.” However, natural self-assembling molecules
reach precision and complexity that cannot be matched by synthetic methods,
which is why they are constantly being studied. Over the last few decades, re-
search of molecules isolated from flora and fauna has increased as the molecules
are understood better and new ones are studied. They are especially interesting
candidates for medical applications, as they are often biocompatible and remain
active in the conditions within a human body.8

The degree of order in self-assembling structures may vary greatly. Both
amorphous aggregates without regular orientation between molecules that are
not in immediate contact, and crystal lattices with the same interparticle dis-
tance and orientation in every region of the material, can be considered assem-
bled structures. Both types of structures can be advantageous depending on the
application, as ordered structures give rise to specific properties, like optic re-
sponse, but disordered materials are often tougher and easier to produce.? Self-
assembly is typically characterized by noncovalent interactions, which provide
the structures with beneficial properties such as self-healing'© and environmen-
tal responsiveness." Noncovalent interactions also tend to be reversible and the
system can therefore be regarded to be composed of small particles instead of
being one large continuous molecule. In many cases, the assembled structures
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can be disassembled back to their molecular components, making the material
similar to a structure built using toy blocks.*2 This is the case for most complex
biomolecules, which has inspired efforts to better understand the principles be-
hind noncovalent interactions.'s Electrostatic interactions between oppositely
charged particles is a notable driving force for self-assembly, as it is inherent to
numerous natural and synthetic molecules and is highly tunable by adjusting
the density of charges on the assembling molecules, either by choice of materials
or by modification. As electrostatic interactions occur between specific func-
tional groups in molecules, they can even provide systems with a high degree of
spatial orientation if the systems are designed correctly.4

Unique structures and properties can be achieved by assembling large, com-
plex particles instead of low molecular weight molecules.’s Among the most so-
phisticated structures available for research are proteins, which are self-assem-
bled units on their own. Peptide chains fold onto themselves to place functional
sites at specific spatial distance from one another, providing proteins with both
selectivity and synergistic effectivity.'6 A special class among proteins are pro-
tein cages, which are characterized by a hollow interior. For example, iron stor-
age protein ferritin7 and various viruses, which carry their infectious genome
inside a peptide shell,89 fall under this category. They are capable of encapsu-
lating smaller molecules within themselves and selectively interacting with their
surroundings via recognition reactions on the cage surfaces, making them ideal
units for self-assembling systems.20-2t However, these studies mostly focus on
properties of individual protein cages, but newer research has also considered
the possibility of combining them into larger systems.>22

Supramolecular self-assembly by noncovalent interactions is an effective
method for producing materials with controllable repating structure in nanome-
ter-scale, as the dimensions can be controlled by selection of the used particles.
Protein cages are optimal building blocks for this process as they possess superb
size and shape distribution, which enables formation of well-defined assem-
blies.23 The functionalities on surfaces of protein cages are also distributed sym-
metrically, permitting order over relatively long distances in the assembled ma-
terials.2425 Electrostatic interactions are particularly appealing for the produc-
tion of such systems, as most native protein cages have charged surfaces in neu-
tral solutions,2627 and the strength of the interactions can be controlled by tun-
ing the solution conditions, for example electrolyte concentration,28 pH29 or
temperature.3° This enables environmentally sensitive (dis)assembly of the
cages, and in specific cases can be used to alter the structure of the assembled
systems.3t

1.1 Objectives and Outline

This thesis describes development of functional hybrid materials produced by
electrostatic self-assembly of two protein cage molecules: apoferritin (aFT) and
cowpea chlorotic mottle virus (CCMV). These are among the most studied pro-
tein cages, making them ideal for research of general behaviour of similar mol-
ecules and production of novel proof-of-concept systems. Both cages carry an
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overall negative charge on their outer surface in aqueous solutions at neutral
pH, enabling electrostatic self-assembly in the presence of suitable positively
charged co-assembly particles. Synthetic cationic molecules and simple ions are
used in this research. Protein cages are well-studied materials, but their appli-
cations are still limited as their complexity restricts their usage. They have been
studied extensively as individual functional molecules, but their usage as self-
assembling building blocks has been limited. However, the robust structure and
symmetric nature of protein cages make them ideal for this purpose. Addition-
ally, as hollow nanocontainers, they are suitable for the production of multi-
functional organic materials. The research presented in the publications aims to
show protein cages as components capable of self-assembly with various co-as-
sembly agents that carry their own functionalities, enabling design of sophisti-
cated hybrid materials. The presented systems also demonstrate that with fur-
ther research, protein cage self-assemblies can potentially find uses in real life
applications.

The theoretical background of electrostatically self-assembling protein cages
and justification for interest in them is presented in chapter 2. The properties of
the synthetic materials used in the research are described in the same chapter.
Chapter 3 contains description of the used synthesis methods as well as the
characterization techniques used to study the assembly processes and the ob-
tained structures. The results of each publication are discussed in chapter 4,
with focus as stated in the previous paragraph. Finally, conclusions and future
aspects of the research are presented in chapter 5.

In publication I, aFT is subjected to temperature triggered self-assembly by
complexing them with synthetic block copolymers composed out of thermo-re-
sponsive and cationic segments. Behaviour of the systems depends on the over-
all polymer and electrolyte concentrations in the solution, and under optimal
conditions they undergo reversible environmentally sensitive self-assembly.

Publication IT demonstrates the possibility of removing viruses from water by
inducing electrostatic self-assembly and separating the aggregates by centrifu-
gation or filtration. Cationic colloidal lignin particles (c-CLPs) are selected as
co-assembly agents and their effectiness in virus removal is quantified by using
them to aggregate and separate CCMV.

In publication III, green fluorescent protein (GFP) is genetically modified to
carry a cationic polypeptide tail and electrostatically self-assembled with both
aFT and CCMV. The research is a proof-of-concept demonstration that addi-
tional proteins can be incorporated into protein cage assemblies using electro-
static interactions, resulting in multifunctional systems.

Publication IV describes a similar process of self-assembling smaller func-
tional molecules with protein cages. Cyclophanes resorcin[4]arene and pil-
lar[5]arene are modified with side chains carrying varying number of cationic
charges and self-assembled with aFT. Cyclophanes are known to promote host-
guest interactions, and combination with aFT capable of encapsulating various
heavy metals produces a material potentially capable of retaining both organic
and inorganic molecules.
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In publication V, properties of aFT from Thermotoga maritima (TmFtn) are
studied in terms of thermal stability, enzyme encapsulation and electrostatic
self-assembly with cationic gold nanoparticles (AuNPs). TmFtn has common
octahedral symmetry but is specifically applicable for encapsulation process as
the cage can be broken down and reassembled exceptionally easily. The proper-
ties of TmFtn are compared with aFT from Archaeoglobus fulgidus (AfFtn),
which has rare tetrahedral symmetry and also enables easy encapsulation pro-
cess but is less efficient in isolating the cargo from surrounding media.

Publication VI presents the concept of using aFT as a three-dimensional (3D)
template material for production of mesoporous silica materials. aFT crystals
are formed by electrostatic self-assembly, encased in silica and removed by cal-
cination, leaving behind the porous silica. The crystalline structure of assembled
aFT provides the final material with high spatial orientation of the pores.

VI. aFT crystals as templates I. Thermo-responsive
for mesoporous silica aFT self-assembly

V. Self-assembly of
enzyme loaded aFT

Il. CCMV aggregation
using c-CLPs

lll. GFP incorporated in
4 self-assembling CCMV

IV. Self-assembly of aF T
and cationic cyclophanes

Figure 1. Schematic representations of the electrostatically self-assembling systems studied in
the publications. Middle: aF T and CCMV protein cages, the key building blocks used in the pub-
lications. I. Thermo-responsive self-assembly of aFT with synthetic block copolymers. Il. Aggre-
gation of CCMV with c-CLPs. lll. Co-crystals of CCMV and GFP with cationic polypeptide tail. IV.
Co-crystals of aFT and cationic cyclophanes. V. Co-crystals of aFT loaded with lysozyme en-
zymes and AuNPs. VI. aFT crystals encased in silica for production of mesoporous material. The
images were produced using UCSF Chimera based on X-ray diffraction resolved crystal structure
for PfFTn (PDB ID: 2JD6), CCMV (PDB ID: 1CWP) and GFP (PDB ID: 3ADF).



2. Background

2.1 Protein Cages

Proteins are highly specialized biological molecules with functionalities relying
on their 3D structures.32 Protein cages are a special group defined by a hollow
interior that is surrounded by a peptide shell of varying shape. They are com-
posed of multiple subunits that self-assemble in a symmetric manner to form
the complete cage.33:3¢ Well-known protein cages include ferritins and virus-like
particles (VLPs). Ferritins are spherical particles that store iron in their inner
cavity and are native to most known living organisms.35 Empty ferritin cage is
referred to as apoferritin (aFT). VLPs are viruses without the infectious genome.
They can be considered protein cages as the viral capsid is composed of peptides
and contains an empty cavity within it, which normally houses the genome.3¢
Both aFT and VLPs are potential molecular carrier units, as the vacant space left
by the iron or viral genome can be occupied by other molecules. Various parti-
cles can be encapsulated in the cages through simple disassembly and reassem-
bly. The reassembly happens in the presence of the cargo, which gets trapped.
However, appropriately charged particles often show higher loading efficiency
in aFT and VLPs, as iron ions and viral genome are charged particles and the
cavity is receptive to similar molecules.37:38 These interactions are not as specific
as other interactions with proteins that require multiple oriented interactions
because they are based solely on electrostatic attraction. Therefore, compatibil-
ity of non-charged cargo molecules can be improved by tagging them with
charged molecules, making the encapsulation more effective for a greater pool
of cargo molecules.39 Encapsulation often provides the cargo with increased re-
sistance to environmental harm by isolating it from the surrounding conditions.
This is valuable when working with effective but sensitive molecules, for exam-
ple enzymes.4° Both aFT and VLPs have well defined sizes, shapes and func-
tional sites that have evolved in nature. Proteins exist as a part of cellular design
and viruses have evolved to enter living organisms and target specific cell types.
Therefore, both are considered important in medical applications and materials
chemistry.41-44

aFT from different sources is fairly uniform in shape and size and CCMV is
one specific virus, but the dimensions of other protein cages may vary. For ex-
ample, small heat shock protein is spherical with an outer diameter of 12 nm45
and tobacco mosaic virus (TMV) tubular with a cross section diameter of 18 nm
and length of 300 nm.4¢ The dimensions of the cages are obviously important in
encapsulation processes, as they determine the maximum amount and size of
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the possible cargo molecules. With appropriate porosity of the cages, the encap-
sulated molecules can remain active and react with their surroundings,4” with
the drawback of compromising the aforementioned protection of the cargo. By
selection of protein cages of appropriate size, it is possible to construct more
intricate systems like cages inside larger cages, which can act as specialized de-
livery vehicles and reaction chambers.48

Protein cages are versatile molecules with large number of active functionali-
ties at different sections of the cage. The hollow interior is an obvious active
location and has applications in, for example, drug delivery49-5 and confined
catalysis.5> However, the interfaces between the subunits are also functional
sites, which can be modified to tune the properties of the cage. The most obvious
factor that can be controlled in this manner is the self-assembly of subunits into
cage formation.5354 Finally, the outer surfaces of the cages also hold various
functionalities, as the exposed peptide moieties can react with the surroundings.
These interactions can be modified by using chemical or genetic methods to
change the chemical composition of the surface groups. Due to the symmetrical
nature of protein cages arising from the subunit structure, these moieties are
repeated across the surface at a specific distance from each other. In combina-
tion with the monodispersity of the molecules, this makes protein cages ideal
building blocks for spatially ordered nanometer-scale structures like crystals.42
The functional sites of a protein cage are demonstrated in Figure 2.

Figure 2. Schematic representation of the functional sites of a spherical protein cage. The interior
of the cage is represented by a wired sphere and houses a smaller protein inside (the green
particle). The yellow strands on the surface of the cage are additional functionalities that can
interact with the surroundings. The purple and grey half spheres are functionalities at the inter-
faces between the subunits that direct their self-assembly process. The image was produced
using UCSF Chimera based on X-ray diffraction resolved crystal structure for PfFTn (PDB ID:
2JD6) and GFP (PDB ID: 3ADF).

2.1.1  Apoferritin

Among native protein cages, aFT remains one of the most studied due to its bi-
ocompatibility,5s chemical and thermal stability,5657 encapsulation capabili
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tiess8:59 and genetic modifiability.6° It is a hollow spherical protein with an over-
all negative charge on the outer surface which typically composes of 24 subu-
nits.®* Each subunit has a molecular weight of roughly 20 kDa, but the exact
molecular weight differs between aFT from different sources.®2 Each subunit is
built of four parallel helical peptide chains, providing them and, by extension,
the entire cage with considerable rigidity.®3 A smaller variety of aFT composed
of 12 subunits also exists, but it is only found in archaea and bacteria.54.65 The
subunits are classified into H and L type, which stand either for heavy and light
chain or for heart and liver type. Both names are accurate, as the H type subunit
has higher molecular weight than the L type, and H type is highly expressed in
heart and L type in liver.66:67 A third middle M type chain has also been identi-
fied, but it is not found in mammals.®s An assembled 24 subunit aFT has an
outer diameter of 12 nm and contains an inner cavity of 7-8 nm (Figure 3).68:69
The cavity also has an overall negative charge, enabling aFT to encapsulate iron
as Fe(III) oxide-hydroxide phosphate, and a single cage can house up to 4500
iron ions.”° Due to the charged interior, the cage is effective in encapsulating all
types of positively charged molecules that are sufficiently small.

aFT has been widely studied as a template material for production of inorganic
nanomaterials, as the inner cavity is optimal for encapsulation of various metal
materials, which besides iron oxide include metal particles like platinum and
gold nanoparticles. Encapsulation in ferritin improves hydrophilicity and bio-
compatibility of the inorganic cargo, making such systems potentially useful in
biomedical applications.”

12 nm 8 nm

A
v

A
A

Figure 3. Schematic representation of aFT cage. a) Full aFT coloured by the repeating subunits.
Four connected subunits share the same colour that repeats on the opposite side of the molecule.
b) The section of aFT surface containing eight subunits outlined in a) coloured by Coulombic
surface potential. c) aFT similar to a) but cut in half to show the inner cavity. The images and
charge calculations were produced using UCSF Chimera based on X-ray diffraction resolved
crystal structure for PfFTn (PDB ID: 2JD6).

Even though aFT from different sources all share the same functionality and the
overall structure of a hollow sphere roughly 12 nm in diameter,” there are spe-
cific differences. The most common aFT structure has octahedral symmetry.
Such protein cages have a mostly closed surface, and the inner cavity is con-
nected to the outside via 3—4 A diameter channels, through which iron ions
move in an out of the cage.”s Twelve channels are located along the 2-fold axes,
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eight along the 3-fold and six along the 4-fold (Figure 4.a).7# These channels are
spread symmetrically across the cage surface in all octahedral aFT, making them
optimal sites for directional interactions, which are important in formation of
oriented assemblies. Therefore, the channels are considered vital points for su-
pramolecular self-assembly of native aFT and sites of interest for chemical or
biological modification to enhance such assembly.?s The octahedral structure is
not shared by all aFT, as these proteins differ in various lifeforms, for example
in mammals and insects.”® Human aFT is obviously ideal for medical applica-
tions, as it is native to our body and therefore should pose minimal immunologic
response and toxicity. By using recombinant proteins, the risk of viral infections
can also be minimized.”” However, the in vitro properties are not the best avail-
able, especially for the purpose of encapsulating smaller molecules within the
cage, as human aFT is not easily disassembled and reassembled. Chemical con-
ditions in different parts of the human body differ and human aFT needs to re-
main functional in most of them.” To find more appropriate candidates for
practical applications, aFT from simpler organisms, mainly archaea and bacte-
ria, have drawn a lot of interest, as many of them have evolved to very specific
environmental conditions.79-81 aFT from three different sources have been used
in the research work of this thesis and are now introduced in more detail.

aFT from a hyperthermophilic archaeon Pyrococcus furiosus (PfFtn) has the
advantage that it can survive temperatures of over 100 °C for over 30 minutes
without denaturation.82 Due to this property, it is a promising candidate to be
used as a biological nanoreactor, as reactions that require elevated temperatures
can also be carried out. The cage adopts octahedral symmetry3s and can be dis-
assembled at pH below 2.0 or above 13.0 and reassembled at neutral conditions,
enabling encapsulation of molecules too large to fit into the cage through the
pores. However, this method is not an effective way to carry out the encapsula-
tion as only a fraction of the PfFtn is recovered as reassembled cage and the
harsh conditions also limit the pool of potential cargo molecules as many bio-
materials would not survive the steep change in pH.84 In comparison, AfFtn,
which is also obtained from an archaeon, is the only characterized 24 subunit
aFT with tetrahedral symmetry, a structure that is more common in the 12 sub-
unit cages.85 AfFtn has four relatively large 4,5 nm channels along the 3-fold
axes, permitting movement of much larger species than in octahedral cages
(Figure 4.b).86 The disadvantage is that small cargo molecules may diffuse out
of the cage at a higher rate and are also poorly protected from surrounding con-
ditions. Notably, AfFtn can undergo reversible (dis)assembly between separated
subunits and spherical cage in neutral pH in response to overall electrolyte con-
centration in the solution. This property has been exploited to load the cage with
particles that are too large to fit through even the larger channels in the tetra-
hedral symmetry.8” Finally, combining the beneficial properties of aFT from
both these sources, TmFtn is intriguing among the ferritins from simple organ-
isms. It has octahedral symmetry but can still undergo electrolyte induced
(dis)assembly. This allows facile encapsulation of relatively large molecules into
a cage with closed surface that isolates the cargo more effectively from the sur-
roundings.8! TmFtn originates from a hyperthermophilic bacterium and the
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cage is also highly thermostable, similarly to PfFtn, broadening its possible ap-
plications.

Figure 4. Comparison between a) octahedral PfFtn and b) tetrahedral AfFtn structures. The 8
channels along the 3-fold axes (blue rods) are the widest channels of both cages, but four of them
are significantly larger in tetrahedral structure. The images were produced using UCSF Chimera
based on X-ray diffraction resolved crystal structure for PfFTn (PDB ID: 2JD6), and AfFtn (PDB
ID: 1SQ3).

2.1.2 Cowpea Chlorotic Mottle Virus

CCMV is a type of bromovirus commonly used for encapsulation and transport
studies. It resembles aFT as it is a hollow sphere and carries negative surface
chrge,® but it is considerably larger and has an outer diameter of 28 nm (Figure
5.a) and an inner cavity of 18 nm (Figure 5.c).89 The negative charge of CCMV is
highly localized, as can be seen in the potential map in Figure 5.b. Therefore,
electrostatic interactions with CCMV have a tendency for high spatial orienta-
tion, making the cage an effective particle for electrostatic self-assembly.o° Un-
like aFT, the inner cavity of CCMV has a positive overall charge, enabling en-
capsulation of different types of molecules by electrostatic interactions.9* The
protein cage has icosahedral symmetry with triangulation number T = 392 and
is composed out of 180 identical subunits with a molecular weight of roughly 20
kDa each.5893 CCMV is an exceptionally versatile protein cage, as it can undergo
reversible disassembly and reassembly, like many other protein cages, but de-
pending on the solution conditions, namely pH and electrolyte concentration,
the reassembled cage may have different morphology than the original. Cages
with T = 1 structures can be obtained in this manner.%4 In a typical process,
CCMV disassembles into 90 dimer units which can then be reassembled in a
controlled manner.9
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Figure 5. Schematic representation of CCMV cage. a) Full CCMV coloured by the repeating sub-
units. Each trimer subunit is coloured identically with three different colours for each monomer
subunit to highlight its orientation. b) The section of CCMV surface containing five trimer subunits
outlined in a) coloured by Coulombic surface potential c) CCMV cage similar to a) but cut in half
to show the inner cavity. The images and charge calculations were produced using UCSF Chi-
mera based on crystal structure for CCMV (PDB ID: 1CWP).

CCMYV also goes through another morphological change besides dissambly in
response to a change in pH. Native CCMV undergoes 10 % swelling in size at low
ionic strength solutions when the pH of the solution is raised from 5.0 to 7.0 or
above (Figure 6).9 However, it has been suggested that this behaviour is not
necessary for the release of RNA from the virus, as mutated viruses incapable of
the swelling are also infectious. Another structural opening route exists via
channel formation in the pentameric vertex, which is likely how the genome is
released from these mutated cages.9” The swelling process relates to the removal
of divalent calcium or magnesium ions from the structure, which hold the mon-
omer units together by noncovalent interactions. Therefore, similar swelling can
be induced near neutral pH by removing the ions using chelating agents, making
the swelling behaviour of CCMV multi-responsive. Below pH 6.5, sidechains are
in their protonated state and the capsid remains in its closed state even without
the divalent ions.’8 The cage can be reversed back to the closed morphology by
lowering the pH below 5.0 or by increasing concentration of divalent ions.%

Although the swelling of CCMV is not the only route for particles to move to
and from the inner cavity, gated pores on the capsid do open during the process.
Therefore, pH can be used for controlled encapsulation and release of nanome-
ter-scale cargo.'°° Furthermore, if pH is increased to 7.5 at ionic strength above
0.4, CCMV disassembles into dimeric subunits. As the cage can be reassembled
by altering the surrounding conditions, encapsulation of particles too large to
fit through the pores is also possible similarly to ferritin.°* Due to the repeating
structure of the cage, modification of the dimers can be used to enhance encap-
sulation efficiency of specific molecules. Such a method is especially efficient for
CCMV as the cage is composed of almost one hundred dimers and the modified
functionality will be repeated equally many times in the assembled structure. 02
As CCMV is a relatively large particle, encapsulation of multiple enzymes in a
single cage has been reported, which may be efficient in catalysis of cascade re-
actions.'3 It is also worth noting that the conditions required for pH activated
(dis)assembly of CCMV are milder that those for aFT.

10
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removal of
divalent ions

pH 7.0

pH 5.0

addition of
divalent ions

Figure 6. Comparison between CCMV in its a) compact and b) swollen state. The cage can be
reversibly switched between the two states by controlling pH or divalent ion concentration. The
swollen state is 10 % larger and has wide channels throughout the surface, enabling larger mol-
ecules to pass through the cage. Both models contain a light blue sphere to better display the
channels. The images were produced using UCSF Chimera based on X-ray diffraction resolved
crystal structure for CCMV (PDB ID: 1CWP).

2.2 Self-Assembly

Assembly processes rely on individual units associating with each other to form
larger and more complex structures, quite like using toy blocks to build struc-
tures. Therefore, they are also referred to as “bottom-up” processes, as the de-
sign is built up from individual particles that are the basis of the structures. This
is in contrast to “top-down” processes, where structures are produced by strip-
ping apart larger systems, similar to carving a sculpture out of a block of wood.?
Both methods have their advantages and disadvantages, but bottom-up method
is superior when it comes to the resolution at which the fine-structure of the
produced materials can be controlled.o4 It is noteworthy that numerous ad-
vanced structures critical to living beings are produced in nature by self-assem-
bly. 05 For example, cell walls are formed from lipids by self-assembly into bi-
layers, suggesting that it is the most favourable method for such structures
found by nature through millions of years of evolution. Self-assembly can be
driven by covalent interactions,°6.107 but it is commonly carried out by noncova-
lent interactions, including electrostatic, hydrophilic and van der Waals inter-
actions as well as hydrogen and metal-to-ligand bonding. For example, the
afore-mentioned lipid bilayers are formed by hydrophilic and hydrophobic in-
teractions between the amphiphilic lipids and water. Despite being held to-
gether by weak interactions, lipids can assemble into large sheets that can in
turn assemble into multilayers (Figure 7.a).108

Basically any kind of particles can undergo self-assembly, but recently espe-
cially functional biomacromolecules, mainly proteins and DNA, have drawn a
lot of attention.™*9 In special cases self-assembly can also enhance properties of
individual molecules by synergistic effects. For example, nanostructures formed
by peptide self-assembly are stabilized by multiple noncovalent interactions,
which give the structures greater stability than the strength of the individual
forces would lead to assume.!® Such systems are highly complex and have not

11
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been broadly explored, but are becoming increasingly interesting for biomole-
cules'! and inorganic nanoparticles.!2

Due to self-assembly being mostly relying on relatively weak interactions,
which have strength comparable to thermal energies at ambient conditions,
equilibrium between forming and breaking of bonds can often be reached with-
out harsh conditions. Such dynamic movement between the assembling parti-
cles is striving for minimum energy state of the system and provides robustness
to the assemblies, as unfavourable interactions can be corrected after they have
taken effect.”s More powerful covalent interactions can also result in well-de-
fined systems, as the strength of the interactions can largely prevent structural
imperfections. Through innovative design, such interactions may also be re-
versible. For example, aFT mutated to carry additional cysteine groups has been
reported to self-assemble during oxidation by forming disulfide bonds with
neighbouring cages (Figure 7.b).14 Relatively free molecular movement is re-
quired for all these interactions to be effective, which is why self-assembly is
most commonly carried out in solutions.5

Due to the low energy requirements and self-driving nature of self-assembling
systems, they can be easily upscaled, making them suitable for advanced indus-
trial applications. Recently, usage of self-assembling systems has been studied
in, for example, light harvesting materials67 and lithium ion batteries.® Ad-
ditionally, the reforming of the bonds can in many cases give rise to long-reach-
ing spatial order in the produced materials."”9 Such order can be further en-
hanced by using particles with definite shape and spread of functional groups,
which is why proteins have been widely studied for formation of specific assem-
blies like nanorods2° and vesicles.™2!

Figure 7. Schematic representations of natural and synthetic self-assembly. a) Multi-layered lipid
membranes are formed from lipids with hydrophilic heads (blue spheres) and hydrophobic tails
(yellow tendrils) by minimizing the repulsion between different ends of the molecules and maxim-
izing attraction of similar ones. b) 2D sheets formed by single point mutation of aF T at 4-fold axes
to introduce cysteine groups (yellow spots) that form disulfide bonds to covalently self-assemble
aFT.""“ The images in were produced using Blender and UCSF Chimera based on X-ray diffrac-
tion resolved crystal structure for PfFTn (PDB ID: 2JD6).

12
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2.2.1 Electrostatic Self-Assembly

Among the driving forces of self-assembly, electrostatic interactions are note-
worthy due to their effectiveness and versatility.'22-124 In the simplest case, these
interactions are attraction between oppositely charged particles and repulsion
between similarly charged ones. This can be observed in inorganic salt for-
mation from single ions, like NaCl, which typically produce highly ordered
structures, as all the particles feel both the attractive and repulsive forces from
their neighbouring charges, guiding them to assemble in a systematic man-
ner.'25s However, the systems become much more complex when other charged
particles than simple ions are assembling. Electrostatically self-assembling pol-
ymers,26 nanoparticles,’?” biological macromolecules'?® or mixtures of
these6:129 are examples of such more advanced systems. Due to their complex-
ity, a lot of the models explaining their behaviour are based on experimental
data and are lacking in theoretical processing. Many of these models rely on the
Debye-Hiickel theory (DH),3° which is still a good estimation of electrostatic
interactions, although corrections have been presented during the almost 100
years since it was introduced. The theory states that charged particles are sur-
rounded by a cloud of oppositely charged particles in close proximity and pre-
dicts how behaviour of these particles deviates from an ideal system with in-
creasing electrolyte concentration. The theory includes many assumptions, for
example ignoring close range interactions between particles and considering
solvent as continuous media regardless of solvent composition. It is also limited
to simple charged particles such as simple ions. 3! Describing more complex sys-
tems, for example charged polymers, requires combination of the DH with oth-
ers. Flory-Huggins theory (FH) describes thermodynamic behaviour of molten
polymer mixtures, where different polymers typically have a tendency to phase
separate from each other on a microscopic level.32 The theory has been com-
bined with the DH to describe also systems containing charged polymers, which
was first presented by Voorn and Overbeek (VO).133 However, this theory is also
limited due to the simplifying approximations, most notably the random phase
approximation. Unlike neutral ones, oppositely charged polymers are typically
mixable without phase separation by polymers, but separation occurs into con-
centrated and dilute polymer phases.’34 Therefore, the assumption of VO that
mixtures are a continuous and randomly distributed mixture does not apply for
most real systems.35

The effect of a charge of a particle on its neighboring charged particles de-
pends on the overall electrolyte concentration in the solution. The distance to
which the interparticle interactions are effective is expressed using the Debye
screening length (1c~1). This length is determined according to equation (1)

— &o&rkpT
K= 2 - Bz (1)
e“Xicizj

where ¢, is vacuum permittivity, ¢, dielectric constant of the solvent, kg Boltz-
mann constant, T absolute temperature, e elementary charge, ¢; number densi-
ties of the electrolyte ions and z; valences of the electrolyte ions.!36 It can be seen
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from the equation that increasing the overall electrolyte concentration or using
more dense or higher valency ions decreases x~*. This is called screening and it
can be used to control the strength of electrostatic interactions.'s” The phenom-
enon is mostly significant in solutions with electrolyte concentration below 1 M.
With decreasing k™1, significance of short-range interactions increase and they
become dominant.’8 Despite the limitations in the theories of electrostatic in-
teractions, screening is an important phenomenon especially when structures
with a high level of order are desired, as too strong electrostatic interactions lead
to immediate and permanent bonding without long-distance orientation be-
tween the assembling units (Figure 8). Interactions weakened by screening en-
able the particles to move about each other and adopt thermodynamically most
favourable orientation.'27:139 Excessively high electrolyte concentration can be
used to disassemble the formed structures, as k= can be decreased until the
interactions can no longer hold even the closest particles together.4°

Celectrcxlyte

Figure 8. Schematic representation of effect of concentration of low molecular weight electrolytes
on x~! and electrostatic self-assembly. a) At low electrolyte concentration k= is large and elec-
trostatic interactions strong. Oppositely charged particles form irregular aggregates as binding is
instantaneous. b) Moderate electrolyte concentration decreases k=1, partially screening interac-
tions between charged particles. Charged particles attach to and detach from each other in a
dynamic manner, enabling forming of well-ordered assemblies. c) Excessive electrolyte concen-
tration greatly decreases k=1, causing electrostatic interactions to become screened and electro-
static interactions become insufficient for self-assembly. The images were produced using
Blender and UCSF Chimera based on X-ray diffraction resolved crystal structure for PfFTn (PDB
ID: 2JD6).

Properties of electrostatically self-assembling systems can be altered by switch-
ing one of the assembling units. For example, 3D orientation of protein cage
assemblies change when either rigid inorganic particles or soft organic mole-
cules are used as co-assembly agents.4! The high number of available building
blocks has led to usage of electrostatic self-assembly in specific applications
such as composite materials,'42 carbon based hydrogen production43 and quan-
tum dot assemblies in supercapacitors'44 and disease treatment.45
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2.2.2 Thermo-Responsive Self-Assembly

It was stated in section 1 that no external energy input is required for self-as-
sembly to occur. However, external change in conditions surrounding the as-
sembling particles can in some cases be used to trigger the spontaneous assem-
bly. Such systems are called stimuli-responsive, as the stimulus causes a distinct
change in the behaviour of the particles.¢ For example, many polymers are
thermo-responsive, and heating a solution containing them above a certain
threshold temperature will cause the soluble polymers to precipitate out or in-
soluble precipitate to dissolve.’#” Temperature is the most studied trigger in
stimuli-responsive polymers48 and perhaps the most effective method to con-
trol molecule solubility. It affects molecular vibration and thus the strain on
chemical and physical bonds inside the dissolved molecules as well as between
them and solvent molecules, determining whether bonds are formed or bro-
ken. 49 Other typical stimuli for polymers include change in pH5° or solvent's:
and light irradiation.’s2 Multi-responsive systems are sensitive to more than one
stimuli!s3154 ore even simultaneous combination of multiple factors.!s5-157 In re-
sent research, self-assembly has even been triggered by chemical reactions such
as polymerization,s8.159 or with delay by using clocked reactions.6°

Lower critical solution temperature (LCST) behaviour is the most typical tem-
perature-based form of stimuli-responsiveness. LCST systems are soluble at low
temperatures, but precipication is triggered by rising temperature above a crit-
ical temperature, which is unique for each system (Figure 9). In aqueous sol-
vents, change in solubility often occurs near room temperature, enabling LCST
activity in biological solvents and conditions.¢* In most systems, the division
between soluble and insoluble phase is not definite as the transition occurs in
domains. The reversibility of the change may also show some hysteresis, but for
most practical applications these phenomena are not relevant.'62 Favourable
conditions for dissolving are presented by the change in Gibbs free energy of
mixing, AGnix, Which is expressed according to equation (2)

AGpix = AHpix — TASmix (2)

where AH,,;x is enthalpy change of mixing, T temperature and AS,,;; entropy
change of mixing. Hydrogen bonds become unstable when AG,;;, becomes pos-
itive, and phase separation occurs.!¢3 In case of molecules with LCST behaviour,
hydrogen bond formation has negative AH,,;; due to hydrophilic nature of the
molecules, which enables solubility at low temperatures. However, AS,,;x is neg-
ative, as a system where the thermo-responsive molecules have formed hydro-
gen bonds with the solvent molecules has less microstates available than one
where the molecules have not formed bonds.!¢4 Two things that can be observed
from equation (2) are that an increase in temperature will enhance the effect of
ASmix, and if AS ;. is negative it will push AG,,;, towards positive values. These
factors promote phase separation at high temperature. LCST is the point where
the sign of AG,,ix changes due to a change in temperature.16s

The effect of concentration of the thermo-responsive species to the LCST re-
lates to the ratio between the functional sites and solvent molecules. To a certain

15



Background

point, more thermo-responsive functionalities lower the amount of thermal en-
ergy needed for phase separation as more hydrophobic groups become available
for bonding. However, excessive amount of polymer chains diminishes the in-
teractions between the themo-responsive groups and solvent molecules, which
again dampens the responsive effect.166

N

Figure 9. Schematic representation of typical LCST behaviour of linear polymer chains in water
as a function of temperature and polymer concentration. The curve opening upwards represents
the LCST at each given polymer concentration. Below the curve polymer chains are hydrophilic
and have adopted open chain conformation. Above the curve they are hydrophobic and collapse
on themselves and each other to minimize interactions with solvent molecules. The images on
the left side of the figure represent interactions between lone polymer chains and water molecules
and the ones on the right interactions of several polymer chains with each other. The images were
produced using Blender.

Cpu\ymer

2.2.3 Self-Assembly of Crystalline Protein Structures

Inorganic materials arranged into regular nanometer-scale arrays or crystals are
studied because of their useful properties provided by the specific repeating
structure. Such properties include optical, conductive, sensory and memory
properties.'6” Light propagates through anisotropic crystals differently depend-
ing on the angle of the structures, which is useful in, for example, polarization
splitters®8 and dispersion engineering.?®9 Similarly, electric conductivity of
crystals can be anisotropic'7c and control over the structure enhances perfor-
mance of the materials.”* However, production of such materials remains chal-
lenging as robust production methods that can be scaled up to practically useful
extent are elusive.72173 Hybrid materials of organic and inorganic materials can
provide a solution to this problem, as they offer different synthesis methods to
obtain the ordered structures.'7# Biomimetic self-assembly and crystal template
based methods are examples of such synthesis methods.7s Furthermore, the
methods enable production of well-defined structures as the resolution of the
arrangements is limited by the size and shape of the template, and in nature
various suitable molecules exist with dimensions ranging from only a few to
hundreds of nanometers.'7¢ Self-assembly of these molecules can even be used
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to incorporate additional inorganic particles in the structures with high accu-
racy, for example by encapsulation.46 Production is facilitated by keeping the
systems as simple as possible, as complex systems are less robust.'”7 Advanced
template systems are constantly developed and understood better, for example
colloidal crystals'78 and chiral helical nanofibers.7? Templates based on self-as-
sembly of molecules found in nature are interesting for research, as they offer
usable functional units capable of forming highly complex supramolecular
structures via noncovalent interactions.!8° Protein crystals are especially intri-
guing due to their encapsulation propertiess! and spatial order.'82

Rigid molecular structure is often favourable for formation of crystal lattices,
as the assembling particles do not bend into different conformation, and order
over long distances is possible. Inorganic salts are typically crystalline when
dried, as they are composed of either small or single atomic ions that have no
alternative conformations. In order to crystallize, larger molecules require ad-
ditional rigidity from self-supporting structures, like nanorods or cyclic
shapes. 83 This is why large organic molecules are difficult or impossible to crys-
tallize, as they become less rigid with increasing molecular weight and often
adopt amorphous state instead of completely crystalline.*3¢ However, molecules
with a folded structure like rings,'85 tubes!8¢ and spheres,'8” are more rigid be-
cause the structures loop onto each other, offering additional support to the sys-
tem and enabling assembly into ordered structures.!88 Protein cages possess
such rigid structures, but selection of both the assembling cage and the co-as-
sembly agent is crucial for obtaining crystalline structures.'89 Compatible orien-
tation of both components can yield complex 3D assemblies, like rotating nano-
rod bundles (Figure 10.a)4¢ and conductive nanowires.»9° In specific cases, ob-
tained crystalline symmetry may be so delicate that it can be altered by changing
solution conditions while maintaining the assembling particles in constant con-
centrations.3

Especially spherical protein cages have a tendency to form close-packed crys-
talline lattices, as such structures are most favourable in terms of space.®9 If the
co-assembly agent is small compared to the protein cage,92 or even another pro-
tein cage,'28 dense crystals can be obtained as free space between the cages is
minimized (Figure 10.b). Close proximity can be beneficial for the cargo inside
the cages, for example metal nanoparticles may obtain increased electrical con-
ductivity.193
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a) cationic aF T

Co30,

anionic aFT  CeOQ,

Figure 10. Schematic representation of electrostatically self-assembled cocrystal systems com-
posing of protein cages and metal nanoparticles. a) TMV (blue tubes) directing gold nanoparticles
(yellow spheres) into ordered arrays with a right handed twist viewed from across and along the
wires.# b) Ferritin modified to carry high overall negative (red) or positive (blue) charge assem-
bled into altering layers. Negative cages are carrying Co3O4 and cationic cages CeO2 nanoparti-
cles in their cavities.2¢ The images were produced using Blender and UCSF Chimera based on
X-ray diffraction resolved crystal structure for PfFTn (PDB ID: 2JD6).

Without designed dense structure, proteins have intrinsic tendency to form
highly porous structures when crystallized. This is relevant for chemical activity,
as in addition to having high spatial order all the molecules remain relatively
accessible. This enables the proteins even at the center of the crystals to interact
with molecules small enough to penetrate the structures, which is important in,
for example, catalysis. This is also true for protein cages, allowing encapsulated
cargo to remain active even at the centre of a 3D crystal.94 Incorporating cargo
molecules into crystal structures may enhance the properties of individual par-
ticles, for example catalytic activity.195 The amount of naturally available protein
cages and their modifiability make them a versatile material for use as self-as-
sembling crystal scaffolds.22 However, the porosity of the structures often makes
them labile and they may not withstand significant changes to the chemical and
physical conditions under which they were formed. This can be mended by
cross-linking of the crystal surfaces, with the obvious drawback of losing revers-
ibility of the self-assembly.»9¢ Recent research suggests that more robust struc-
tures can be obtained by integrating protein crystals with polymer hydrogels,
which provides chemical stability but enables the proteins to retain their mobil-
ity, leading to nontypical properties in crystals like swelling and self-healing.197

2.3 Synthetic Polycations

Polymers are one of the most common synthetic materials and used in myriad
applications, also in the biomedical field.»98-200 Polyelectrolytes are polymers
composed of monomers with ionizable groups. Positive and negative charge car-
rying polymers are referred to as polycations and polyanions, respectively, and
polymers with both types of charges as zwitterionic polymers.2°t Unlike charge-
less polymer chains, which typically have a strong tendency to intertwine with
themselves and each other, polyelectrolytes typically adopt relatively straight-
ened conformations due to intramolecular electrostatic repulsion. This effect is
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further enhanced in aqueous solutions, as the conformation also enables maxi-
mum interaction between the hydrophilic groups and solvent molecules.202 The
rigidity of the chains depends on the charge density along the chain, but it can
be altered using electrostatic screening by controlling the electrolyte concentra-
tion of the solution.203 The straightened conformation of polyelectrolytes facili-
tates bonding of multiple charged sections of each chain with oppositely charged
surfaces, compensating for the weakness of individual interactions. Combined
with the instantaneous nature of electrostatic bonding, polyelectrolytes are
mainly used in analysis and filtration of flowing media.204205 However, as men-
tioned in section 2.2.1, electrostatic interactions of polyelectrolytes are compli-
cated and research is still being conducted to develop more accurate models for
such systems. Several theories based on VO have been developed that account
for the phase separation between polyelectrolytes. However, forming a quanti-
tative theory is challenging due to the numerous relevant variables in systems,
including polymer chain length, charge density and electrolyte concentration.s4
Therefore, much of the current knowledge of polyelectrolyte systems is based
on experimental data and is often confirmed only for specific polyelectro-
1y—tes'206—208

The quaternized ammonium group is the most commonly used cationic func-
tionality in polycations and multiple synthesis routes are available for produc-
tion of these polymers. The monomer can be used for polymerization either in
the charged quaternary form or in the neutral tertiary form and quaternized
once the polymerization has been completed.2?9 Configuration of polycations
can also be altered, for example between linear and branched chains, which sig-
nificantly affects the properties of the molecules as it changes the charge den-
sity.20 Additionally, polymerization of cationic chains can be initiated from sur-
faces or macromolecules to produce cationic coatings.2"

Recently, research of polycations has focused on copolymers and most com-
mon applications are in biomedicine as delivery agents, for example in drug2:2
and DNA delivery=!3214 and gene therapy.2's More advanced polycations include
polypeptides, which can be produced with great precision over the structure,2:6
and biohybrid materials, where synthetic polycations are attached to biological
molecules.2” The control over the polypeptide synthesis even enables the pro-
duced molecules to fold into a-helixes and B-sheets, incorporating spatial con-
trol into the molecules.28 Cationic polypeptides are typically incapable of adopt-
ing a-helical folding due to electrostatic repulsion, but this can be overcome by
having enough neutral peptides between the repeating cationic ones, which
makes the chains more flexible.2®9 Therefore, linear polypeptides can carry
higher overall charge density along the polymer chain, while folded ones can
form presice 3D assemblies due to the rigidity provided by the folded confor-
mation.22¢ Structures beyond the scale of polypeptides have also been achieved
by using supercharged variants of proteins. They are produced by recombinant
methods, enabling precise control over the number and positioning of the
charged residues on the molecules.22* They possess high charge density while
maintaining their 3D structure, providing them with increased affinity towards
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oppositely charged molecules compared to their native state.222 The rigidity pro-
vided by the folded structure of the proteins has led to their use in self-assem-
bling systems, for example 3D oriented structures of supercharged GFP223 and
catalysis systems based on ferritin containing metal oxide nanoparticles.224

2.4 Cyclophanes

Cyclophanes are defined as compounds including one or more aromatic rings
with at least two atoms connected into another ring system than the initial aro-
matic ring.225 The close proximity of the rings causes steric compression and
provides the molecules with unique molecular dynamic properties.226 They are
a special group of molecules due to their rigidity arising from the aromatic rings,
and their cavities, which are large compared to the molecular weight. The struc-
ture gives rise to optical and electric properties,22” making cyclophanes applica-
ble in host-guest chemistry228 and catalysis.229 Cyclophanes are also a versatile
group of compounds, as the structure and size of the rings may vary and the
molecules can be chemically modified, summing up to practically unlimited
amount of structures.23° However, challenges in cyclophane chemistry include
designing molecules that interact with complex biomolecules, like proteins, and
are soluble in aqueous solvents, as the numerous aromatic rings in the struc-
tures tend to make the molecules highly hydrophobic.23t The latter issue can be
solved by using cyclophanes with charged groups on each ring, especially if they
are located on both sides of the ring structures.232 Charges enable use of cycloph-
anes also in biomedicine, for example as bioreceptors233 and in cell imaging.234

Multiple subclasses of cyclophanes exist, and among them macrocycles com-
posed of interconnected phenyl rings are well-studied structures due to their
high concentration of m-bonds and accessibility to guest molecules.235 Ca-
lixarenes are one such subclass formed by phenyl rings reacting with an alde-
hyde connected at the meta-position. This gives the molecules a specific vase-
like symmetry, which led to the name of the compounds (Greek calix means
chalice). The shape causes the accessibility of the inner cavity of the cyclophanes
to be different from opposing sides due to steric hindrance.23¢ Specific ca-
lixarenes that all share the same overall structure are obtained from specific
phenyl compounds, for example resorcinarenes are produced by reacting resor-
cinol with an aldehyde (Figure 11.a).237 Similar macrocyclic cyclophanes include
pillararenes, which differ from calixarenes because the rings are connected at
the para-position. This gives the structures symmetrical cylindrical shape, mak-
ing the molecules both conformationally stable and equally accessible from both
sides (Figure 11.b).23% This makes pillararenes especially potent as host-guest
binders.239

Cyclophanes have multiple advanced applications, mainly related to host-
guest chemistry. Delivery agents and sensors are the most obvious such appli-
cations.24° Cyclophanes have also been studied as potential co-assembly agents
in self-assembling 3D structures to provide additional functionalities into the
assembled systems.24!

20



Background

Figure 11. Molecular structures and shape representations of a) vase-like resorcin[4]arene and
b) cylindrical pillar[5]arene.

2.5 Superporous Silica

Silicon dioxide, also known as silica, is an amorphous inorganic network mate-
rial.242 It is a versatile substance for production of functional materials, as it is
resistant to chemical corrosion and high temperatures and is biocompatible.
Therefore, it is applicable to both biomedicine and outside of body usage.243 Due
to its robustness and modifiability, silica has been a material of choice for pro-
duction of porous materials, as they have numerous uses in various fields,244
mainly as adsorbents.245246 Zeolites are a commonly used alternative, but they
have pore sizes of only a few nanometers or even less.247.248 With silica, specific
porous materials with hierarchical pore structure can be produced with relative
ease. The pore size of such structures can reach hundreds of nanometers or even
few micrometers.249 However, pore size in the mesoporous region, between 2
and 50 nm, provides porous materials with interesting properties, as it can be
penetrated by atoms and low molecular weight molecules, but it retains more
complex particles, for example most biomolecules.25° The most common appli-
cation of mesoporous silica, and porous silica in general, is as adsorbent in sep-
aration applications,2s! but they are also actively studied as potential delivery
units in biomedicine.252-254 In these applications control over the morphology of
the material, both pores and the complete network, is beneficial as it can be used
to control selectivity and efficiency of adsorption.255 Mesoporous materials can
also be used in specific recognition of large organic compounds due to the size
of the pores and their spatial orientation, which is not possible for traditionally
produced nanoporous zeolites.25¢ Therefore, mesoporous materials have practi-
cal applications as catalysts, particle separation matrices and delivery agents.257
Synthesis methods for such materials heve been reported already decades
ago,258:259 but alternative production methods are still sparse mostly due to de-
manding synthesis conditions.260

Inorganic porous structures are used as matrix for protein encapsulation, as
this offers mechanical support and both thermal and chemical stability to the
proteins while keeping them accessible for small molecules.26* Mesoporous
structures are especially effective for this as they have similar pore size to some
proteins.262 Inorganic matrices are also used to improve stability of crystalline
materials that are brittle and soluble in certain solvents in their natural state.263
Additionally, encapsulation of organic materials enables usage of the incorpo-
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rated structures to produce porous materials. The organic species can be re-
moved by calcination, which leaves the inorganic material, for example silica,
intact and with empty spaces where the removed organic materials were.264
Mesoporous silica materials have been produced in this way using protein cages
as templates.265 Cage structures can also carry additional particles into inor-
ganic matrix inside their cavities, and if the cargo is inorganic, it is incorporated
into the porous material once organic material is removed (Figure 12).26¢ Large
template molecules like proteins that produce one pore per molecule enable
more control over the pore size than, for example, using surfactants during syn-
thesis. Traditional surfactant methods are limited to pore sizes of a few nanome-
ters, and increasing this size typically leads to loss in order of the structures.
Compromises have been found in recent studies, but finding balance between
the pore size and structural orientation remains an issue.26” Template methods
are effective when control over both aspects are required, and can be carried out
using simple molecules.255268 However, protein templates would incorporate
the systems with additional functionalities, and protein cages would enable en-
capsulation of other particles within the silica with controlled spatial order.269
This is still largely unexplored research area, although some promising systems
have been reported.270-271

a) b)

© o © : @‘c

Figure 12. Schematic representation of encapsulating metal nanoparticles in mesoporous silica
using ferritin template. a) Iron containing ferritin is b) encased in silica and removed by calcination,
yielding c) iron nanoparticles contained inside pores in silica matrix. The images were produced
using Blender and UCSF Chimera based on X-ray diffraction resolved crystal structure for PfFTn
(PDB ID: 2JD6).

22



3. Materials and Methods

Detailed descriptions of the used materials and methods are provided in publi-
cations I-VI and only brief summary is provided here.

3.1 Apoferritin and Cowpea Chlorotic Mottle Virus

aFT used in publications I, III, IV and VI was P{Ftn provided by MoLiRom in
double distilled water and used without further purification. The integrity of
P{fFtn was confirmed using dynamic light scattering (DLS). In publication V,
gene encoding TmFtn was purchased from Genscript and expressed in Esche-
richia coli (E. coli) bacteria. The cells were ruptured by sonication in lysis buffer
and TmFtn separated from cell debris by centrifugation. TmFtn was further pu-
rified by preliminary membrane filtration and finally by passing it through a
Superdex 200 Increase high performance size exclusion column (GE
Healthcare) connected to an AKTA purifier. AfFin in the same publication was
ordered from MoLiRom in double distilled water and used without further pu-
rification.

CCMW used in publications IT and III was obtained by infecting live cowpea
with wild-type CCMV. The infected plant was blended in pH 4.7 acetate buffer-
with ascorbic acid and the homogenate expressed through cheesecloth. CCMV
was separated by centrifugation and precipitated using polyethylene glycol
6000.272

3.2 Synthesis of Block Copolymers

The block copolymers used in publication I were composed of two blocks:
poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA), which carries an
amine group in the repeating sidechain that can be quaternized to yield a cati-
onic charge,23 and poly[di(ethylene glycol)methyl ether methacrylate]
(PDEGMA), which undergoes LCST behaviour typically close to body tempera-
ture.2’4 The polymerizations were carried out using atom transfer radical
polymerization (ATRP) method with ethyl a-chlorophenylacetate (ECPA) as in-
itiator because it carries a phenyl group that can be distinguished in nuclear
magnetic resonance (NMR) spectrum from the signals arising from the repeat-
ing polymer chain to facilitate determination of chain length. The PDMAEMA
block was synthesized first and the polymer was purified by passing it through
a neutral aluminium oxide column to remove copper used as a catalyst in the
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polymerization and by precipitation from n-hexane to remove any unreacted
monomer. The obtained polymer was then used as an initiator for the PDEGMA
block, which was synthesised and purified using the same procedure. In case of
the triblock copolymer, the PDMAEMA-PDEGMA diblock copolymer was used
as an initiator for the final PDMAEMA block, which was synthesized and puri-
fied using the same method. The quaternization of the PDMAEMA block(s) was
achieved by reacting the purified polymers with iodomethane in tetrahydrofu-
ran. The polymer structures are presented in Figure 13. The quaternization was
always carried out for the completed block copolymer, not for the intermediary
synthesis products. The polymers were characterized by NMR spectroscopy us-
ing Bruker Avance 400 MHz instrument and gel permeation chromatography
(GPC) analysis using a system containing 510 HPLC solvent pump, four linear
PL gel columns in series and 2414 differential refractometer, all produced by
Waters.

Previous studies show that binding between cationic polymers and virus cages
relatively similar to aFT becomes more effective with increasing number of cat-
ionic charges per chain.2’s NMR analysis of the PDMAEMA blocks synthesized
in the publication revealed them to contain approximately 50 repeating units
each carrying a single charge. To ensure pronounced thermo-responsive effect,
the mass ratio of quaternized PDMAEMA to PDEGMA was aimed to be 1:4.
Based on NMR, in the diblock copolymer the mass ratios were 1:3.86 and in the
triblock 1:3.86:0.95 (PDMAEMA:PDEGMA:PDMAEMA).
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Figure 13. Molecular structures of the a) diblock PDMAEMA-PDEGMA and b) triblock
PDMAEMA-PDEGMA-PDMAEMA block copolymers.

3.3 K72 and GFP-K72 Protein Expression

The cationic supercharged polypeptide genes were synthesized using recursive
directional ligation. The gene fragments were subcloned into the expression vec-
tor pET25b(+). Expression was carried out in E. coli BLR (DE3) competent cells.
The cells were collected using centrifugation, resuspended in lysis buffer and
disrupted with a constant cell disrupter (Constant Systems Ltd.). The products
were separated from cell debris by centrifugation and purified using Ni-se-
pharose chromatography, dialysis against ultrapure water and anion exchange
chromatography using a Q HP column. After additional dialysis, the products
were obtained by lyophilization.
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3.4 Ferritin Crystallization and Silica Hybridization

aFT crystals were produced using hanging drop vapor diffusion (HDVD)
method. CdSO, was mixed in 1 % agarose solution which was left to form a gel,
and a mixture of aFT and (NH,).SO,, which was added to help in the precipita-
tion of aFT from the solution, in pH 7.5 buffer solution was placed on top of it.
The solution drop was hung upside down over a reservoir solution containing
all the same reactants as the drop, except for aFT and agarose, but in higher
concentration. The cell containing the hung drop and the reservoir solution was
sealed airtightly, which caused the system to move towards equilibrium by evap-
oration of water from the drop into the reservoir to dilute the more concentrated
solution. This triggered the crystallization of aFT, as its concentration in the
drop increased. Additionally, the sharp concentration gradient of CdSO, be-
tween the agarose gel and the drop offered a nucleation point for the crystalli-
zation. The crystallization was then continued for 24—48 hours.

The produced crystals were integrated with silica gel by suspending them in a
solution of prehydrolysed cationic silica precursor clusters. The solution was
produced by mixing tetraethoxysilane (TEOS) and N-[3-(trimethoxysilyl)pro-
pyl]-N,N,N-trimethylammonium chloride (TMAPS) in an aqueous solution
with pH 7.5. The resulting cationic clusters were attracted to the negatively
charged aFT crystals due to electrostatic interactions. The crystals were first
treated with glutaraldehyde to crosslink the crystal surfaces permanently into
solid assemblies to prevent disassembly when they are brought to contact with
the cationic clusters. Then, the silica solution was moved into a similar container
where the hanging drop crystallization was carried out and the crystals were
suspended in contact with the silica solution on top of a glass plate. The sol-gel
condensation was continued for 7 days, after which excess silica was washed
away with water.

The mesoporous silica was obtained by calcinating the sample in air at 500 °C
for 4 hours.

3.5 Dynamic Light Scattering

DLS measurements were used to monitor the self-assembly processes in publi-
cations I-V. The measurements in publications I-IV were carried out using
Nano ZS ZEN3600 tabletop DLS device and in publication V Zetasizer Nano
ZSP, both manufactured by Malvern Instruments. The samples were inserted
into the instrument in semi-micro UV-cuvettes made of poly(methyl methacry-
late). The samples were either loaded into the cuvettes in their final solution
composition and measured, or an initial solution of protein cages was prepared
and the co-assembly agents were titrated into this solution during the measure-
ments to observe the assembly-process stepwise. In publications ITI and IV the
disassembly of the formed structures was also studied using DLS by titrating
NaCl into the samples once the assembled structures had formed to reduce the
supramolecular structures back to individual particles. In publications I and V
the measurements were conducted also at elevated temperatures to observe
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changes in the complexes and individual protein cages, respectively. The sam-
ples were heated in the cuvettes within the instruments.

3.6 Agarose Gel Electrophoresis Mobility Shift Assay

Agarose gel electrophoresis mobility shift assay (EMSA) was used in publica-
tions II and III to study the required ratio of co-assembly agent to completely
assemble a set amount of CCMV. 1 % strength agarose gel stained with ethidium
bromide was used. Free CCMV was used as a control sample and sample wells
in the gel were loaded with CCMV complexed with an increasing amount of co-
assembly agent to determine the minimum concentration at which migration of
CCMV is completely halted. In publication IT 10 mM sodium acetate (NaAc)
with 1 mM ethylenediaminetetraacetic acid (EDTA) and pH 4.7 was used as a
running buffer and the gel was run at 100 V for 35 min. In publication III 10
mM NaAc with pH 4.8 was used as a running buffer and the gel was run at 145
V for 35 min. The images were obtained using Bio-Rad Gel DocTM EZ imaging
system.

3.7 Electron Microscopy

3.7.1 Transmission Electron Microscopy

Transmission electron microscopy (TEM) images in publications I and II were
obtained using FEI Tecnai 12 Bio-Twin instrument with 120 kV accelerating
voltage in bright field mode. The samples were imaged on square mesh copper
grids. The samples in publication I were stainednegatively with uranyl formate
and in publication II with uranyl acetate.

Cryogenic transmission electron microscopy (cryo-TEM) images in publica-
tions ITI-V were obtained using JEOL JEM 3200FSC field emission microscope
operated at 300 kV in bright field mode. The samples were placed on plasma
cleaned square mesh copper grids, which were frozen by plunge freezing in 1:1
volume ratio liquid propane-ethane mixture with 3 seconds blotting time. Dur-
ing the imaging, the samples were kept at -187 °C.

3.7.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) images in publication VI were obtained
using Zeiss Sigma VP SEM with 8.0 kV accelerating voltage and an InLens de-
tector. The samples were attached to aluminium sample stubs using a double-
sided graphene tape and prior to imaging the samples were sputtered with 1 nm
iridium coating to improve conductivity.

3.8 Small Angle X-Ray Scattering

Small angle X-ray scattering (SAXS) scattering patterns of publications ITI-V
were recorded using a homemade device consisting of a Bruker Microstar mi-
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crofocus X-ray source (Cu Ka radiation), an Incoatec Montel multilayer focus-
ing monochromator, four JJ X-Ray collimating slits and a Bruker Hi-Star two
dimensional (2D) area detector. All the scattering data were recorded with a 1.59
m sample to detector distance and all the instrumentation apart from the detec-
tor were held under high vacuum in order to avoid scattering from air. In pub-
lication VI, SAXS was measured using Xenocs Xeuss 3.0 instrument. Cu Ka ra-
diation source was used, the sample to detector distance was 600 mm and the
entire instrument, including the detector, was kept under vacuum during the
measurements.

For all the measurements, the scattering vector g was calibrated using a silver
behenate standard and the 2D scattering data were converted into SAXS curves
by azimuthal averaging. The samples were sealed within steel washers and cov-
ered from both sides with Kapton film that scatters no X-rays in the measured
g region.
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4. Results and Discussion

In this section the results of the publications are discussed in their numerical
order. All obtained results are presented in the publications and only the results
most relevant to the production and characterization of self-assembled protein
cage structures are presented here in detail.

4.1 Self-Assembly with Organic Synthetic Materials

4.1.1  Thermo-Responsive Self-Assembly of Ferritin

In publication I, aFT was complexed with synthetic block copolymers carrying
both cationic and thermo-responsive segments. The research was an attempt to
controllably trigger supramolecular self-assembly of aFT without need for
chemical or genetic modifications of the protein. The self-assembly process is
controlled by two separate phenomena: the electrostatic interaction between
cationic PDMAEMA block of the polymer and anionic aFT, and the thermo-re-
sponsive solubility of the PDEGMA block into the surrounding aqueous media.
The electrostatic interactions bind the molecules together but increasing the
surrounding electrolyte concentration enough will cause disassembly, as the in-
teractions become screened. The thermo-responsive block undergoes LCST be-
haviour in water, enabling control over the self-assembly of the system by an
external stimulus. This behaviour is reversible, and it is possible to go back and
forth between the two states by increasing and decreasing the temperature. As
the system undergoes changes in response to alterations in temperature and
electrolyte concentration of the solution, it can be considered multi-responsive.

DLS measurements revealed the thermo-reponsive tendencies of the system,
which were studied as a function of both temperature and electrolyte concen-
tration of the solution (Table 1, Figure 14). The polymer solutions were titrated
into sample solutions with initial aFT concentration of 100 mg/L and varying
concentration of NaCl. The salt concentration alters the strength of the electro-
static attraction between the PDMAEMA and aFT but does not affect the hydro-
gen bonding between PDEGMA and the solvent as significantly. Hypothetically,
an electrolyte concentration region should exist where cationic blocks keep the
polymers attached to aFT surfaces, but electrostatic interactions are screened
enough that polycations do not cause adjacent proteins to bind with each other,
which would cause aggregation regardless of the state of the thermo-responsive
block. Such conditions enable supramolecular self-assembly to be triggered by
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turning the thermo-responsive block hydrophobic, as they collapse to the sur-
face of the aFT and render the protein hydrophobic as well, causing them to
aggregate. At low salt concentrations (150 mM and below), the electrostatic in-
teractions between aFT and PDMAEMA remained so strong that aggregates
were formed regardless of the temperature, as k! was likely so large that indi-
vidual polymers could affect two or even more proteins at once, pulling them
together. At higher NaCl concentrations (200 and 250 mM), the electrostatic
interactions were screened enough that PDMAEMA alone could no longer cause
aggregation. However, it was still holding the polymer chains attached to aFT,
and as the temperature was increased above LCST, aggregation was observed.
Increasing polymer concentration had the tendency to slightly decrease the size
of the formed aggregates, likely because diminishing the number of aFT charges
enabled more dense packing. At even higher NaCl concentration (300 and 350
mM), the effect of the polymer concentration changed and the aggregates form
at the higher temperature only at low polymer concentration. Addition of poly-
mer into the sample disassembled the system back to free particles.

Table 1. Thermo-responsive behaviour of PDMAEMA-PDEGMA block copolymers observed in
DLS measurements.

NaCl 25°C, 25°C, 50 °C, 50 °C,
20 mg/L polymer 80 mg/L polymer 20 mg/L polymer 80 mg/L polymer
100 mM aggregation aggregation aggregation aggregation
200 mM | free particles free particles aggregation aggregation
300 mM | free particles free particles aggregation free particles

The study was conducted using both diblock and triblock copolymers. Diblock
had one cationic and one thermo-responsive block, and in triblock the thermo-
responsive block was located between two cationic blocks. To enhance the effect
of the thermo-responsive block, its mass ratio to the cationic block was roughly
double. Hence, in triblock copolymer PDMAEMA blocks were half the mass of
the PDEGMA block each. Complexes of triblock copolymer and aFT followed
the same general behaviour as diblock complexes, but the effects were more en-
hanced. The trend of decreasing aggregate size with increasing polymer concen-
tration was more profound than with diblock complexes, assumedly because a
single triblock chain could link two aFT molecules together more effectively
even at high NaCl concentrations. Additionally, more triblock polymers brought
the proteins closer together and diminished the size of the aggregates. At 300
and 350 mM NaCl solutions, triblock complexes displayed thermo-responsive
behaviour through a broader polymer concentration range than diblock com-
plexes before disassembling back to free particles.
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Figure 14. DLS data of aFT self-assembly with the thermo-responsive di- and triblock copoly-
mers. In graphs a), b), d) and e) dashed lines and empty symbols represent measurements at 25
°C and full lines and filled symbols at 50 °C. a) Hydrodynamic diameter of titration of diblock
copolymer into aFT solution in three different NaCl concentrations. b) Volume distributions of
assemblies from graph a) at polymer concentration 50 mg/L at both temperatures. c¢) Hydrody-
namic diameter of aF T assemblies at 50 mg/L polymer and 200 mM NaCl solution when repeat-
edly cycled between 25 and 50 °C. Graphs d—f) are identical to a—c), respectively, except that
triblock copolymer is used instead of diblock.

The results of DLS measurements were confirmed using TEM imaging. The
temperature of the samples could not be controlled in real time during the im-
aging, so the sample preparation and drying was done at both room temperature
(Figure 15.a-c) and at 50 °C (Figure 15.d—e) to induce the effect of thermo-re-
sponsiveness. The images showed that presence of polymers led to association
between neighbouring aFT even in samples prepared at room temperature. This
was expected as the samples did not contain NaCl as its concentration would
have increased in the samples during the drying and disassembled the struc-
tures. Heavy aggregation was observed in the samples prepared at 50 °C even
though they were smaller than DLS results would have led to expect. This was
likely an artefact caused by drying of the samples, as the role of solvent mole-
cules in the sytems was lost. No significant differences were observed between
the samples containing diblock and the ones containing triblock copolymers.
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Figure 15. Negatively stained TEM images of the aFT assemblies with thermo-responsive di- and
triblock copolymers. a) Free aFT without polymer. b) aFT complexed with diblock copolymer. c)
aFT complexed with triblock copolymer. Images d—f) had identical sample compositions as a—c),
respectively, but sample preparation was done at 50 °C while a—c) were prepared at 25 °C. All
the polymer containing samples had a polymer to protein mass ratio of 1:2.

4.1.2 Aggregation of CCMV with Cationic Lignin

In publication II, the effectiveness of colloidal lignin particles with cationic sur-
face charge (c-CLPs) to form aggregates with CCMV was studied in aqueous so-
lutions. This method could find practical applications in wastewater treatment
or purification of drinking water in areas where safe potable water is hard to
find. Lignin is available in high amounts and the purification method has low
energy requirements, making it viable for both uses. Anionic colloidal lignin
particles (CLPs) and dissolved cationic lignin were used for comparison in the
aggregation experiments to confirm the effects of cationic charges and colloidal
morphology. These species were used for comparison because c-CLPs were pro-
duced by adsorbing cationic lignin onto CLPs.
DLS measurements revealed CLPs to have a diameter of roughly 109 nm and c-
CLPs 122 nm, making them approximately four times larger than the CCMV
capsid. At a weight ratio of c-CLPs to CCMV of 4:1 in water, particles with an
average diameter of 207 nm were detected, suggesting aggregation as the diam-
eter was larger than if c-CLPs would have a monolayer of CCMV adsorbed onto
their surface (Figure 16.a). Additionally, in this mixing ratio no free CCMV was
detected with DLS, suggesting either complete uptake or at least reduction of
CCMV concentration below the detection limit of the used instrument setup.
Gel EMSA experiments were carried out to compare binding efficiencies of c-
CLPs, CLPs and cationic lignin with CCMV. With a constant CCMV concentra-
tion and steadily increasing amount of lignin species, it was shown that all the
tested lignin materials hindered the migration of the virus (Figure 16.b). This
suggests that the electrostatic interactions were not the only forces driving the
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assembly, as even the anionic CLPs caused aggregation. However, c-CLPs were
found to be the most effective co-assembly agents, as they resulted in the greaest
reduction in the amount of migrating CCMV under the tested conditions. The
gel EMSA results were quantified by relating band intensity to CCMV concen-
tration to highlight the differences between the samples (Figure 16.c). The
mechanism of binding appears to be different for CLPs and c-CLPs, as the ani-
onic particles began to hinder the migration of the virus at lower lignin concen-
trations than the cationic ones, but did not ultimately reach the same efficiency.
Previous literature suggest that hydrophobic interactions may significantly con-
tribute to the binding.276-277 In case of ¢c-CLPs, it is likely that the same interac-
tions that were present in CLP systems were enhanced by the electrostatic in-
teractions, even if the overall strength of the hydrophobic interactions may have
decreased due to improved solubility caused by the highly charged surface. The
combined effects resulted in higher affinity for CCMV at high concentration of
the cationic species than CLPs have.
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Figure 16. Complexation of CCMV with lignin. a) DLS measurements of free CCMV, lone c-CLPs
and CCMV complexed with c-CLP. b) Agarose gel EMSA images of free CCMV and CCMV com-
plexed with c-CLPs, CLPs and cationic lignin. The CCMV concentration was constant in each
sample (50 mg/L) and lignin concentration increased in each well from left to right. ¢) Quantifica-
tion of results from b) by relating band intensity to virus concentration. Data point of CCMV com-
plexed with cationic lignin at 10 mg/L lignin concentration may be an outlier, as the observation
deviates from otherwise fairly consistent pattern and in b) the band is clearly different to previous
and next well.

As stated above, the practical applications of virus aggregation include removal
of viruses from water supplies. The small size of viruses makes them difficult to
be removed from solutions and their neutralization typically requires large en-
ergy input or usage of potentially hazardous compounds. Lignin is a tempting
alternative as it is environmentally friendly and available in large quantities at
a relatively low price. Even though EMSA results suggest that c-CLPs were not
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as effective as virus removal or inactivation methods based on halogen com-
pounds278 and heavy metals,279 they could be used as a pretreatment step to
lower the energy and materials requirements of subsequent steps. In the publi-
cation, c-CLPs were shown effective for removal of CCMV as aggregates by both
centrifugation-assisted sedimentation and filtration (Figure 17). At a weight ra-
tio of c-CLP to CCMV of 2:1, the centrifugation method reduced the CCMV con-
centration of the sample by approximately 75 % and filtration by 79 %. The fil-
tration experiments were done through a porous filtering membrane by syringe
filtration using a pore size of 0.45 um, which was larger than the observed ag-
gregates. Therefore, the efficiency of CCMV removal might have been further
enhanced by using a denser membrane. This membrane was also shown to be
ineffective in filtering out CCMV that had not been complexed with lignin. Re-
peated aggregation and removal cycles may improve the efficiency of the pro-
cess, but this was not tested. To better simulate wastewater treatment, the cen-
trifugation method was also tested in solutions containing NaCl, CaCl. and
Na.SO,, as in real conditions other impurities besides viruses are also present,
and low molecular weight electrolytes can affect the aggregation by screening.
All the solutions had a salt concentration of 1 mM, which is comparable to typi-
cal wastewater samples from real systems.280-282 Two-way analysis of variance
of the obtained results showed that the presence of salts could not be said to
affect the efficiency of CCMV removal (p-value 0.17) but the difference between
binding with ¢-CLPs and CLPs was significant (p-value 0.01). Thus, the charge
of c-CLPs contributed to the aggregation even in the presence of additional elec-
trolytes.
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Figure 17. CCMV removal from water by centrifugation and filtration. a) Absorbance of superna-
tant after centrifugation as a a function of ligning to CCMV ratio. b) Remaining CCMV concentra-
tion in supernatant after centrifugation in 1 mM NaCl, CaClz and Na2SOs solutions and water with
lignin to CCMV ratio of 2:1. ¢) Remaining CCMV concentration in solution after filtration though
0.45 ym porous membrane in solutions with and without c-CLPs (c-CLP to CCMYV ratio 2:1).

4.2 Crystalline Hybrid Self-Assembly

Publication ITII describes self-assembly of both CCMV and aFT with a recombi-
nant fusion protein. The protein was GFP appended with supercharged cationic
polypeptide K72, which was composed of 72 repeating polypeptide blocks with
a sequence GVGKP (where G is glysine, V valine, K lysine and P proline). The
polypeptide was a linear chain extending out from GFP where it was covalently
linked and each K residue carried a positive charge. Due to the additional amino
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acid residues in K72 besides lysine, the chain was relatively flexible despite the
high amount of charges. This provided the recombinant protein with more free-
dom in the self-assembly compared to if the charges were fixed on the surface
of GFP. The study describes a proof-of-concept system and demonstrates that
neutral proteins can be incorporated into electrostatically self-assembling pro-
tein cage systems by providing them with charged tags. The system enabled re-
versible assembly of multiple complex functional particles and used only the ex-
terior of the protein cages as binding sites, leaving the cavity potentially availa-
ble for additional particles.

Formation of the assemblies was studied using DLS by titrating cationic spe-
cies into an initial sample solution containing either CCMV or aFT. For compar-
ison, the studies were conducted using both the recombinant protein GFP-K72
and only the cationic peptide chain K72 without GFP (Figure 18.a-b). CCMV
complexes formed at a very low concentration of both GFP-K72 and K72 and
the samples retained constant derived count rate with further increase of the
cationic species. Assemblies containing GFP were larger than those that did not,
which was expected as GFP is itself a folded protein structure and each of them
occupied a space of some nanometers in diameter. Self-assembly of aFT com-
plexes proceeded in a different manner, as the size of the assemblies kept in-
creasing with concentration of the cationic species. Initially, the count rate also
increased during the titration, but it reached a peak at aFT to cationic species
weight ratio of approximately 5:2 and dropped steeply with further addition of
cationic species. Count rate in DLS indicates the number of scattered photons
that reach the detector and it increases with both size and number of particles
in the solution and is dependant on properties of the particles, for example their
refractive index and adsorption.283 As hydrodynamic radius of the complexes
increased steadily throughout addition of the cationic species, the initial in-
crease and following decrease in count rate suggest that a large amount of ag-
gregates was formed first and they later combined with each other into larger
complexes, possibly causing sedimentation. Both K72 and GFP-K72 complexes
had similar trend in count rate, but GFP-K72 complexes went through it at lower
concentration than K72 complexes.

All CCMV and aFT aggregates with both K72 and GFP-K72 could be disassem-
bled by increasing the overall electrolyte concentration in the sample solution
by adding NaCl (Figure 18.c-d). CCMV complexes and aFT — K72 complex un-
derwent rapid decrease in count rate with increasing NaCl concentration after a
high enough concentration had been reached, but aFT — GFP-K72 complex be-
haves differently. The count ratio increased sharply at low NaCl concentration,
but then plummeted with additional increase. This suggests that the assemblies
first broke into numerous small particles which then disassembled. The data
imply that the CCMV and aFT assemblies were different from each other, and
aFT — K72 and aFT — GFP-K72 complexes still different with each other.
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Figure 18. DLS measurements of CCMV complexed with K72 and GFP-K72. a) CCMV and b)
aFT self-assembled in different ways, resulting in different scattering curves. The assemblies
formed by ¢) CCMV and d) aFT disassembled when NaCl is titrated into the solution, but aFT —
K72-GFP complexes followed a unique disassembly path.

SAXS analysis was used for further characterization of the assemblies. CCMV
complexes with both K72 and GFP-K72 were arranged into crystalline lattices
with a face centered cubic (fcc) structure (Figure 19.a). The packing was dense,
as the smallest distance between the CCMV was calculated to be 28.5 nm, only
1.02 times the diameter of the cage. This suggests there was only a small amount
of K72 between the viruses and GFP was confined within the voids of the assem-
bled structure, as it would not have fitted into the interfaces between CCMV
cages. aFT also assembled into fcc lattices when complexed with K72. These
structures were not as compact as CCMV complexes, as the separation between
neighbouring aFT cages was 14.0 nm, 1.17 times their diameter. The difference
in the packing density could be explained by the smaller size of the aFT com-
pared to CCMV, causing absolute distances between these two cages to be rela-
tively larger for aFT. Additionally, aFT — GFP-K72 complexes did not form crys-
tal lattices under the studied conditions. The pores between aFT units in a crys-
tal lattice would likely be too small to house GFP and GFP-K72 is not rigid
enough to act as a co-assembly agent (Figure 19.b). This likely led to formation
of amorphous structures.

The presence of crystalline lattices was confirmed by cryo-TEM imaging to
eliminate any artefacts caused by drying of the samples. Both CCMV complexes
were crystalline throughout the samples and the spatial orientation could be
clearly seen in the bevelled pattering of the particles (Figure 19.d—e). aFT — K72
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had crystalline and amorphous regions (Figure 19.f) but no clear crystalline re-
gions were observed in aFT — GFP-K72 complexes (Figure 19.g).
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Figure 19. SAXS and cryo-TEM analysis of the protein cages complexed with the fusion proteins.
SAXS scattering patterns from a) CCMV complexes with K72 and GFP-K72 and b) aF T complex
with K72 were used to calculate c) the crystal dimensions of the assembled structures. aFT —
GFP-K72 was not crystalline. The datasets in a) and b) have been separated vertically to avoid
overlapping of the curves. Cryo TEM images of d) CCMV — K72 and e) CCMV GFP-K72 showed
clear crystalline structures throughout the samples, but f) aF T — K72 was only partially crystalline
and g) aFT — GFP-K72 not at all. The square areas separated by dashed lines in f) and g) are
magnified in the insets of the images.

In publication IV, multifunctional self-assembling host materials were devel-
oped by complexing aFT with synthetic cyclophanes using electrostatic interac-
tions. Two cyclophanes were used, cup shaped resorcin[4]arene and cylindrical
pillar[5]arene. A library of these molecules carrying different amounts of cati-
onic charges and neutral spacers were prepared, as well as a control resor-
cin[4]arene carrying only neutral and negatively charged groups. The used cy-
clophane molecules are presented in Figure 20.a and are from here on referred
to by their number of charged groups, resorcin[4]arenes being R(16+), R(8+),
R(4+) and R(4-) and pillar[5]arenes P(10+) and P(5+). The self-assembly of
these molecules with aFT was studied in aqueous solutions of varying NaCl con-
centration and pH to tune the strength of the electrostatic interactions.

The self-assembly process was initially followed by DLS to determine the op-
timal ratio of cyclophanes to aFT (Figure 20.b). Due to their high charge density,
R(16+), R(8+) and P(10+) had a strong tendency to assemble and cyclophane to
protein mass ratio of less than 1:5 was sufficient to reach stable structures. The
lower amount of cationic charges on R(4+) and P(5+) did not achieve similar
binding and mass ratio of 1:2 was required for assembly and even then the de-
rived count rate was much lower than in the complexes formed with the more
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densely charged cyclophanes, suggesting fewer or smaller assemblies or both.
As expected, R(4-) did not undergo any assembly with aFT under the studied
conditions. The results suggest that electrostatic interactions were the driving
force for the self-assembly, which was further confirmed by titration of the
formed assemblies with NaCl solution. All the formed assemblies could be dis-
assembled in this manner, but P(10+) underwent more dramatic decrease in
derived count rate (Figure 20.c). This is likely because the resorcinarenes pos-
sessed some amphiphilic nature due to their asymmetrical shape and different
functional groups on different sides of the ring, decreasing the effect of the elec-
trostatic interactions. P(5+) did not achieve high degree of assembly to begin
with, which is why the disassembly also had less dramatic effect.
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Figure 20. Cyclophane structures and DLS analysis of complexation with aFT. a) Structures of
resorcin[4]arenes and pillar[5]arenes modified to carry specific amount of charges. DLS figures
of b) aFT self-assembly when solution was titrated with the cyclophanes and c) disassembly of
the formed complexes when titrated with NaCl. The titration of R(16+), R(8+) and P(10+) was
stopped when the derived count rate ceiced to increase.
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The assembly was further optimised by complexing all the cyclophanes with aFT
at solutions with NaCl concentration varying between 0 and 40 mM and study-
ing the assemblies with SAXS (Figure 21.a). A low concentration of low molec-
ular weight electrolytes was assumed to enable the assemblies to form by dy-
namic mechanism striving for equilibrium, favouring highly ordered structures
due to the symmetry of both aFT and the cyclophanes. However, the only sample
which produced assemblies with a high degree of order was P(10+) in 20 mM
NaCl solution. For resorcinarenes, the inability to form ordered structures was
likely due to the amphiphilic nature of the molecules. For P(5+) the number of
charged groups was supposedly not high enough to direct the self-assembling of
aFT. In P(10+) the symmetry and amount of charges were both optimal, ena-
bling formation of crystals that SAXS confirmed to have fcc structure (Figure
21.b). Distance between the neighbouring aFT centres was 14.5 nm, which
equals 1.21 times the diameter of aFT. This implicates that P(10+) was not
housed only in the voids in the structure, but also between neighbouring aFT
cages preventing them from getting into close proximity of each other. The sug-
gested structure was further confirmed by cryo-TEM imaging, which showed
clear spatial orientation where all the fcc projections could be detected and an
integration of the profile along the [110] projection axis also yielded distance of
14.5 nm between neighbouring aFT (Figure 21.c—e). Individual P(10+) mole-
cules could not be distinguished in the images, but the aFT structure could be
observed to be highly porous and capable of housing the cyclophane in the voids.
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Figure 21. Analysis of the aFT-cyclophane complexes. a) SAXS analysis of aF T complexed with
all the studied cyclophanes in varying NaCl solutions, where b) P(10+) complexes at 20 mM
showed fcc structure with @ = 20.5 nm and d.c = 14.5 nm. The datasets in a) and b) have been
separated vertically to avoid overlapping of the curves. ¢) Cryo-TEM image of the crystal viewed
along the [110] projection axis and the fast Fourier transform along the same axis (inset) showed
the high order of the structure. d) Integrated profile along the yellow arrow in c) supports SAXS
result a = 20.5 nm. e) Schematic representation of the area marked by dashed white line in c)
demonstrates the porous structure of the crystals.

4.3 Self-Assembly of Enzyme Loaded Ferritin

In publication V, self-assembly properties of TmFtn were studied, both the abil-
ity of individual protein cages to disassemble and reassemble to encapsulate
cargo molecules, as well as co-crystal self-assembly of the cages with AuNPs.
Self-assembly of TmFtn was compared with that of AfFtn, which was described
in section 2.1.1 to undergo facile cargo encapsulation. AfFtn possesses tetrahe-
dral symmetry which leaves the cargo exposed to environmental factors, unlike
TmFtn which has more closed octahedral symmetry. TmFtn also has the ad-
vantage of undergoing electrolyte induced self-assembly and it is shown to be
thermostable, making it the superior choice for encapsulation processes, as it
can protect the cargo in more demanding conditions. The robust cage is ideal
for directed assembly of cargo molecules. Self-assembly of TmFtn was studied
using cages loaded with lysozyme enzyme to ensure that loading does not hinder
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the process and the cage can be used to incorporate additional biomolecules into
the structures. Lysozyme is positively charged, increasing its affinity towards
the oppositely charged cavity within TmFin.

Supramolecular self-assembly of both proteins was induced using cationic
AuNPs consisting of a solid gold core that has a diameter of 2.5 nm and cationic
ligand surface, and the entire particles had a hydrodynamic diameter of 8.5
nm.'3¢ SAXS analysis of the lysozyme carrying TmFtn and AuNP complexes was
conducted in aqueous solutions with NaCl concentration ranging from o to 9o
mM to enhance formation of ordered assemblies (Figure 22.a). The data show
that up to 60 mM NaCl TmFtn and AuNP were both arranged into interpene-
trating fcc structures of equal spacing, making the ratio of the particles in the
lattices 1:1 (Figure 22.b). Too low or too high electrolyte concentration reduced
crystallinity of the samples, with optimum found at 20 mM NaCl. The spacing
of neighbouring particles was determined to be 14.5 nm, which is 1.21 times the
diameter of TmFtn. These dimensions match perfectly with an fcc model of
spheres with dimensions of 12.0 and 8.5. The structures were further confirmed
by cryo-TEM, in which highly ordered regions stretching over several hundred
nanometers could be observed, as AuNPs give excellent contrast to the images
(Figure 22.c). The separation between neighbouring particles could be deter-
mined to be 14.4 nm, corresponding well to the SAXS data (Figure 22.d). Fur-
thermore, lysozyme activity assay showed that the lysozyme encapsulated in the
assembly to remained enzymatically active (Figure 22.e). However, the activity
was reduced to roughly half of that of free and aFT encapsulated lysozyme that
were not assembled into crystals. This is most likely due to decreased access of
substrates to the enzymes at the centre of the assemblies.
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Figure 22. Self-assembly of TmFtn loaded with lysozyme and AuNPs. a) SAXS data of the com-
plexes in varying NaCl concentration. Samples at 20 mM NaCl showed the most distinct scattering
pattern. The datasets have been separated vertically to avoid overlapping of the curves. b) Sche-
matic presentation of the interpenetrating fcc structures of TmFtn and AuNP with calculated spa-
tial distances a = 20.5 nm and d.c = 14.5 nm. ¢) Cryo-TEM image of the crystal structures. The
inset is a magnified view along the [100] projection axis from another similar area of the same
sample, where d) an integrated profile along the yellow arrow yielded average period between
the particles a = 20.4 nm. e) Lysozyme activity assay from free and TmFtn encapsulated lyso-
zyme, assembly with empty TmFtn and assembly with lysozyme encapsulated TmFtn.

Self-assembly of AfFtn with AuNPs was also studied to compare the difference
between the octahedral and tetrahedral symmetry. The channels along the 3-
fold axes house specific charged sites and are likely relevant for the electrostatic
self-assembly of the cages, likely leading to differences in the formed assemblies
of the two ferritin.284 Under the same conditions used for screening with TmFtn,
no crystalline lattices were detected in SAXS measurements (Figure 23.b). The
data have distinguishable pattern that was suppressed with sufficiently high
NaCl concentration in the solution, but this could not be fitted with any closely
packed crystal model. The scattering may well have arisen from several separate
factors in the samples which are difficult to separate from each other and the
structure of the assemblies was likely amorphous. Therefore, TmFtn was found
more effective for guiding encapsulated molecules into crystalline lattices.
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Figure 23. Comparison of TmFtn and AfFtn self-assembly with AuNPs. a) At 20 mM NaCl solu-
tion, TmFtn complexes can be fitted with Fm3m model and scattering maxima in the data can be
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curves.

4.4 Mesoporous Silica from Ferritin Scaffolds

Publication VI describes synthesis of mesoporous silica by using aFT crystals as
templates. Crystals were encased in silica using a sol-gel reaction and the pro-
teins were removed by calcination. Such method transfers the well-oriented
structure of the crystals into the silica, resulting in material with uniform size
and specific spatial orientation of the pores.

aFT was crystallized using Cd2* ions from CdSO, as co-assembly agents. The
small size of the ions led to densely packed aFT crystals, as the cations only com-
prised a small portion of the assemblies. The crystallization was carried out us-
ing HDVD and CdSO, was encased in agarose gel to promote growth of large
crystals. Optical microscopy (OM) and SEM showed octahedral crystals which
reached dimensions of over 100 um in diameter (Figure 24.a—b). SAXS analysis
revealed the crystals to have a dense fcc structure with 13.0 nm between centres
of two neighbouring aFT cages, only 1.08 times the diameter of the proteins
(Figure 24.c—d).
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Figure 24. aFT crystallization with CdSOa4. a) OM and b) SEM showed large octahedral crystals
formed by eight [111] planes. c) Fcc structure was identified in SAXS analysis and d) linear fit of
the quadric Miller indices of assigned reflections for Fm3m as a function of measured g-vector
positions yielded lattice dimensions a = 18.4 nm and dcc = 13.0 nm.

The crystals were encased in silica by a sol-gel reaction with TEOS and TMAPS,
which were pre-hydrolyzed into small cationic clusters that condensed slowly
into silica network. The precursor clusters were attracted to the crystals by elec-
trostatic interactions, concentrating the silica formation inside and around
them, resulting in individual crystals encased in silica. They retained their 3D
structure, as the octaherdral structure of the objects could be clearly seen after
the sol-gel reaction in both OM and SEM images (Figure 25.a-b). SAXS suggests
that the material still had fec structure with the same dimensions as the unmod-
ified aFT crystals (Figure 25.e), although the scattering peaks are not as as dis-
tinct as for the free crystals. The signals could be improved by further optimiza-
tion of the sol-gel process, as in the current setup the precise concentration of
aFT and silica in the solution cannot be known and the amounts of material may
have been insufficient.

To remove aFT, the material was calcinated at 500 °C, which did not affect
silica. Octahedral shapes could still be observed after calcination (Figure 25.c-
d). SAXS analysis revealed that silica mostly retained the crystal structure of the
aFT crystals, as fce structure could be identified in the scattering pattern with
12.7 nm between centers of the pores (Figure 25.e-f). However, the detected
scattering was again weak and obscured more by the intensity from the direct
beam than the samples in solution. This may suggest that only sections of the
materials were mesoporous, reducing the significance of the structure in the sys-
tem. Removal of aFT from the samples was confirmed using elemental analysis,
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which showed that amount of organic material was reduced to less than 3 weight
% of the sample in calcination (Figure 25.g). The method should also be appli-
cable for other protein cages, making it a versatile way of producing mesoporous
silica, although up-scaling of the process needs to be improved for real-life ap-

plications.
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Figure 25. Characterization of silica materials. a) OM and b) SEM images of silica encased aFT
crystals show that the octahedral habit of the crystals was retained during sol-gel reaction. c) OM
and d) SEM of calcinated materials show that the habit persisted also after calcination. e) SAXS
analysis confirmed that the inner crystal structure was also retained during silica encasing and
was transferred to the calcinated material. The datasets have been separated vertically to avoid
overlapping of the curves. f) Schematic representation with defined dimensions demonstrates that
the silica remained relatively unchanged during calcination. g) Removal of aF T during calcination
was confirmed by elemental analysis, which showed that mass proportion of organic material was
reduced from roughly 40 % to 3 %.
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5. Conclusions and Outlook

The conducted research demonstrates the effectiveness of electrostatic interac-
tions in supramolecular self-assembly of two protein cages, ferritin and CCMV.
Both were assembled into disordered aggregates as well as ordered co-crystals
with various functional synthetic particles. All the assembly processes were car-
ried out without modification of the cages, emphasizing the simplicity of the as-
sembly even though the cages themselves are highly complex molecules. Publi-
cations I and IT present disordered aggregation of ferritin and CCMV, respec-
tively, and are focusing on the self-assembly process itself. Publications ITI-VI
demonstrate formation of crystalline protein cage lattices and the obtained
structures are analysed in detail to emphasize the significance of protein cage
assembly in formation of nanostructures.

In publication I, thermo-responsive self-assembling ferritin complexes were
prepared by combining ferritin with synthetic block-copolymers in aqueous so-
lutions. The polymers contained thermo-responsive PDEGMA block, which un-
derwent LCST behaviour at 33 °C, and cationic PDEGMA block, which attached
to the surface of ferritin by electrostatic interactions. Due to the electrostatic
bonding, the complexes were sensitive to the overall electrolyte concentration
of the solutions in addition to temperature. Below the transition temperature of
PDEGMA, the components remained hydrophilic, but at low electrolyte concen-
trations some aggregation was still observed due to the electrostatic crosslinking
between multiple ferritin cages. When the solution was heated beyond 33 °C,
thermo-responsive blocks collapsed to the surfaces of ferritin and formed a hy-
drophobic shell, leading to formation of large aggregates at medium and high
electrolyte concentrations. The transition between the two states of the thermo-
responsive block was reversible and the assemblies could be disassembled and
reassembled repeatedly by ramping the temperature up and down. Additionally,
disassembly could be triggered by increasing the electrolyte concentration, as it
screens the electrostatic interactions between ferritin and the cationic blocks.
Ferritin was complexed with both diblock copolymer composed of a single
thermo-responsive and cationic block, as well as triblock copolymer where the
thermo-responsive block was located between two cationic blocks. However, no
significant differences were observed between the ferritin complexes prepared
using these polymers.

Publication II introduces the concept of using c-CLPs for removal of viruses
from water by electrostatic self-assembly. Lignin is produced in large quantities,
making it an affordable raw material, but lacks high value practical applications.
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Cationic lignin could be used as a co-assembly agent with negatively charged
virus particles, as large aggregates can be removed more efficiently than indi-
vidual viruses. Effectiveness of anionic CLPs, cationic lignin and c¢-CLPs in re-
moval of low concentrations of CCMV were compared in aqueous solutions. All
were capable of binding viruses, suggesting that additional interactions besides
electrostatic caused the aggregation, but c-CLPs were found to be the most effi-
cient. This was assumedly because CLPs interact with CCMV by hydrophobic
interactions and cationic lignin by electrostatic interactions, but c-CLPs by both
and therefore had the highest binding affinity. As the binding is a self-assembly
process, no additional energy input was required besides mixing of the solutions
to bring the lignin materials and viruses into contact. The removal of viruses
from solution after complexation with c-CLPs was studied by sedimentation and
filtration. The CCMV concentration of the samples could be cut down by 75 %
using sedimentation and 79 % using filtration. This is less than can be achieved
by using halogen compounds or heavy metals, but these materials are highly
toxic and would need to be removed from the water afterwards. As a biobased
material, c-CLPs could be effective in wastewater treatment. The self-assembly
was also studied in dilute electrolyte solutions, as they better simulate
wastewater, and the assembly was not significantly affected.

In publication III, ferritin and CCMV were complexed with fusion protein
composing of GFP and a cationic K72 tail to demonstrate incorporation of addi-
tional functionalities into protein cage assemblies without occupying the cavity
of the cage. GFP acted as a model compound proving that even complex mole-
cules like proteins can be added to the structures using electrostatic interac-
tions. For comparison, complexes were also formed using plain K72 without
GFP. Both ferritin and CCMV formed assemblies with both cationic species, but
the assembly process proceeded differently for the two protein cages. As the as-
sembly was electrostatic, the structures could also be disassembled by increas-
ing the electrolyte concentration. SAXS and cryo-TEM analysis revealed that the
CCMYV complexes with both K72 and GFP-K72 were crystalline, but with aFT
only the K72 complexes were crystalline and GFP-K72 amorphous. This differ-
ence could be explained by the smaller spaces between the closely packed crystal
structures of ferritin, which cannot house the GFP molecules, and GFP-K72 not
being rigid enough to form crystal lattices. Dense packing of CCMV complexes
and inability of aFT to form crystals suggests that GFP was housed inside the
complexes, not only on the outside. Therefore, it was concluded that protein
cages and cationic functional particles can be used to produce crystalline sys-
tems with spatially oriented functional sites, provided that the molecules are
sterically compatible.

Publication IV demonstrates a similar concept, but with higher degree of ori-
entation in the assemblies. Ferritin was complexed with synthetic cyclophanes
carrying varying amounts of cationic charges. Variants of cup-like resor-
cin[4]arene and tubular pillar[5]arene were used, but only ones with high
enough amount of charges were capable of assembling into large aggregates.
The structures could be disassembled by drastically increasing electrolyte con-
centration of the solution, but at low concentrations highly ordered structures
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could be produced. Ferritin complexes with pillar[5]arene that had a high
amount of charges symmetrically on both sides of the ring assembled into crys-
tal lattices with fcc structure. Due to their small size cyclophanes fit not only in
the cavities between the assembled cages, but also between the interfaces of
neighbouring cages, enabling all the molecules in the systems to have specific
spatial orientation.

In publication V, self-assembly and lysozyme cargo encapsulation of TmFtn
cage were studied as well as supramolecular self-assembly of the loaded cage
with AuNPs. These properties were compared with AfFtn, which has open tet-
rahedral symmetry, while TmFtn has closed octahedral. Therefore, TmFtn cage
is more stable and offers better protection for any encapsulated molecules, but
the encapsulation was also shown to be possible by controlling electrolyte con-
centration of the solution. It was also shown that cargo carrying TmFtn assem-
bled into crystalline lattices with AuNPs under conditions where AfFtn did not,
and that the lysozyme in these crystals retained its enzymatic activity, although
the activity was reduced.

In publication VI, mesoporous silica was produced by encasing aFT crystals
in silica using sol-gel reaction. Large crystals were produced by optimised crys-
tallization conditions and the protein crystal structures persisted during silica
encapsulation. Formation of silica was focused to the crystals by using cationic
silica precursor clusters that are attracted to aFT by electrostatic interactions.
aFT was afterwards removed by calcination and silica retained the orientation
and order of the crystals as voids, enabling production of materials with uniform
size distribution and spatial orientation of pores.

The publications show that electrostatic interactions can be effectively used to
induce supramolecular self-assembly of spherical protein cages. Protein cages
are viable materials for the production of advanced nanomaterials as they can
encapsulate smaller molecules inside them and assemble into larger structures.
The properties of both the cages and the oppositely charged co-assembly agents
define the structure of the assemblies, and both disoriented aggregates and crys-
talline structures can be obtained depending on the selection of molecules. The
latter systems require specific control over the solution conditions, while ran-
dom aggregation is more robust. The systems are extremely versatile, as protein
cages with charged exterior are available in various sizes and shapes and can be
modified to carry additional functionalities. Also, a vast pool of co-assembly
agents is available as they basically only need to be within a certain size range
and have a high enough charge density of opposing charge than the protein cage.
The publications present the use of both synthetic organic and inorganic cati-
onic molecules in self-assembly with anionic protein cages, and analysis of the
formed structures. The greatest advantage of the electrostatic self-assembly is
the simplicity, and no protein cage modification is required for the assembly to
occur. However, additional functions can be added to the co-assembly agents,
for example to enable environmental responsiveness. Also, specific control over
the solution conditions can be used to produce highly ordered crystal lattices,
with the locations of both the protein cages and the co-assembly agents known.
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Currently, protein cages are in their own right a topic of interest in research as
their selectivity and robustness can be matched by few other molecules. There-
fore, studying their higher-order structures can give rise to even more advanced
applications. The most promising field for supramolecular protein cage assem-
blies appears to be biomedicine, as the biocompatibility of the molecules ena-
bles their use in such applications. Other promising applications include catal-
ysis systems and optically active and conductive materials. The required
amounts of materials need remain relatively low, as protein cages are still not
the most affordable material. The co-assembly agents can vary from simple and
readily available particles to advanced synthetic molecules, depending on what
kind of properties are required from the systems. However, electrostatic inter-
actions may fail to perform well in conditions where electrolyte concentrations
are higher than in the presented research, for example in vivo. Therefore, future
studies should focus on preparing materials with greater tolerance to variations
in solution conditions or ones that can be stabilized in their assembled state.
Living bodies show diversity in factors like pH and temperature in different lo-
cations, so the systems used in them should be robust in order to remain func-
tional. The systems presented in the publications are model systems proving
that such concepts are viable and worth further study.
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Protein cages are advanced functional molecules with precise shapes
and dimensions, making them suited for formation of supramolecular
structures by self-assembly. Electrostatic interactions are an efficient
way to carry out this process. The objective of this thesis is to present
protein cages as building blocks for novel functional materials together
with synthetic co-assembly agents. The properties of the assemblies and
assembly processes were studied to demonstrate the versatility and ease
of production of these hybrid materials, while focusing on systems with

real life applications.
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