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1. Introduction 

Better understanding of supramolecular chemistry and the emergence of new 

nanoscale techniques have induced the recent fast development of nano-

materials research. Furthermore, the nature-mimicking bottom-up approach-

es, such as molecular self-assembly and biotemplating, enable the preparation 

of highly organized objects with nanometer-scale precision,1–8 which is ex-

tremely difficult to achieve with more traditional top-down nanofabrication 

techniques.9 In addition, the utilization of biomacromolecules as building 

blocks or structure-directing agents in entirely bio-based nanomaterials10–12 

can lead to the development highly biocompatible functional systems that can 

be prepared in mild and environmentally friendly conditions. 

An enormous variety of organic and inorganic molecules have been created 

using synthetic methods. In the past few decades, the abilities of combining 

synthetic molecules with biomacromolecules to gain novel functional biohy-

brid materials have been studied more thoroughly.13–25 Viruses and protein 

cages are especially interesting building blocks which can be utilized in nano-

material research, due to their monodisperse and extremely well defined struc-

ture as well as ability to modify them using various techniques.26–28 Moreover, 

many of them can be utilized for encapsulating other materials inside the inner 

cavity,29,30 which opens up possibilities for using viruses and protein cages for 

example as magnetic resonance imaging contrast agents,31–33 functional en-

zyme carriers34–36 and nanoreactors for controlled polymerizations.37–41 Bio-

compatibility and transduction properties of viruses and genetically modified 

protein cages can also be utilized in biomedical applications and especially in 

drug delivery.42,43 Precisely controlled nanoscale materials can also be 

achieved via the DNA origami technique, which is based on DNA base-

pairing.44 Programmable DNA origamis enable the design and creation of arbi-

trary structures with almost any kind of functional groups attached to them at 

nanometer scale accuracy.45,46 One exciting possibility is to use DNA origamis 

for fully tunable, targeted, and triggered drug delivery.47 Building blocks from 

all different aforementioned classes can be utilized for creating multifunctional 
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complexes that self-assemble through non-covalent electrostatic interactions. 

By studying the formation and applicability of the resulting assemblies, we can 

gain essential information that can be utilized in the growing research field of 

biohybrid materials. 

1.1 Objectives and outline of the dissertation 

This dissertation focuses on creating new functional biohybrid materials by 

combining viruses and protein cages together with synthetic molecules, pro-

teins and DNA origamis. Simultaneously, the aim is also to gain a better un-

derstanding about forces affecting the self-assembly of the biohybrid materi-

als. Multivalency, hydrophobicity, electrolyte concentration as well as particle 

size and shape affect the electrostatic self-assembly of oppositely charged 

building blocks, and therefore, also the structure of the resulting complexes 

and crystals. In summary, the goal is to provide generally applicable infor-

mation that can be utilized when designing and creating functional biohybrid 

materials. Better understanding is important, thus the biocompatibility and 

accurate self-assembly properties of the biological building blocks offer a pos-

sibility to create sophisticated biomedical and nanomaterial applications in an 

environmentally sustainable way. 

The background knowledge of the different building blocks and the current 

research are discussed in chapter 2. The research work presented in this dis-

sertation consists of four publications and the materials and methods needed 

to conduct the laboratory studies for these publications are described in chap-

ter 3. Obtained results and conclusions are discussed in chapters 4 and 5. Re-

lations of the four publications to the above mentioned building blocks are 

illustrated in Figure 1.1. 

In publication I amphiphilic Janus-type dendrimers were synthesized and 

electrostatically co-assembled together with native cowpea chlorotic mottle 

virus (CCMV) particles to gain inclusion body mimicking nanostructures. This 

work presents how the structure of different dendrimers affects their binding 

efficiency on the surface of the negatively charged CCMV and the co-assembly 

into crystalline complexes in different electrolyte concentrations. 

In publication II a water-soluble phthalocyanine (Pc) was utilized to drive 

the self-assembly of photoactive crystals consisting of Pc, 1,3,6,8-

pyrenetetrasulfonic acid (PTSA, 2) and apoferritin (aFt) protein cages. Moreo-

ver, our study was the first work where Pcs that are difficult to organize were 

co-assembled into biohybrid crystals, retaining their ability of efficient singlet 

oxygen (1O2) generation under irradiation of visible light. Furthermore, the 
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generation of 1O2 did not seem to cause any photodegradation of the aFt pro-

tein cages. This kind of robust ternary crystals could be used in optoelectronic 

applications, for example, as an oxidant in diagnostics, water treatment or in 

organic synthesis. 

Crystalline superlattices can also be achieved by combining different native 

biomacromolecules as in publication III. In this study, CCMV and avidin pro-

teins were electrostatically self-assembled into binary crystals that could be 

pre- or post-functionalized through interaction between avidin and different 

biotin-tagged functional groups such as enzymes, plasmonic gold nanoparti-

cles and fluorescent dyes. 

The tendency of CCMV capsid protein’s (CP) to bind on DNA through elec-

trostatic interactions was utilized in publication IV by coating DNA origami 

nanostructures with CPs in order to enhance the cellular delivery of the origa-

mis. Due to the fully programmable and therefore easily functionalized nature 

of DNA origamis, our delivery method could be applied, for example, in drug 

delivery. 

 

Figure 1.1. Illustration showing how different building blocks have been com-

bined to gain the new biohybrid materials presented in publications I–IV. 
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2. Background 

2.1 Electrostatic and multivalent binding 

Electrostatic and multivalent binding play a key role in several biologically 

significant phenomena, such as binding of viruses onto cell membranes.48–53 

Also, in all of the four publications presented in this dissertation, the self-

assembly of different biohybrid complexes occurs through electrostatic inter-

actions. The pH of the assembly conditions greatly affects the net electrical 

charge of proteins. It depends on the isoelectric point (pI) of the protein – a 

pH in which the net electrical charge is zero. Proteins exhibit a net positive 

charge in the pH below their pI and a net negative charge above their pI. The 

distance over which charged particles interact with each other by coulombic 

forces is called the Debye screening length. In solutions it can be determined 

through the following equation (1) 

 

                  (1) 

 

in which ε0 is vacuum permittivity, εr is dielectric constant of solvent, kB is 

Boltzmann constant, T is absolute temperature, e is elementary charge, ci are 

the number densities of electrolyte ions and zi are the valences of the electro-

lyte ions. As can be seen from equation above, the Debye screening length can 

be adjusted by changing the electrolyte concentration, which enables careful 

tuning of the electrostatic interactions between all charged particles in the so-

lution. 

Multivalency can be defined as multiple simultaneous binding interactions 

between two different components (Figure 2.1).49,54 The nature of each indi-

vidual binding must be noncovalent and cooperative, resulting in reversible 

interactions between the two components. Multivalency plays an important 

role in many biological events such as binding of viruses and bacteria onto cell 

surfaces, delivery of genetic material inside cells, enzymatic reactions and 
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DNA transcription.48 In addition to its biological significance, multivalent in-

teractions also play a key role in supramolecular chemistry. Therefore, under-

standing multivalent interactions is one of the key factors when designing and 

creating complex supramolecular materials and nanomachines.55  

 
Figure 2.1. Different multivalent binding interactions. A) After dissociation of the 

first bond, another ligand of a tetravalent structure is bound to a monovalent receptor, 

due to a high local concentration of ligands, B) Chelation of dimeric receptor with a 

divalent ligand C) Trivalent receptor clustered by trivalent ligand. D) Subsite binding 

between a component with two different ligands at suitable distance from each other 

and a component with corresponding receptors. Reproduced from Ref 56 with permis-

sion from The Royal Society of Chemistry. 

 

Several studies have been made trying to explain the fundamental nature of 

multivalent interactions.48,54,55,57 The cooperativity between different binding 

interactions can be positive (synergistic), non-cooperative (additive) or nega-

tively cooperative (interfering). The quality of cooperativity depends greatly on 

the spacers between the ligands or receptors. When a component with multiple 

ligands encounters another component with multiple receptors, the first bind-

ing interactions decreases the overall entropy more than in the case of mono-

valent ligands and receptors. However, the decrease in entropy depends great-
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ly on the length and rigidity of the spacers between the ligands. The longer and 

more flexible the spacer is, the less entropy is lost in the first binding interac-

tion. The first binding also brings the other ligands closer to the still free re-

ceptors, which increases the probability of subsequent bindings to occur faster 

than in the case of monovalent ligands and receptors. This increases the prob-

ability of another bond forming between ligands and receptors, even though 

the first bond would break before that. Furthermore, the spacer between lig-

ands can interact with the receptors enhancing the multivalent binding. There-

fore, the binding enthalpy between a ligand and a receptor in a multivalent 

system cannot be estimated to equal the binding enthalpy of monovalent lig-

and and receptor. To enable positive cooperativity, the spacers between lig-

ands need to be long enough to allow adjacent ligands to interact with the oth-

er receptors. Even though a longer spacer can also increase the flexibility be-

tween ligands, and therefore decrease the loss of entropy when one ligand is 

bound to a receptor, an overly-long spacer decreases the effect of bringing oth-

er ligands closer to the free receptors after the first binding interaction. 

2.2 Dendrons and dendrimers 

Dendrons are repeatingly branched macromolecules consisting of identical 

repeating units (Figure 2.2a).58 The root of their tree-like structure is called the 

focal point. When a repeating unit is attached to one of the dendron’s surface 

groups with a single covalent bond, it will introduce two or more new surface 

groups to the whole structure. Each new layer of repeating units increases the 

generation number (G) of the dendron by one. Moreover, when new layers of 

repeating units are added, their branched structure causes an exponential 

growth of the molecular weight and the number of surface groups, while the 

volume of the dendron grows only to the third power. This leads to more 

dense, rigid and spherical structure at higher generations when compared to 

relatively accessible and flexible lower generation dendrons. 

Structures that consist of two or more dendron subunits branching from a 

shared core are called dendrimers (Figure 2.2b).59 Dendrimers have either 

identical or heterogeneous dendron subunits. Dendrimers consisting from 

different kind of dendrons can be called a Janus dendrimer and they have var-

ying properties arising from their heterogeneous structure, such as am-

phiphilicity or affinity to bind diverse molecules. 
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Figure 2.2. Schematic illustration presenting the structures of a) a dendron and b) a 

dendrimer. Dendrons consist of a focal point, branched network of repeating units and 

surface groups. Dendrimers don’t have a focal point but a core where different den-

dron units are connected to each other. 

 

The key features of both dendrons and dendrimers are their well-defined and 

relatively monodisperse structure and high number of functional surface 

groups enabling strong multivalent interactions with other molecules or parti-

cles. The effect of multivalent binding increases from lower to higher genera-

tion structures together with the number of relatively densely packed surface 

groups. Due to the aforementioned properties, both dendrons and dendrimers 

have shown potential in many fields such as biomedicine,60–70 photonics,71 ca-

talysis,72,73 sensing,74,75 antibacterial agents76 and self-assembling nanostruc-

tures.77–81 One of the most promising field of applications, where dendrimers 

can be utilized in many ways, is drug delivery.82–86 Dendrimers can be applied 

as carriers for example by loading the drug molecules inside their internal 

voids87,88 or nanoparticles consisting of dendrimers.89 Common advantages of 

dendrimers as carriers are their biocompatibility and controlled release prop-

erties.90 Amphiphilic dendrimers can also be used as structure-directing build-

ing blocks when creating complex self-assemblies such as rods, tubes, micelles 

or vesicles, that are also called as dendrimersomes.91–94 

The multivalent structure of dendritic molecules also enables strong binding 

interactions with biomacromolecules. Dendrons and dendrimers have been 

utilized for example as supramolecular glue when creating self-assembling 

crystal structures together with viruses and protein cages,20,95,96 or when bind-

ing DNA and controlling its release.97,98 For both binding to the surface of vi-

ruses and protein cages or DNA, the naturally occurring spermine99–101 (Figure 
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2.3) has been used very successfully as a surface group in dendritic molecules. 

Spermine contains four basic amine groups displaying a positive charge in 

neutral and acidic pH. It also has several roles in living cells, such as protect-

ing tissues from reactive oxygen species and controlling current flow through 

inwardly rectifying K+ channels. Due to the positive charge of amine groups, 

spermine binds electrostatically to the negatively charged phosphate groups of 

DNA and the patches on protein cages. Furthermore, similar spermine-

modified dendrons have also been utilized to attach proteins to DNA.102–104 In 

publication I amphiphilic dendrimers, having spermine-functionalized 

Newkome-type dendrons as the hydrophilic face, were used to electrostatically 

bind onto the negatively charged surface of CCMV (pI = 3.8). Coating of the 

virus particles with amphiphilic dendrimers induced a hydrophobic self-

assembly resulting in CCMV–dendrimer complexes. 

 
Figure 2.3. Chemical structure of spermine, which is a naturally occurring DNA-

binding agent. 

2.2.1 Synthesis of dendrons and dendrimers 

Unlike traditional polymers, dendrons and dendrimers are synthesized in a 

highly controlled manner and the resulting products have relatively specific 

structure. The first dendrimers were synthesized by Fritz Vögtle and co-

workers in 1978 using the so-called divergent synthesis strategy (Figure 2.4). 

When using this divergent method, dendrons and dendrimers are synthesized 

layer by layer from the focal point or core, adding one generation at a time to 

the overall structure. To obtain control over the resulting structure, the surface 

groups of the repeating units to be added (to the dendron or dendrimer) must 

be protected. Only in this manner can reactions between free repeating units 

be prevented. After adding the new layer of repeating units, their surface 

groups can be deprotected and the synthesis cycle can be repeated to add an-

other layer of repeating units to the overall structure. As a general concept, 

dendritic macromolecules are grown branching outwards from the focal point 

or core, when using the divergent method. 
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Figure 2.4. Illustration presenting the principle of the divergent synthesis method. 

 

The divergent method was also used to synthesize the other early dendritic 

molecules such as Denkewalter’s lysine dendrons in 1981,105  Tomalia’s PA-

MAM denrimers in 1985106 and Newkome’s “arborols” in 1985.107 Even though 

the divergent approach seems to offer a beautiful and simple method to add 

new layers of repeating units on top of the already existing generations, it be-

comes less applicable when synthesizing higher generation dendritic mole-

cules. More specifically, an increasing number of completed reactions are 

needed to attach new repeating units to all surface groups at higher genera-

tions, which leads to incompletely reacted synthesis products and polydisper-

sity. It is also impossible to separate all incompletely reacted molecules from 

the product mixture, which leads to growing polydispersity in the following 

synthesis steps. 

To solve some of the problems encountered with divergent approach, a new 

convergent synthesis method was introduced by Jean Fréchet and Craig 

Hawker in 1990 (Figure 2.5).108 Unlike the divergent method, dendritic mac-

romolecules are synthesized from the surface towards the core when using 

convergent method. More precisely, the repeating units with protected surface 

groups are attached to one repeating unit with free surface groups and a pro-

tected focal group. The resulting second generation dendritic molecules can be 

further attached to another repeating unit with free surface groups to obtain 
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third generation dendritic macromolecule and so on. When using the conver-

gent method, fewer reactions are needed to complete each step, which results 

in a more monodisperse product mixture than when using the divergent meth-

od. Side products that haven’t fully reacted are also easier to purify from the 

reaction mixture, due to the bigger size difference. However, the disadvantage 

of the convergent method arises when attempting to attach big dendritic build-

ing blocks to a simple repeating unit or a core of a dendrimer and the bulky 

branches of the dendritic building block cause steric crowding, preventing the 

focal group from reacting or at least slowing down the reaction. To gain the 

best possible result, convergent and divergent methods can be combined when 

synthesizing complex dendritic macromolecules. 

 
Figure 2.5. Illustration presenting the principle of convergent synthesis method. 

2.3 Phthalocyanines 

Phthalocyanine (Pc) is a synthetic organic macrocycle that is used widely in 

dyes and photosensitizers.109 Pc forms coordination complexes with most ele-

ments and the structure of the Pc macrocycle complexed with a metal atom is 

presented in Figure 2.6. Different Pc derivatives are gained by adding chemical 

groups to the aromatic rings in the periphery of the Pc disc and they can all be 

generally referred as phthalocyanines. Pc can also be utilized as a core for den-

drimer synthesis.110,111 
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Figure 2.6. Chemical structure of a) phthalocyanine and b) a phthalocyanine com-

plexed with a metal (M) atom. 

 

Pcs absorb intensely between wavelengths of 650 and 700 nm, due to their 

extendedly conjugated structure. The absorbed energy can be utilized for ex-

ample in different optoelectronic,112,113 diagnostic,114 biomedical115–120 and ma-

terials science121–125 applications. Pcs have gained a lot of attention especially 

due to their ability to generate highly reactive singlet oxygen (1O2) that can be 

applied for example in photodynamic therapy and water treatment.126–129 Un-

fortunately, most Pcs tend to stack in aqueous conditions,130 which quenches 

their absorptivity, and thus also the ability to generate 1O2 and utilization in 

biomedical applications. 

However, new water-soluble Pcs have also been synthesized and reported.131 

In publication II we utilized one of them, an octacationic Pc (1, Figure 3.2), to 

bind aFt protein cages into hierarchical complexes and to gain the first ever 

reported crystals that are capable of generating 1O2 under light irradiation. The 

gained crystals are interesting also because Pc-based crystalline structures are 

difficult to organize. 

2.4 Avidin and biotin 

Avidin is a naturally occurring tetrameric protein that can be found for exam-

ple in bird eggs.132,133 The four identical avidin subunits have a combined mo-

lecular weight of 68 kDa and each of them can bind selectively to a single bio-

tin-unit (Figure 2.7). The maximum cross-section of avidin is 7.2 nm and four 

positively charged patches are located in a tetrahedral symmetry on its surface, 

approximately 5.1 nm apart from each other. Due to the small size and stabile 

nature of biotin, it can be used to label all kind of molecules without interfer-

ing their normal activity. Therefore the irreversible binding interaction be-

tween avidin and biotin has been utilized widely in purification,134 

diagnostics,135–138 assembling enzyme complexes139 and medical 
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applications.140–142 In addition to commonly-used avidin and its bacterial ana-

log streptavidin, novel engineered versions143–145 and different types of avidin 

from different species146,147 with interesting new properties have been intro-

duced. Especially, dual-chain avidins, containing two different biotin-binding 

sites,148149 and single-chain avidins, having four different binding sites in the 

same polypeptide chain,150 expand the possibilities of utilizing avidin–biotin 

interaction in nanotechnology applications. 

Interestingly, the periodic arrangement of patches has been shown to direct 

the self-assembly of nanoparticles151–154 and in the case of the non-spherical 

particles also the geometrical shape plays an important role.155,156 We also dis-

covered in publication III that the shape of avidin and the orientation of oppo-

sitely charged patches on avidin and CCMV capsid affects the structure of self-

assembling binary crystals. Furthermore, due to avidin–biotin interaction we 

were able to pre- and post-functionalize the protein crystals with biotin-tagged 

functional units, such as enzymes, plasmonic gold nanoparticles and fluores-

cent dyes. 

 
Figure 2.7. a) Illustration of avidin showing the tetrameric structure. b) Chemical 

structure of biotin. 

2.5 Viruses and protein cages 

Viruses are abundant everywhere in the ecosystem and they have significant 

roles in biological events and biogeochemical cycles.157–161 Viruses are also a 

large reservoir of genetic diversity on Earth. Traditionally viruses have been 

regarded as a harmful cause of diseases, even though most of them are benefi-

cial to other organism and the whole ecosystem as is known today. Recently 

they have also been studied as monodisperse and multifunctional vectors for 

medical and nanotechnology applications.162–164 Especially the transduction, 

biocompatibility and self-assembly properties of viruses have made them a 

particularly interesting group of biomacromolecules to be employed in the 

encapsulation of materials and developing new imaging and drug delivery 

methods.117,165–168 In addition, virus-like particles (VLP) such as ferritin protein 

cages and norovirus-like particles have been utilized as a building block in bi-

onanotechnology.169–172 
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In our studies we have employed cowpea chlorotic mottle virus (CCMV)173 

and apoferritin (aFt)174 protein cage. Both of them have a non-enveloped pro-

tein cage structures exhibiting a negative net surface charge above their isoe-

lectric point (pICCMV ≈ 3.8 and pIaFt ≈ 4.5). The charge is not equally distributed 

around the outer surface but is divided into patches (Figure 2.8). The negative 

charge in the patches results mostly from glutamic and aspartic acids that have 

carboxylic acid groups in their side chains with pKa values of 4.1 and 3.9, re-

spectively. In a previous study151 and also in publication III, the periodically 

ordered patches have been discovered to direct the co-crystallization together 

with positively charged particles. Comparative studies indicated also that the 

more negatively charged and multivalent pores of CCMV exhibit higher bind-

ing efficiency towards positive particles than the pores of aFt, thus CCMV was 

found to co-assemble into complexes together with positively charged gold 

nanoparticles in a remarkably lower pH than aFt. 

 
Figure 2.8. Electrostatic surface potentials of a) CCMV and b) aFt, where the nega-

tive and positive areas are presented in red and blue colors, respectively. a) Left side 

shows the crude electrostatic potential of the whole CCMV capsid viewed along a two-

fold symmetry axis. Right side presents a close-up of three protein subunits surround-

ing a pore at quasi three-fold axis and their calculated electrostatic surface potential. 

b) Left side shows the crude electrostatic potential of the aFt protein cage from Pyro-

coccus furiosus viewed along a three-fold symmetry axis. Right side presents a close-

up of the three protein subunits surrounding a pore at three-fold axis and the calculat-

ed electrostatic potential on their solvent accessible surface. Electrostatic potentials 

range from -9 kBTe-1 (red) to 0 kBTe-1 (blue), where kB = Boltzmann constant, T = abso-

lute temperature, and e = elementary charge. Adapted by permission from Macmillan 

Publishers Ltd: Nature Nanotechnology 151, © (2012). 

 

In general, the binding between protein cages and nanoparticles is affected 

by the pH, which controls the sign and magnitude of the charges in surface 

patches. Binding and co-crystallization are also strongly affected by the elec-

trolyte concentration which determines the Debye screening length. Further-

more, by changing the environmental conditions, CCMV and aFt protein cages 
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can also be disassembled and reassembled with or without encapsulating cargo 

inside their inner cavities.175–179 Due to these properties, CCMV and aFt have 

been utilized vastly in the nanomaterials research. 

2.5.1 Cowpea chlorotic mottle virus 

CCMV is a plant-infecting virus which belongs to the Bromoviridae 

family.173,180 CCMV infects only cowpea or black-eyed pea plants and the infec-

tion can be observed as yellow spots in the leaves of the plants. The virus con-

sists of three positive single-stranded RNA (+ssRNA, class IV in Baltimore 

classification) molecules encapsulated inside an 18 nm diameter inner cavity 

of the icosahedral capsid with an outer diameter of 28 nm. The native capsid is 

assembled from 180 identical capsid protein (CP) subunits that are organized 

into 20 hexameric and 12 pentameric capsomers, resulting in a Caspar–Klug 

triangulation number T = 3 capsid structure (Figure 2.9). According to Speir et 

al., the assembly of capsids starts with the  formation of hexameric capsomers 

from CP dimers.180,181 Pentamers assemble most likely only when the full cap-

sids are assembled and they don’t exist free in the solution. However, many 

different assembly pathways have been suggested and it is not clear how the 

CCMV actually self-assembles and disassembles. Importantly, CCMV was the 

first icosahedral virus that could be self-assembled in vitro from RNA and pu-

rified CPs to gain infectious viruses.182 The assembled capsid has 60 pores at 

the quasi-3-fold axes, 12 pores at the 5-fold symmetry axes inside the pen-

tamers and 20 pores at the 2-fold symmetry axes inside the hexamers. Most of 

the negative surface charge is located in the 60 pores at the quasi-3-fold axes, 

whereas the charge in the other pores is almost neutral.183 CCMV is stable at 

pH 4–7 but it swells approximately 10 % when the pH is increased to 7 in the 

absence of divalent metal ions. 

Every CP has a molecular weight of 20 kDa and they consist of 190 amino ac-

id residues. Among the 26 first N-terminal amino acids there are six arginine 

and three lysine residues that are predominantly basic and bind to the nega-

tively charged phosphate groups of RNA. Amino acid residues 27–35 fold into 

β-hexamers, which are located at the threefold axes and stabilize the hexamer-

ic capsomers. Residues 44–51 form a clamp where an extended C-terminal 

arm of an adjacent CP is anchored. Amino acids 52–176 fold into a β-barrel 

core. C-terminuses (residues 177–190) of the CPs attach hexameric and pen-

tameric capsomers to each other. Extended C-terminal arm of every CP is an-

chored between the N-terminal clamp (residues 44–51) and β-barrel of its 

neighboring CP unit. 
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Figure 2.9. a) A single CCMV CP subunit in which the N-terminus arm is presented 

in blue color. b) CCMV capsid’s quasi-equivalent lattice model. The polygons A, B and 

C represent chemically identical protein subunits which illustrate the three slightly 

different geometrical environments of the CPs. Filled oval, triangles and pentagons 

mark the 2-fold, 3-fold, 5-fold axes, respectively. The quasi-threefold axes are identi-

fied by empty triangles.173 Adapted with permission. © John Wiley & Sons. 

 

CCMV has been utilized as a biological building block when preparing elec-

trostatically self-assembling biohybrid materials.96,183,184 In publication I we 

created inclusion body mimicking co-crystals by combining CCMV and am-

phiphilic dendrimers. Inclusion bodies are intracellular virus or protein com-

plexes that have important roles in many events found in biological systems 

varying from Ebola virus RNA replication to algae and the human brain.159,185–

188 Inclusion bodies often exhibit a crystalline order but their formation mech-

anism is not clear. Furthermore, in the case of Huntington’s disease for exam-

ple, the assembly of inclusion bodies is a beneficial coping response to the 

death of selected neuron types.186,188 Therefore, creating inclusion body mim-

icking model systems could benefit their research, and development of new 

medical treatments. By using CCMV and amphiphilic dendrimers we were able 

to create virus inclusion body mimicking complexes self-assembled both into 

amorphous and highly crystalline structures. 

The orientation of the negative patches on the CCMV capsid surface have 

been previously discovered to direct CCMV’s self-assembly together with gold 

nanoparticles.151 In publication III we utilized the periodical localization of the 

negative patches to direct the self-assembly of highly ordered binary protein 

crystals from CCMV and avidin. We discovered that the positive patches of 
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avidin bound systematically to the negative patches of CCMV, resulting in par-

ticles’ geometry-driven self-assembly into non-close-packed body-centered 

cubic complex. Moreover, the self-assembled crystal structures were entirely 

based on delicate biomacromolecules and could be prepared in mild aqueous 

conditions and in room temperature (22 ± 2 °C). Furthermore, the highly se-

lective avidin–biotin interaction allowed pre- and post-functionalization of the 

protein crystals with different functional groups such as plasmonic gold nano-

particles, dyes and enzymes. 

CCMV can be disassembled by adjusting the pH together with calcium con-

centration and the CP dimers can be purified from the RNA by using a previ-

ously published method.189,190 When pH is increased to 7.5, the capsid swells 

and 60 pores at the quasi-threefold axes open (2 nm in diameter). This leads 

to exposure of the negative patches in such a way that it destabilizes the inter-

action between CPs and RNA. Ca2+ ions in the disassembly buffer cause the 

RNA to aggregate and finally lose its interaction with N-terminus. After the 

interaction between RNA and N-terminuses is lost, the virus disassembles into 

separate RNA aggregate and CP-dimers. The RNA aggregates can then be easi-

ly removed by centrifugation. Detailed descriptions of the buffer solutions and 

equipment needed for disassembling CCMV are presented in chapter 3.4. The 

isolated CPs preserve their basic N-terminus, which enables their binding to 

the negatively charged phosphate groups of genetic material. In publication IV 

we utilized this property by coating DNA origami nanostructures with CCMV 

CP in order to enhance the ability of origamis to enter cells. Furthermore, the 

isolated CPs can also be reassembled into a protein cage without RNA by dia-

lyzing them against a buffer solution with high sodium chloride concentration 

and acidic pH. 

2.5.2 Apoferritin 

Ferritins are intracellular protein cages that store iron as non-toxic Fe3O4-γ-

Fe2O3 iron oxide.169,174,191,192 Ferritins found in different living organisms vary 

from one another, but they all have the same function of buffering the level of 

iron by storing and releasing it in a controlled manner. One spherical ferritin 

cage has a diameter of 12 nm and it can store up to 2000–3000 iron atoms 

inside its 8 nm sized inner cavity. Apoferritin (aFt) is a ferritin cage without 

any iron inside. In our studies we used aFt from Pyrococcus furiosus that is an 

extremophilic species of Archaea. The cage exhibits an octahedral 432 point-

group symmetry and consists of 24 protein subunits that each have 174 amino 

acid residues and a molecular mass of 20 kDa (Figure 2.10). Eight negative 
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surface patches are situated around the pores along the three-fold symmetry 

axes. The six pores along the four-fold symmetry axes are polar but not strong-

ly charged. Furthermore, aFt is a relatively robust protein cage, thus it can 

withstand high temperature (85–90 °C) and pH (8.5–9). 

 
Figure 2.10. Structure of aFt protein cage from Pyrococcus furiosus. a) Schematic 

illustration showing the orientation of the symmetry-related protein subunits indicat-

ed with roman numbers. Adapted from publication 193, © (2010), with permission 

from Elsevier b) Ribbon diagram of the cage viewed along a three-fold symmetry axis, 

showing also one of the pores in the cage structure. Adapted from publication 174, © 

SBIC 2007, with permission of Springer. 

 

Ferritin protein cages have been utilized in bionanotechnology for example 

when creating biohybrid nanocrystals,95,151,194 drug delivery vectors195,196 and 

biosensors.197–199 In publication II we co-crystallized aFt together with photo-

active Pc to gain the first 1O2-generating biohybrid crystals with diameters up 

to 100 μm. Furthermore, the obtained co-crystals didn’t show any self-

degradation upon irradiation and they could also be disassembled by increas-

ing the electrolyte concentration. This kind of highly ordered and functional 

biohybrid materials could be utilized for example when developing new recy-

clable and environmentally benign oxidizing agents. Moreover, aFt could be 

easily employed in co-crystallizations together with other functional mole-

cules, due to the fully modular and straightforward method presented in the 

study. 
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2.6 DNA origami 

Deoxyribonucleic acid (DNA) molecules carry the genetic information in cells 

and also in some viruses. The DNA double helix structure consists of two com-

plimentary DNA strands coiled around each other.200–202 DNA strands consist 

of nucleotides that each have a nucleobase bound to a deoxyribose sugar and a 

negatively charged phosphate group that links sugars from separate nucleo-

tides together (Figure 2.11). The negative surface charge of double-stranded 

DNA comes from the phosphate backbones of the coiled structure. The genetic 

information is coded in the sequence of the nucleobases that are adenine (A), 

thymine (T), cytosine (C) and guanine (G). Complimentary bases from coiled 

strands are bound together through hydrogen bonds so that adenine pairs with 

thymine and cytosine with guanine. 

 
Figure 2.11. Structure of DNA. Reprinted with permission from publication 203, © 

2013 Nature Education. 

 

The specific binding between nucleobases has also been utilized to create DNA based 

nanomaterials and devices that show great potential in biomedical applications.204–206 

The first DNA nanostructures were presented by Nadrien Seeman et al. in the 

1980s.207,208 Remarkably robust and easily folded DNA origami structures were 

demonstrated by Paul Rothemund in 2006.44 The DNA origami technique made it 

possible to create arbitrary and complex nano-objects with nanometer scale 

precision.209–219 Most commonly, origamis are folded by combining a long single-
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stranded DNA called a scaffold strand and a set of designed oligonucleotides together 

(Figure 2.12). All oligonucleotides, also referred to staple strands, are unique in 

sequence and therefore bind only to specific points in the scaffold strand 

which drives the exact assembly of the desired origami shape. Staple strands 

can be modified in various ways which enables attachment of different materi-

als such as enzymes,220 metal nanoparticles,221–227 proteins228 and carbon 

nanotubes229,230 onto the DNA origami structures. Furthermore, the assembly 

of DNA origamis can be controlled by external trigger signals231 and reactions 

of single molecules can be conducted on an origami scaffold.232 

 
Figure 2.12. A) Preparation method of DNA origami structures using long single-

stranded DNA and staple strands. B) Structure of a folded DNA origami showing the 

coiling of staple strands (colored) together with the long single-stranded DNA 

(grey/black). Structure of a hairpin DNA is presented in the inset. C) Designs of DNA 

origamis and atomic-force microscopy (AFM) images of self-assembled structures. D) 

DNA origami structure in which the hairpins (white dots) have been designed to form 

the shape of western hemisphere and an AFM image of the folded structure. Repro-

duced from 233 with permission of The Royal Society of Chemistry and by permission 

from Macmillan Publishers Ltd: Nature 44, © 2006. 

 

Due to their biocompatibility,215,234 the structurally-adjustable DNA origamis 

are seen as a promising platform for developing biomedical delivery systems 

carrying drug molecules, functional sites and cell-targeting ligands all at the 
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same time if needed.235–237 Although studies have indicated that CpG-

sequence-coated DNA origamis,238 DNA nanotubes239,240 and DNA cages241,242 

and drug molecules containing DNA nanostructures243–246 can enter cells in 

some degree, the polar nature of DNA seems to prevent efficient transfection. 

Cationic polymers, DNA-based systems and lipids have been utilized to en-

hance the transfection efficiency of DNA nanostructures, however, especially 

in the case of DNA origamis, further improved delivery systems are still need-

ed.247  

Viruses are natural transfection vectors and previous studies have already 

shown the possibility of using long double-stranded DNA248 or drug-loaded 

DNA micelles249 as templates to gain virus CP coated structures. Therefore in 

publication IV we studied the ability to enhance the transfection efficiency of 

DNA origamis by coating them with CCMV CPs. We used ligated250 rectangular 

DNA origamis (92 nm x 72 nm x 2 nm)44 and combined them with purified CP 

dimers in conditions where the self-assembly of proteins alone into higher-

order structures was prevented. We discovered that CPs bind effectively to the 

negatively charged phosphate groups on the DNA origami surface due to their 

positively charged N-terminus, and adapt configurations remarkably different 

from the naturally occurring icosahedral capsid structure. Moreover, the cell 

entry levels of DNA origami–CP complexes was studied to be 13 times higher 

than the efficiency of plain DNA origamis. These results indicate that the CP-

coated DNA origamis can be utilized to develop more efficient transfection 

methods for medical applications. 
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3. Materials and Methods 

The materials, syntheses and experimental methods are described in detail in 

publications I–IV, and only a short summary of them is given here. 

3.1 Synthesis of amphiphilic Janus-dendrimers 

In publication I amphiphilic Janus-dendrimers were synthesized by combin-

ing hydrophobic Percec-type dendrons251,252 and Newkome-type dendrons with 

hydrophilic spermine surface groups97 (Figure 3.1). Spermine-functionalized 

dendrons were synthesized by peptide coupling tert-butyloxycarbonyl (Boc) -

protected spermine groups to the Newkome-type G1 scaffold. Before attaching 

hydrophilic and hydrophobic dendrons together, the 9-fluorenylmethyl car-

bamate (Fmoc) protection group was removed from the focal point of the 

spermine dendron using basic piperidine. The revealed amino group of the 

spermine-functionalized dendron was coupled to the carboxylic acid group at 

the focal point of hydrophobic dendrons. Boc-protected spermine was also 

coupled with a hyprophobic dendron, having three alkyl chains, to gain the 

fourth dendritic structure used in the co-assembly studies. Finally, spermine 

groups were deprotected with HCl to gain the final products. The synthesis 

products were characterized by 1H NMR, 1H-1H COSY NMR and mass spec-

trometry to verify their correct structure. The gained 2C12-G1, 3C12-G1, and 

6C12-G1 dendrimers have 2, 3 or 6 hydrophobic C12-alkyl chains combined 

with three spermine groups and 3C12-G0 has only one spermine group com-

bined with three alkyl chains. 
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Figue 3.1. Amphiphilic Janus-dendrimers synthesized to study their co-assembly 

with CCMV. Reprinted with permission from publication I (Figure 1). © 2013 Ameri-

can Chemical Society. 

3.2 Octacationic phthalocyanine and pyrenetetrasulfonic acid 

Octacationic zinc Pc with eight quaternized pyridyloxy peripheral substituents 

(1, Figure 3.2) was synthesized as reported earlier.131 1 has a highly cationic 

and water-soluble nature due to the eight quaternized pyridyloxy substituents 

in the periphery of the phthalocyanine disc. The conjugated structure also 

causes strong absorption at the near-infrared wavelength area and the ability 

to generate 1O2. In publication II, 1 was complexed together with commercially 

available 1,3,6,8-pyrenetetrasulfonic acid (PTSA, 2, Figure 3.2) to gain optical-

ly active complexes that enable 1O2 generation also in buffer solutions. 
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Figure 3.2. Chemical structures of octacationic zinc Pc (1) and tetraanionic 

1,3,6,8-pyrenetetrasulfonic acid (PTSA, 2). Adapted with permission from publi-

cation II. © 2016 American Chemical Society. 

3.3 Avidin and biotin 

Avidin and biotin with different conjugates were used in publication III to-

gether with CCMV to gain self-assembling and functionalized protein crystals.  

Lyophilized avidin from egg white and biotin (5-fluorescein) conjugate (BF) 

were ordered from Sigma-Aldrich. Avidin was dissolved in Milli-Q water (10 

mg ml-1), and BF was dissolved in dimethyl sulfoxide (10 mg ml-1) Biotin 

tagged horseradish peroxidase (B-HRP) was supplied by Life Technologies, 

and biotin-tagged gold nanoparticles (B-AuNPs) with 5 and 15 nm gold core 

were ordered from Cytodiagnostics. 

3.4 Cowpea chlorotic mottle virus and apoferritin 

Water solution of aFt (10 mg ml-1) from Pyrococcus furiosus was supplied by 

Molirom and it was used in the experiments without any further purification 

in publication II. CCMV utilized in studies I, III and IV was produced and 

isolated from California black-eyed peas (Vigna unguiculata) as reported in 

previous studies.189,190,253 Infected leaves containing the viruses were first 

blended and then pressed through a double layer of cheesecloth. Plant proteins 

precipitated from the gained homogenate at 4 °C and were removed by cen-

trifugation. CCMV particles in the obtained supernatant were precipitated with 

PEG (6000 g mol-1) and resuspended for a density gradient centrifugation per-

formed as a final purification step. Purified CCMV particles were characterized 

by using UV–Vis spectroscopy, fast protein liquid chromatography and trans-
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mission electron microscopy (TEM). CCMV was stored in an acetate buffer 

(100 mM NaAc, 10 mM EDTA, 10 mM NaN3, pH 5) and the concentration of 

the stock solution was 10 mg ml-1. For publication IV CCMV capsids were dis-

assembled and CPs were purified from a viral single-stranded RNA genome as 

reported previously.189,190 More specifically, capsids were disassembled by dia-

lyzing against a buffer solution containing 500 mM calcium chloride, 1 mM 

dithiothreitol (DTT) and 50 mM Tris(hydroxymethyl)aminomethane + HCl 

(Tris-HCl) (pH 7.5), and RNA was removed by centrifugation (18000 RCF, 

overnight). Gained CP dimers were dialyzed against another buffer solution 

containing 150 mM NaCl, 1 mM DTT, 50 mM Tris-HCl (pH 7.5) and used in 

the studies within a week. Concentration and purity of CP solutions were de-

termined using a previously published method190,175 and UV–Vis spectroscopy 

performed on a PerkinElmer LAMBDA 950 spectrometer. 

3.5 Rectangular DNA origami 

In publication IV rectangular DNA origami (92 x 72 x 2 nm, Figure 3.3) were 

prepared and coated with CCMV CPs to enhance the cell uptake of the origa-

mis. The designed origami structure was gained by combining 7249 bases long 

M13mp18 plasmid scaffold (New England Biolabs) and 192 different oligonu-

cleotides (staple strands, Integrated DNA Technologies) in a thermal anneal-

ing process carried out with Finnzymes PIKO Thermal Cycler. The design and 

sequence of the staple strands and also the thermal ramp were adapted from a 

previous publication.44  

 
Figure 3.3. Simulation of the rectangular origami in a solution performed using 

caDNAno design file254 as an input for CanDo modelling.215,255 Three different views of 

the rigid-beam simulation and the level of root mean square (RMS) fluctuation, illus-

trated by colors, indicate that the flexible rectangular DNA origami adopts a remarka-

bly twisted shape in the solution. Adapted with permission from publication IV (Fig-

ure S1). © 2014 American Chemical Society. 

 

DNA origamis with fluorescent labels were acquired in cell studies and they 

were prepared by adding Cy3 W2 and Cy3 W20 or Cy5 1E 3 and Cy5 1E 21 flu-

orescence labels (integrated DNA technologies) to the annealing solution. 
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Gained origami structures were ligated with T4 DNA Ligase (New England 

Biolabs) to improve their thermal stability and compatibility with low ionic 

strength buffers.250 Finally, the unfolded staple strands were removed by spin-

filtering and origami structures were stored in 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer (6.5 mM HEPES, 2.0 mM 

NaOH, pH 6.8). DNA origami concentration and purity were estimated by 

Beer-Lambert relationship and UV–Vis spectroscopy measurements per-

formed on a PerkinElmer LAMBDA 950 spectrometer. 

3.6 Agarose gel electrophoretic mobility shift assay 

Agarose gel electrophoretic mobility shift assay (EMSA) was used to study the 

electrostatic binding between CCMV and amphiphilic dendrimers (publication 

I), CCMV and avidin (publication III) and CCMV CP and rectangular DNA 

origami (publication IV). Samples were stained with 6X loading dye (New 

England Biolabs) and the gels with ethidium bromide (EthBr). All experiments 

were performed with BIO-RAD Power Pac Basic equipment. 

3.7 Dynamic light scattering 

The hydrodynamic diameters of the self-assembling CCMV–dendrimer and 

CCMV–avidin complexes (publications I and III, respectively) were measured 

by dynamic light scattering (DLS). In both publications CCMV water solutions 

were titrated either with dendrimers or avidin and the decrease of free CCMV 

particles and increase of the secondary assembly sizes were monitored by 

Zetasizer nano S equipment from Malvern instruments. The titrations and 

measurements were carried using Plastibrand semi-micro PMMA cuvettes and 

keeping the temperature at 25 °C. In publication III, also the electrophoretic 

mobility of the sample solutions were determined with laser Doppler veloci-

metry measurements performed with the same equipment as the DLS meas-

urements. 

3.8 UV–Vis spectroscopy 

In publication II the UV–Vis spectroscopy of 1, 2 and the 1-2 complexes in 

phosphate-buffered saline (PBS) buffer were measured with a JASCO V-660 

spectrophotometer. 1–2–aFt crystals and the corresponding reference samples 

in tris(hydroxymethyl)aminomethane (Tris) buffer were recorded using a Bio-

tek Cytation 3 Imaging reader and a Take3 micro-volume plate. The ability of 
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1, 2, 1–2 and 1–2–aFt crystals to generate 1O2 was compared qualitatively by 

mixing 1O2-sensitive chemical scavenger 1,3-diphenylisobenzofuran (DPBF) 

with the sample solutions and monitoring its decomposition by UV–Vis spec-

troscopy carried out with a JASCO V-660 spectrophotometer. Sample solu-

tions were irradiated using a 300 W halogen lamp and the 1O2-induced decay 

of the absorbance, relative to the concentration of DPBF, was followed at 414 

nm wavelength.  

3.9 Fluorescence spectroscopy 

Fluorescence spectroscopy of 1, 2 and 1–2 complexes in PBS buffer was per-

formed using JASCO FP-8600 fluorescence spectrophotometer in publication 

II. Samples were excited at the wavelength of the absorption maximum meas-

ured in advance (669–681 nm) and the emission was recorded from a 10 nm 

higher wavelength until 850 nm. Fluorescence spectroscopy of 1, 2, 1–2 com-

plex and 1–2–aFt crystals in Tris buffer was carried out using Cary Eclipse 

fluorescence spectrophotometer (Agilent Technologies). Samples were excited 

at 665–679 nm wavelength depending on the excitation maximum measured 

in advance and emission was recorded from 10 nm higher wavelength until 

900 nm. All fluorescence measurements were performed at room temperature 

(22 ± 2 °C). 

Electrostatic binding of CCMV CP on the negatively charged DNA origami 

surface was also studied by EthBr fluorescence quenching displacement assay 

performed in HEPES buffer (6.5 mM HEPES, 2.0 mM NaOH, pH 6.8) in pub-

lication IV. Monitoring of the EthBr fluorescence intensity during the titration 

of DNA origami–EthBr solution with CP solution was performed by photofluo-

rimeter (Varian Cary Eclipse). Samples in a quartz cuvette with four clear faces 

were excited using 546 nm wavelength, and the emission was recorded at 595 

nm after each addition of CP solution. The gained results showed how the fluo-

rescence of DNA-intercalating EthBr was quenched in the sample solution 

when CP replaced EthBr on the surface of DNA origami structures. 

3.10 Transmission electron microscopy 

CCMV–dendrimer complexes were imaged using cryogenic transmission elec-

tron microscopy (cryo-TEM) in publication I. Vitrification was carried out us-

ing a Fei Vitrobot in a saturated water vapor environment where 3 μl of sample 

solutions were placed on Quantifoil R 3.5/1 grids. Excess sample was blotted 

away with filter paper using 0.5 s blot and drain times. Grids were plunged 
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into liquid ethane/propane (1:1) solution that was cooled with liquid nitrogen 

surrounding the vessel. JEOL JEM-3200FSC equipment operating at 300 kV 

accelerating voltage was used for imaging. 

In publication III the CCMV–avidin samples were imaged using the same 

procedure and equipment as in publication I, except that the blot and drain 

times were both 1 s. CCMV–avidin crystals functionalized with 5 nm gold na-

noparticles were imaged using conventional TEM. Sample solutions were add-

ed on Quantifoil R 3.5/1 grids and the excess solution was blotted away with 

filter paper. All sample grids both with and without uranyl acetate staining 

were imaged with Fei Tecnai 12 Bio-Twin instrument using an acceleration 

voltage of 120 kV. 

For publication IV the DNA origamis coated with CCMV CP were also im-

aged with Fei Tecnai 12 Bio-Twin instrument operating at 120 kV accelerating 

voltage. Sample volumes of 3 μl were placed on Formvar carbon coated or car-

bon only copper grids. After 1 min incubation time the excess sample solution 

was blotted away with filter paper. Samples were left to dry before washing 

them with 3 μl of distilled water. A drop of 0.5% uranyl acetate in Milli-Q wa-

ter (3 μl) was added to the grids and blotted away immediately to stain the 

samples. Another drop of uranyl acetate (3 μl) was added to the grids and blot-

ted away after 20 s. All gained transmission electron micrographs were pro-

cessed with ImageJ or Gatan’s DigitalMicrograph software. 

3.11 Small-angle X-ray scattering 

The structural periodicities of the complexes and crystals examined in publica-

tions I–III were studied by small-angle X-ray scattering (SAXS). Kapton tape 

was used to seal the 10 μl sample solutions inside a metal ring, resulting in 

approximately 0.9 mm sample thickness. Vacuum was generated in the sample 

environment to avoid scattering from air. All measurements were carried out 

using the same equipment with a rotating anode Bruker Microstar microfocus 

X-ray source (Cu Kα radiation, λ = 1.54 Å). The X-ray beam was monochro-

mated and focused by a Montel multilayer focusing monochromator (In-

coatec). The beam was further collimated with four sets of slits (JJ X-Ray) re-

sulting in a beam of approximately 1 mm diameter at the sample position and 

the scattered X-rays were collected using a Hi-Star 2D area detector (Bruker). 

Distance between the sample position and the detector was 1.59 m, and silver 

behenate standard sample was used to calibrate the q-range. Two-dimensional 

scattering data was azimuthally averaged to gain one-dimensional SAXS 



Materials and Methods 

38 

curves. The magnitude of the scattering vector  is given by q , 

where 2θ is the scattering angle. Theoretical scattering curves were calculated 

with PowderCell256 and Scatter257 software. 

3.12 Optical microscopy 

In publication II the gained 1–2–aFt crystals were large enough to be imaged 

with optical microscope. Marienfeld-superior microscope slides (76 x 26 x 1.35 

mm) with a 15–18 mm wide and 0.6–0.8 mm deep round cavity were used as a 

platform for the sample solutions. Cover glasses were placed on the sample 

solutions and samples were imaged with Leica DM4500 P optical microscope 

equipped with Canon EOS 60D camera. Images were acquired using transmis-

sion mode and the scale of the images was calibrated by imaging a ruler at the 

sample position. 

3.13 Cell studies 

Cell entry of Cy3 or Cy5 fluorescence-labelled DNA origamis coated with 

CCMV CP was studied in publication IV using confocal microscopy and high 

content screening (HCS) microscopy. For confocal microscopy human embry-

onic kidney cells (HEK 293) were incubated with Cy3-labeled DNA oriami–CP 

complexes for 4 hours and the cell nuclei were stained with Hoechst stain. Im-

aging of the fixed cells was carried out using upright Zeiss LSM 700 laser 

scanning confocal microscope equipped with LCI Plan-Neofluar 63x/1.30 Imm 

Corr (glycerol) objective. 

Cell entry levels of DNA origamis coated with different amounts of CCMV CP 

were quantified with HCS microscopy. HEK 293 cells were first transfected 

with GFP for visualization and then incubated with Cy5-labeled DNA origami–

CP complexes. Cells were counted using a Thermo Scientific Cellomics CellIn-

sight plate analyzer equipped with Olympus UPlanFL N 10x/0.3 and Cellomics 

software utilizing a Target Activation protocol. Cells were identified using GFP 

channel and then scored for presence of the Cy5 signal with a total intensity 

per cell threshold. 
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4. Results and Discussion 

In publications I–III our goal was to learn more about controlling the self-

assembly and structure of biohybrid materials based on viruses and protein 

cages glued together by synthetic molecules or proteins. We also created func-

tional materials that could be used for example as oxidizing agent or in study-

ing complex biological systems. In publication IV we presented how virus CPs 

could be used to coat negatively surface charged objects as a means to enhance 

the delivery of these objects inside cells drastically. In our case we coated DNA 

origamis that could be used for example as multi-drug carriers, and therefore 

enhancing their cell uptake can result in development of new medical applica-

tions. In summary, results presented in publications I–IV provide information 

on utilization of viruses and protein cages for creating functional biohybrid 

materials. In the following chapters 4.1–4.3 the results corresponding to elec-

trostatic binding interactions, structure of the complexes, and their functional 

properties are discussed separately. 

4.1 Electrostatic self-assembly of biohybrid complexes 

In all publications the binding between different building blocks is based on 

electrostatic interactions. The binding and the size of the resulting complexes 

were studied using agarose gel EMSA, DLS and fluorescence spectroscopy. 

4.1.1 CCMV–dendrimer complexes 

In publication I the ability of the dendrimers to bind onto the surface of CCMV 

was first studied by agarose gel EMSA, (Figure 4.1). Agarose gels were stained 

with EthBr to visualize the position of CCMV after the run. The CCMV concen-

tration was constant (50 mg l-1) in each sample while the dendrimer concentra-

tion varied from 0 to 80 mg l-1. Electrostatic binding and formation of CCMV–

dendrimer complexes decreased the mobility of CCMV in the case of all den-

drimers. 3C12-G1 bound CCMV most efficiently and it fully prevented the mi-

gration of virus particles at the dendrimer concentration of 12 mg l-1. Both 
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6C12-G1 and 2C12-G1 prevented the migration of CCMV at dendrimer concen-

trations of 16 mg l-1, but 3C12-G0 could not fully prevent the migration of 

CCMV at any dendrimer concentration examined. 

 
Figure 4.1. Agarose gel EMSA experiments where samples with constant CCMV con-

centration (50 mg l-1) were combined with increasing concentrations of different am-

phiphilic dendrimers. Reprinted with permission from publication I (Figure S2). © 

2013 American Chemical Society. 

 

The formation of CCMV–dendrimer complexes was further studied by DLS 

(Figure 4.2). CCMV solutions (60 mg l-1) were titrated with dendrimer solu-

tions in pure water or in the presence of 150 mM NaCl and the samples were 

measured by DLS instrument after each addition. The results of titrations 

gained with all dendrimers resembled one other, but the 3C12-G1 seemed to 

bind CCMV most effectively. When 3C12-G1 dendrimer solution was added to 

the CCMV solution, the peak resulting from unbound CCMV (27.3 nm) de-

creased immediately (Figure 4.2a). At the same time, the formation of large 

CCMV–dendrimer complexes could be observed as another peak correspond-

ing to them appeared. Figures 4.2b and c present how the addition of 3C12-G1 

dendrimer decreased the intensity of the free CCMV and increased the size of 

CCMV–dendrimer complexes in 0 mM and 150 mM NaCl. Free CCMV was not 

detected anymore, after dendrimer concentration was increased above 4 mg l-1. 

Increasing the dendrimer concentration resulted in the growth of the CCMV–

dendrimer complexes until micron-sized assemblies were formed. 

Dendrimer
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1 2 3 4 5 6 7 8 9 10 11 12

1 2 3 4 5 6 7 8 9 10 11 12
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Figure 4.2. DLS results obtained when CCMV solutions with 0 and 150 mM NaCl 

concentrations were titrated with 3C12-G1 dendrimer. a) Volume-averaged size distri-

bution profiles measured in 0 mM NaCl solution. b, c) Free CCMV scattering intensity 

and secondary assembly size monitored in b) 0 mM NaCl and c) 150 mM NaCl solu-

tions. Reprinted with permission from publication I (Figure 2). © 2013 American 

Chemical Society. 

 

The NaCl concentration had a clear effect on the self-assembly and size of the 

CCMV–dendrimer complexes. Both in 0 and 150 mM NaCl the binding effi-

ciency increased in the following order: 3C12-G0 < 2C12-G1 < 6C12-G1 < 

3C12-G1. Dendrimer concentrations, at which the intensity of free CCMV de-

creased to 20 % of the original (c20 value), are presented in the Table 4.1. Even 

though electrostatic interactions weaken when ionic strength increases, 3C12-

G1 and 6C12-G1 co-assembled with CCMV less effectively in 0 mM (c20 1.9 and 

3.5, respectively) than in 150 mM NaCl concentration (c20 values 1.0 and 2.6). 

Oppositely, 2C12-G1 and 3C12-G0 had higher binding efficiencies in the 0 mM 

(c20 4.3 and 11.2, respectively) than in the 150 mM NaCl solution (c20 5.5 and 

21.3). Therefore, it is most likely that the decreased solubility of the nonpolar 

alkyl chains in the higher electrolyte concentration drives the self-assembled 

multivalency258 and the formation of CCMV–dendrimer complexes more in the 

case of 3C12-G1 and 6C12-G1 than 2C12-G1. The 3C12-G0 has only one sperm-

ine group, and therefore its binding efficiency is decreased more in the higher 

electrolyte concentration than in the case of other dendrimers. In summary, 

the balance between the number of spermine groups and hydrophobicity 

seems to be optimal in 3C12-G1 to result in efficient complex formation with 

CCMV. 
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Table 4.1. Dendrimer concentrations needed to decrease the intensity of free CCMV 

to 20 % as observed by DLS measurements (c20 values). Reprinted with permission 

from publication I (Table 1). © 2013 American Chemical Society. 

Janus- 
Dendrimer  

c20 (mg l-1)  
0 mM NaCl  

c20 (mg l-1)  
150 mM NaCl 

3C12-G1 1.9 1.0  
6C12-G1 3.5 2.6  
2C12-G1 4.3 5.5  
3C12-G0 11.2 21.3  
 

4.1.2 CCMV–avidin complexes 

The electrostatic binding between CCMV and avidin was studied in publication 

III in a similar manner as the binding between CCMV and amphiphilic den-

drimers were examined in publication I. Increasing amounts of avidin (0–100 

mg l-1) were combined with a constant amount of CCMV (50 mg l-1) and the 

electrophoretic mobility of different samples was studied by agarose gel EMSA 

(Figure 4.3a). Free and negatively charged CCMV particles migrated towards 

the cathode, but avidin seemed to hinder their mobility in the samples with 

higher avidin/CCMV w/w ratio. The most significant change at the migration 

speed of the CCMV occurred between 0.32 and 0.64 w/w ratios above which 

most of CCMV stayed close to the gel well, indicating that they were bound 

into large complexes. 

Formation of CCMV–avidin complexes was also observed using DLS and la-

ser Doppler velocimetry techniques (Figure 4.3b). When a CCMV solution was 

titrated with avidin solution, the detected count rate of scattered light in-

creased remarkably, indicating the self-assembly of large complexes. Comple-

mentary results were gained when a similar titration was performed and the 

electrophoretic mobility of the solution was monitored using laser Doppler 

velocimetry. Before adding any avidin to the CCMV solution the measured 

mobility was -1.5 × 10-4 cm2 V-1 s-1. The addition of avidin shifted the mobility 

from the negative to the positive side between 0.16 and 0.32 avidin/CCMV 

w/w ratios and the highest positive value of 1.6 × 10-4 cm2 V-1 s-1 was detected 

at a ratio of 0.74. Electrophoretic mobility results indicated that the negatively 

surface charged CCMV particles were coated with positively charged avidin 

proteins, resulting in a net positive charge at the end of the titration. 
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Figure 4.3. a) Agarose gel EMSA of constant amount of CCMV complexed with in-

creasing avidin concentration. b) DLS and electrophoretic mobility measurements 

indicate that avidin binds CCMV particles into large complexes. Adapted with permis-

sion from publication III (Figure 2). © 2014 Nature Publishing Group. 

4.1.3 DNA origami–CP complexes 

In publication IV the tendency of CCMV CP to encapsulate negatively charged 

genetic material was utilized to coat DNA origamis with CP in order to achieve 

enhanced delivery of the origamis inside cells. The disassembly of CCMV and 

purification of CPs are described in chapters 2.5.1 and 3.4. Agarose gel EMSA 

measurement was first carried out to study the electrostatic binding between 

DNA origami and CP (Figure 4.4, top). Increasing amounts of CP were added 

to sample solutions with constant DNA origami concentration to determine 

how CP would affect the migration of DNA origamis under electric field. The 

number of CPs was divided by the number of DNA base pairs (nCP/nDNA (bp)) to 

present the ratio between CP and DNA origamis (γ) in the sample solutions. 

The migration of DNA origamis was not affected in samples with low CP con-

centration (γ = 0 0.032). However, when the amount of CP was increased 

(γ = 0.08 0.32), the migration of the origamis was hindered and finally almost 

fully prevented at high CP concentration (γ = 3.2). These findings indicate that 

the CPs bind onto the surface of the DNA origami and decrease their mobility. 

Furthermore, it was shown in publication IV that binding is due to the CP’s 

positively charged N-terminus, and the removal of the N-terminus prevents 

the binding between DNA origami and CP. 
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Figure 4.4. Agarose gel EMSA (top inset) and EthBr fluorescence-quenching dis-

placement assay performed to study the binding between CCMV CP and DNA origami. 

For EMSA, constant amounts of DNA origami were mixed with increasing amounts of 

CP, and it was discovered that CP binds on the surface of DNA origami and decreases 

origami’s migration towards the cathode. EthBr fluorescence-quenching displacement 

assay provided complementary results, showing that the addition of CP decreased the 

fluorescence of the sample solution, as the CP replaced EthBr on the surface of the 

DNA origami. Reprinted with permission from publication IV (Figure 2). © 2014 

American Chemical Society. 

 

The binding between CP and the DNA origami was studied also by EthBr flu-

orescence-quenching displacement assay (Figure 4.4., bottom). The fluores-

cence of the DNA-intercalating EthBr increases as it binds to DNA. Adversely, 

the displacement of EthBr on the surface of DNA origami causes a decrease of 

the fluorescence intensity. Therefore the highest fluorescence intensity was 

measured in the beginning of the essay, when only EthBr (480 nM) had been 

added to the DNA origami solution (170 nM base pair concentration). Addition 

of CP decreased the fluorescence, which clearly indicated that it replaces EthBr 

on the surface of the DNA origami. Fluorescence decreased drastically in the 

beginning of the titration and a plateau was reached at γ  1. Overall, both aga-

rose gel EMSA and EthBr displacement assay showed that the CP binds to the 

surface of DNA origami. 

 

 

 

 

 



Results and Discussion 

45 

4.2 Structure of the biohybrid complexes 

The structure of different complexes was examined using TEM and SAXS 

techniques. In particular, the effect of the electrolyte concentration on the self-

assembling structures was revealed in these studies. In general, increasing the 

electrolyte concentration increases the periodical order in the self-assembling 

complexes, up to a point after which the electrolytes start to interfere the bind-

ing between oppositely charged building blocks and the complex formation is 

prevented. The electrolyte concentrations at which these transitions take place 

depends on the properties of the components binding together, such as am-

phiphilicity and the multivalent nature of charged patches. Also, the type of 

crystal packing depends on the localization of charges and geometrical shape 

of the different building blocks taking part in the self-assembly process. 

4.2.1 CCMV–dendrimer complexes 

In publication I the structure of CCMV–dendrimer complexes was studied by 

cryo-TEM and SAXS (Figure 4.5). CCMV and dendrimers were mixed in dif-

ferent NaCl concentrations to adjust the electrostatic binding and the mor-

phology of the self-assembling crystals. Nine samples were prepared having 

NaCl concentrations between 0 and 300 mM and the self-assembled complex-

es were analyzed by SAXS. Complexes assembled below NaCl concentrations 

of 120 mM resulted in broad SAXS reflections, indicating amorphous struc-

ture. Likewise with cryo-TEM, only amorphous looking complexes could be 

found in the samples prepared in low electrolyte concentrations (Figure 4.5a). 

CCMV–dendrimer complexes co-assembled between 160 and 250 mM NaCl, 

resulted in SAXS scattering peaks with the smallest full width at half maxi-

mum values. This indicated the occurrence of the largest CCMV–dendrimer 

crystals in these NaCl concentrations, except in the case of 3C12-G0, which 

resulted only small and broad peaks. Highly crystalline virus arrays were ob-

served with cryo-TEM also in the CCMV–3C12-G1 samples prepared in 250–

300 mM NaCl (Figure 4.5b and c). Further increase of the electrolyte concen-

tration screened the interactions between dendrimers and CCMV, and at the 

625 mM NaCl no CCMV–dendrimer complexes could be found (Figure 4.5d). 

In summary, 3C12-G0 and 6C12-G1 caused broader SAXS reflactions than 

3C12-G1 and 2C12-G1 in all electrolyte concentrations, which indicates that the 

CCMV–3C12-G0 and CCMV–6C12-G1 complexes had smaller crystal domain 

sizes. 

 

 



Results and Discussion 

46 

 
Figure 4.5. Cryo-TEM images of samples where 3C12-G1 dendrimer was mixed with 

CCMV in the presence of a) 0 mM, b) 250 mM, c) 300 mM and d) 625 mM NaCl. Scale 

bars are 100 nm. e) Experimental SAXS data gained from CCMV–3C12-G1 complex 

self-assembled in 250 mM NaCl concentration was integrated from the 2D scattering 

pattern presented in the inset. Calculated scattering curves from finite fcc and perfect 

calcium fluoride structures are presented for comparison. Reprinted with permission 

from publication I (Figure 3). © 2013 American Chemical Society. 

 

The SAXS curve measured for the CCMV–3C12-G1 complex in 250 mM NaCl 

concentration was analyzed further to determine the 3D packing of CCMV par-

ticles in the crystalline structure (Figure 4.5e). Comparison to perfect calcium 

fluoride (CaF2) and calculated finite face-centered cubic (fcc) structures show 

that the experimental data can be consistently fitted with a fcc (space group 

) Bravais lattice. Distinct SAXS reflections at q = 0.26, 0.44, 0.51 and 

0.69 nm-1 in the measured curve correspond to the SAXS reflections from the 

(hkl) = (111), (220), (311) and (331)/(420) planes, respectively. When the ob-
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served SAXS reflections are divided by q* (0.15 nm) (qn/q*), the gained ratios 

are approximately √3: √8: √11: √19, corresponding to fcc structure. The de-

rived lattice constant (a = 2π/q*) of the structure is then 41.6 nm. The center-

to-center distance between the virus particles (dcc = a/√2) was calculated to be 

29.4 nm, which corresponds well with the diameter of CCMV (28 nm). It was 

also noticed that no distinct reflections from the (200), (222) and (420) planes 

could be observed in the measured data. This finding indicates that the tetra-

hedral voids between CCMV particles are filled, which could be due to micellar 

structures assembled from dendrimers. The primary location of these micelles 

inside the tetrahedral voids would lead to a lattice that is isostructural to CaF2 

(Figure 4.6a). 

 
Figure 4.6. a) Schematic presentation of CCMV–dendrimer crystals where den-

drimers (green) occupy and partially connect the tetrahedral voids. b–d) Image sets of 

cryo-TEM (top, scale bar 100 nm), Fourier transform (middle left), filtered inverse 

Fourier transform (bottom left) and a schematic illustration (bottom right) divided by 

different views along a) [100], b) [110] and c) [111] zone axes. Cryo-TEM images were 

obtained from CCMV–3C12-G1 crystals self-assembled in the presence of 250 mM or 

300 mM NaCl concentration. Reprinted with permission from publication I (Figure 4). 

© 2013 American Chemical Society. 

 

The occupation of tetrahedral voids by the 3C12-G1 dendrimers was verified 

by cryo-TEM images (Figure 4.6b–d). The predicted CCMV–dendrimer crystal 

projections viewed along the [100], [110] and [111] zone axes are presented in 

the images, and it seems that the dendrimers form also tubular structures be-

tween the tetrahedral voids. The finding of micellar and tubular structures 

connecting the tetrahedral voids is supported by the earlier studies on self-

a)

c)b) d)[100] [110] [111]
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assembly of dendritic molecules.77,81,92,259 The lattice constant a (41.9 nm) re-

solved from the cryo-TEM images matches very well to the lattice constant 

determined according to SAXS data (41.6 nm) as do all the findings discovered 

using these two complementary methods. 

4.2.2 aFt–phthalocyanine complexes 

In publication II octacationic zinc Pc (1) was combined with 1,3,6,8-

pyrenetetrasulfonic acid (2) resulting in an optically active 1–2 complex that 

can be utilized to generate 1O2 also in buffer solutions. Due to the net positive 

charge of the 1–2 complexes, they could be co-crystallized together with aFt 

particles that have negative patches on the protein cage surface. 1, 2, and aFt 

were combined in a stoichiometric ratio of 100:100:1, respectively, in 5 mM 

Tris buffer (pH 8.5) having nine different NaCl concentrations between 0 and 

200 mM to study how the electrolyte concentration affects the crystal for-

mation. 

Self-assembled crystals were large enough to be observed with an optical mi-

croscope (Figure 4.7a–d). Similarly to CCMV–dendrimer crystals, the 1–2–aFt 

crystals assembled in the absence of NaCl had amorphous appearance. How-

ever, the 1–2–aFt crystals self-assembled in 30 mM NaCl solution had well 

defined octahedral shape and a diameter of even 100 μm. In 40 mM NaCl con-

centration the electrostatic interactions between 1–2 complex and aFt seemed 

to get intensely interfered and only poorly defined aggregates could be ob-

served in the sample solution. It was also discovered that crystals self-

assembled in 30 mM or lower NaCl concentrations could be removed from the 

solution to gain free standing crystals, or disassembled by increasing the elec-

trolyte concentration. 

The structure of 1–2–aFt crystals was examined by SAXS (Figure 4.7e). 

Measuring crystals self-assembled in 20 mM NaCl solution resulted in a SAXS 

curve that fitted perfectly to fcc-packed structure. Four clear diffraction peaks 

at q = 0.056, 0.065, 0.091 and 0.105 Å-1 correspond to SAXS reflections from 

the (hkl) = (111), (200), (220) and (311) planes of the fcc structure (space 

group Fm3m; number 225), and the ratios of the observed SAXS reflections 

(qn/q*) are then 1, √(4/3), √(8/3) and √(11/3). The lattice constant aSAXS was 

determined to be 19.6 nm (for cubic phases a = 2π√(h2+k2+l2)/q(hkl)) and the 

derived center-to-center distance dcc (13.8 nm, dcc = a/√2) between aFt parti-

cles corresponds well to the diameter of aFt (12 nm) coated with 1–2 complex-

es. In previous studies, aFt particles have been reported to have a tendency to 

self-assemble by themselves into fcc-packed crystals (a = 18.3–18.5 nm)260–262 
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that grow fastest in the direction of {111} planes.263,264 Therefore, we argue that 

the 1–2–aFt crystals grow in a similar way, resulting in the observed octahe-

dron shape (4.7f). 

 
Figure 4.7. Optical microscope images of 1–2–aFt crystals self-assembled in the 

presence of a) 0 mM, b) 20 mM, c) 30 mM, d) 40 mM NaCl concentration (scale bar is 

50 μm). e) SAXS curve measured from 1–2–aFt crystals self-assembled in 20 mM 

NaCl concentration implies that the crystals are fcc-packed. 2D SAXS scattering pat-

tern is presented in the top left inset. Quadratic Miller indices of allocated reflections 

for Fm3m structure as a function of measured q-vector positions are shown in the 

right inset. Lattice constant aSAXS and the aFt center-to-center distance dcc are gained 

from the linear fit. f) Left side illustrates the proposed fcc-packed crystal structure and 

growth in [111] direction. On the right an optical microscope image of an octahedron 

shaped 1–2–aFt crystal is presented. Reprinted with permission from publication II 

(Figure 3). © 2016 American Chemical Society. 

4.2.3 CCMV–avidin complexes 

In publication III the SAXS measurement of CCMV–avidin complexes showed 

that the 15 mM NaCl concentration is optimal for the co-crystallization of 

CCMV and avidin. Figure 4.8a shows the clear diffraction peaks resulting from 

the long range order of the CCMV–avidin complexes self-assembled in 15 mM 

NaCl concentration. The integrated SAXS curve was obtained from the 2D 

scattering pattern showing several scattering rings (Figure 4.8b). The five first 

diffraction peaks at q = 0.025, 0.036, 0.044, 0.051 and 0.057 Å-1 correspond to 

the SAXS reflections from the (hkl) = (110), (200), (211), (220) and (310) 

planes, respectively. Ratios of the observed SAXS reflections qn/q* are 

2: 4: 6: 8: 10, implying a cubic lattice. The quadratic Miller indices of the 

assigned reflections versus measured q-vector positions are presented in Fig-

ure 4.8c. Linear fit gave the lattice constant aSAXS = 35 nm (for cubic phases 
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a = 2π√(h2+k2+l2)/q(hkl)). When the diffraction peak positions, intensities and 

widths were regarded all together, it was concluded that the CCMVs have a 

body-centered cubic (bcc) packing structure (space group , number 229) 

(Figure 4.8d) in the CCMV–avidin complexes. Also the cryo-TEM images ob-

tained from the approximately one micron sized complexes indicated that the 

CCMV units are bcc-packed (Figure 4.8e). The bcc-packing is clear in the mi-

crograph where a crystal is viewed along the [100] zone axis (Figure 4.8f). The 

unit cell is outlined in cyan and the derived lattice constant aTEM = 35.9 nm 

corresponds well to the lattice constant measured by SAXS. 

 
Figure 4.8. a) Experimental and integrated SAXS data measured from CCMV–avidin 

crystals self-assembled in 15 mM NaCl concentration and its comparison to calculated 

scattering curves from finite and perfect bcc structures. b) Measured 2D scattering 

pattern c) Quadratic Miller indices of assigned reflections for Im3m structure versus 

measured q-vector positions. Solid line presents a linear fit, which yields the lattice 

constant aSAXS and the center-to-center distance dcc between CCMV units. d) Illustra-

tion of CCMV particles with reduced diameter in a bcc arrangement. e) cryo-TEM im-

age of CCMV–avidin crystal with 200 nm scale bar. f) High magnification cryo-TEM 

image viewing a crystal along the [100] zone axis and showing an outlined unit cell 

yielding aTEM = 35.9 nm. A Fourier transform image is presented in the inset. g) View 

of model bcc unit cell along the [100] zone axis. h) Filtered inverse Fourier transform. 

Reprinted with permission from publication III (Figure 3). © 2014 Nature Publishing 

Group. 

 

CCMV particles (28 nm diameter) alone, packed into a bcc lattice structure, 

would yield a lattice constant of 32.2 nm. However, SAXS measurements re-

sulted a lattice constant of 35 nm, indicating that the avidin proteins inside the 

lattice structure affect the spacing between CCMV particles. According to the 
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SAXS data, the calculated smallest distance between CCMV particles is 30.3 

nm (dCCMV–CCMV = a 3/2), which means that there is a 2.3 nm cap between 

neighboring CCMV particles that is too small for even  one avidin unit. There-

fore, the 11.1 nm sized octahedral and 7.0 nm sized tetrahedral voids between 

the bcc-packed CCMVs must be occupied by avidin. Since the voids are too 

large for a single tetrameric avidin, the avidin units have to be located on the 

edges of the voids to be able to bridge separate CCMV particles electrostatical-

ly. Suggested placing of avidin proteins would also be optimal for binding 

CCMV due to the tetragonal orientation of avidin’s positive patches. In conclu-

sion, avidin acts as a directing spacer between CCMV particles, and therefore 

the presented system resembles Nature’s way of packing virus particles with 

crystalline polyhedrin proteins.265 

Furthermore, the avidin-biotin interaction enabled non-covalent pre- or 

post-functionalization of the CCMV–avidin crystals. Biotin-tagged 5-

fluorescein dye, horseradish peroxidase enzyme and plasmonic gold nanopar-

ticles were shown to bind to the avidin units with high selectivity. 

4.2.4 DNA origami–CP complexes 

The structure of DNA origami–CP complexes was examined with TEM in pub-

lication IV (Figure 4.9). The same γ ratios (nCP/nDNA (bp)) were used as in the 

agarose gel EMSA study when preparing TEM samples with constant DNA 

origami concentration. The image of the sample without any added CP (γ = 0) 

clearly shows the rectangular shape of the plain DNA origami (Figure 4.9a). 

Added CP binds onto the surface of origamis and in the sample with γ = 0.08 

the CPs bent the origami structures into tube-like conformations (Figure 4.9b). 

The wrapping of origamis at low CP concentration is most likely initiated by 

the binding of the positively charged N-terminus of CPs to the origami surface, 

which reduces the repulsion between neighboring DNA helices. Wrapping is 

then easily further induced due to the highly flexible and twisted shape, that 

the rectangular DNA origami obtains in solutions because of the square lattice 

packed structure266 (See the Figure 3.3 illustrating the twisting). Also, some 

partially open origami rolls were imaged in the low CP concentration sample 

(γ = 0.08), which further demonstrated the wrapped structure of origamis. 

The perfectly rolled structures were measured to be on average 80±3 nm long. 

Without the CP coating, the origami roll would be 72 nm long (shorter side of 

the rectangle), but addition of 5 nm thick CPs to the both ends of the tubes 

resulted in an overall length of 82 nm, which matches extremely well to the 

observed length. DNA origamis mixed with higher concentration of CPs 
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(γ = 0.64), resulted in round and chunky complexes (Figure 4.9c) The round 

and somewhat asymmetrical form of the complexes made it slightly challeng-

ing to estimate their average dimensions. Therefore, the average diameter was 

measured at the widest part of the complexes (110 130 nm), which seemed to 

correspond well to the cross-section of rectangular DNA origami (117 nm) 

coated with CPs. Thus the unrolled orientation of DNA origami maximizes the 

surface area where CPs can attach, and the complexes with high CP concentra-

tion seemed grainy when compared to plain DNA origamis, the DNA origamis 

were most likely fully covered with CPs and could be regarded as encapsulated. 

 
Figure 4.9. TEM images of samples with constant DNA origami concentration com-

bined with increasing CP concentration. The γ ratios are (a) γ = 0, (b) γ = 0.08, (c) γ = 

0.64 and the scale bar is 200 nm in every image. Schematic illustrations in the top left 

insets present how the structure of the complexes change from free rectangles (a) to 

rolls (b) and finally to fully encapsulated DNA origamis (c). d) Close-ups of complexes 

presented in a (left), b (middle) and c (right). Reprinted with permission from publica-

tion IV (Figure 3). © 2014 American Chemical Society. 
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4.3 Properties of the functional biohybrid complexes 

4.3.1 Singlet oxygen generation 

Publications I and III present how to make self-assembling and highly or-

dered biohybrid crystals and provide new strategies for creating functional 

nanomaterials. Moreover, publication II shows how to prepare biohybrid crys-

tal with the specific functionality of generating 1O2. Due to the highly reactive 

nature of 1O2, this kind of crystals could be used as an oxidizing agent in water 

treatment and diagnostic arrays. For example PeroxyMaxTM is a commercial 
1O2-employing water treatment agent used to breakdown organic contami-

nants. 

Optical activity of the crystals comes from the Pc molecule (1, Figure 3.2). 

However, in buffer solutions 1 needed to be complexed with 2 (Figure 3.2) to 

prevent the self-aggregation of 1 and to retain 1’s optical activity. It was dis-

covered that 1, having eight positive charges, forms complex with 2, that has 

four negative charges, in a stoichiometric 1:1 ratio. Due to the plus four net 

positive charge of the 1–2 complex, it binds to the negative patches on the sur-

face of aFt protein cage. Structural properties of 1–2–aFt crystals were exam-

ined using optical microscopy and SAXS, as described earlier in the chapter 

4.2.2, and the optical properties were studied using spectroscopic methods. 

The potential of 1–2–aFt crystals as 1O2-generating material was first probed 

by UV–Vis spectroscopy. Figure 4.10a shows the absorption spectra measured 

from the crystals self-assembled in the presence of 30 mM NaCl. When ab-

sorbance of 1–2–aFt crystals is compared to reference samples 1, 2 and 1–2, it 

is clear that the crystal formation with aFt does not break the binding between 

the chemicals. The absorbance of 1 combined with aFt was also measured to 

show that the binding to aFt doesn’t affect the aggregation of 1. 

Fluorescence spectroscopy measurements were performed to study how 

crystal formation affects the emission properties (Figure 4.10b). Excitation 

wavelengths of sample solutions were chosen according to the absorption 

spectra to gain maximum fluorescence response. Samples 1–2 and 1–2–aFt 

were excited using a wavelength of 679 nm and sample 1 was excited both at 

665 and 679 nm to make the comparison of samples more elaborate. Emission 

profiles of samples 1–2 and 1–2–aFt are almost identical in shape and intensi-

ty, while the intensity of sample 1 is half smaller. This means that the fluores-

cence data is in good agreement with the absorption results, both indicating 

that the crystal formation with aFt does not change the optical properties of 1–

2 complex. Moreover, the notable fluorescence properties of the 1–2–aFt crys-
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tals at the NIR spectral range could be utilized in biomedical applications that 

include optical imaging. Both the absorption and fluorescence properties of 

samples were also monitored for three days after the sample preparation and 

no remarkable changes could be observed (Figure 4.10c). 

 
Figure 4.1o. a) Absorption spectra of 1–2–aFt crystals and reference samples pre-

pared in 30 mM NaCl concentration (5 mM Tris buffer, pH 8.5). Unstacking of the Pc 

causes the shift of absorption maxima from 665 nm (1) to 679 nm (1–2 and 1–2–aFt). 

b) Fluorescence spectra of samples 1–2–aFt and 1–2 excited with the excitation max-

ima wavelength (679 nm) and sample 1 excited both at 665 and 679 nm. Emission 

spectra were recorded from 10 nm higher wavelength than the excitation wavelength 

until 900 nm. c) Absorbance and fluorescence of 1–2–aFt (red), 1–2 (green) and 1 

(blue) monitored for three days. Left y-axis shows the absorbance at 679 nm (1–2–aFt 

and 1–2) or at 665 nm (1) and the right y-axis shows the fluorescence intensity at 689 

nm (1–2-aFt and 1–2) or at 675 nm (1). Reprinted with permission from publication 

II (Figure 4). © 2016 American Chemical Society. 

 

Next we wanted to examine the capability of 1–2–aFt to generate photoin-

duced 1O2. The 1O2 quantum yield ( ) of 1 was first determined in DMSO. The 

relative method115 was used, in which the production rate of 1O2 was deter-

mined by measuring the photodegradation of 1O2-sensitive chemical scavenger 

DPBF. In these conditions the aggregation of 1 is disturbed by DMSO, which is 

a coordinating solvent, and therefore binds to the zinc core of the Pc. This pre-

vents self-quenching of the excited state. The data obtained indicated that the 

1 generates 1O2 efficiently in these conditions, thus the  value of 1 (0.72) was 

higher than value obtained with the non-substituted ZnPc reference sample 

(0.67). 

The activity of 1–2–aFt crystals and 1–2 complex was measured in aqueous 

solution of 5 mM Tris buffer and common neutral pharmaceutical solubilizer 

Cremophor EL (0.5 % w/w). DMSO solution of DPBF (~1 mM) required dis-

persion into the aqueous solution. During the 1O2 measurements no decay of 

the Q-band was observed but only the decay of the chemical scavenger (more 

details in publication II). This indicates that generation of 1O2 does not affect 
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the structure or chemical composition of the 1–2 complex or 1–2–aFt crystals 

during the experiment. The decay of the scavenger’s absorption at 414 nm 

wavelength is presented by plotting the relativity of absorbance before and 

after each irradiation step (ln(A0/At)) against the irradiation time (t) (Figure 

4.11a). Slopes of the fitted straight lines are relative to efficacies of different 

photosensitizing systems to generate 1O2. The non-substituted ZnPc was used 

as a reference sample and its slope is also presented in Figure 4.11a together 

with all other photodegradation profiles. A dark control was also performed to 

verify that the samples didn’t cause any bleaching of the DPBF scavenger when 

they were not irradiated. Most importantly, the 1–2–aFt crystals generated 1O2 

as efficiently as 1 in the applied experimental conditions. Therefore 1–2–aFt 

crystals can be regarded as the first highly photosensitizing crystalline materi-

al. 

 
Figure 4.11. a) Solid lines fitted to the normalized absorption (ln(A0/At)) of DPBF 

plotted against time (t) present how 1O2-induced photodegradation proceeds in the 

presence of different photosensitizing systems. Photodegradation was measured also 

from 1–2–aFt sample in which the NaCl concentration was increased to 500 mM (or-

ange triangles and line). Non-substituted ZnPc was used as a reference (slope = 1.00). 

b) SDS-page gel where aliquots of 1–2–aFt crystal dispersion irradiated for different 

times were run to study how 1O2 affects aFt. Molecular weight marker (MWM (kDa)) 

placed on the first lane from left. Reprinted with permission from publication II (Fig-

ure 5). © 2016 American Chemical Society. 
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The ability of photoinduced 1O2 to cause damage to aFt was also studied by 

irradiating the 1–2–aFt crystal suspension and monitoring it with SDS-page 

and UV–Vis spectroscopy (Figure 4.11b). Irradiation was continued long 

enough to entirely bleach the scavenger and eight aliquots were collected at 

different times from the sample solution to be analyzed with SDS-page. In 

summary, aFt didn’t show any signs of degradation, which indicates that 1–2–

aFt crystals are sufficiently-robust photosensitizing systems to be utilized in 

real-life applications. 

4.3.2 Cellular delivery of virus-encapsulated DNA origamis 

In publication IV the rectangular DNA origamis were coated with CCMV CP to 

study if the coating could enhance the ability of DNA origamis to enter cells. 

Human embryonic kidney cells (HEK293) and Cy3-labeled DNA origamis 

complexed with different amounts of CP were first incubated together for four 

hours. Fixed cells were imaged using confocal microscopy to discover clusters 

of labelled DNA origamis within the cells (Figure 4.12 and 4.14). Only very few 

intracellular origami clusters were detected in samples with low CP concentra-

tion (γ = 0, γ = 0.016, γ = 0.032). However, increased amounts of origamis 

entered inside the cells were observed in the samples with higher CP concen-

trations (γ = 0.08, γ = 0.32, γ = 0.64). 

 
Figure 4.12. Confocal microscopy z-stack images obtained from HEK293 cells incu-

bated with Cy3-labeled DNA origami-CP complexes. The γ ratios in different samples 

were: γ(1) = 0, γ(2) = 0.016, γ(3) = 0.032, γ(4) = 0.08, γ(5) = 0.32 and γ(6) = 0.64. 

Cell nuclei are visible in the top row images (Hoechst channel) and DNA origamis in 

the middle row (Cy3 channel). Bottom row presents the overlay of Hoechst and Cy3 

channels. Adapted with permission from publication IV (Figure 4). © 2014 American 

Chemical Society. 
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The effect of CP-coating on the level of cell uptake was quantified by HCS 

microscopy (Figure 4.13). Cy5-labeled DNA origamis were first complexed 

with CP, and resulting DNA origami–CP complexes were incubated with cells 

transfected with GFP for visualization. Completeness of the CP-coating had a 

clear effect on the cell uptake, as the level of fluorescent positive cells in-

creased from the background level, measured from samples with no added CP 

(γ = 0), to 13-fold higher level, measured from samples with γ ratio of 0.64. 

Furthermore, the commercially available Lipofectamine  2000 (L2K) transfec-

tion reagent resulted in drastically lower cell entry levels than the CP-coating. 

 
Figure 4.13. HCS microscopy data from quantification of cells with Cy5-labeled DNA 

origamis entered inside of them. The γ ratios in different samples were: γ(1) = 0, 

γ(2) = 0.016, γ(3) = 0.032, γ(4) = 0.08, γ(5) = 0.32 and γ(6) = 0.64. Black bars present 

the mean values calculated from separate measurements illustrated with colored open 

bars. Adapted with permission from publication IV (Figure 4). © 2014 American 

Chemical Society. 

 

Finally, the localization of Cy3-labeled DNA origami–CP complexes inside 

the cells with Hoechst-stained nuclei is obvious in the Figure 4.14 presenting 

the z-stacked confocal microscopy image and corresponding orthogonal slices. 

In conclusion, the presented results verify that the DNA origami–CP complex-

es enter inside cells but more detailed studies would be needed to determine 

what happens to them after the cell uptake. However, this was beyond the 

scope of publication IV and will be studied more thoroughly in the future. 
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Figure 4.14. Z-stack projection and orthogonal cross sections (x and y views) of con-

focal microscopy images obtained from HEK293 cells incubated with DNA origami–

CP complexes (γ = 0.64). Cell nuclei are visualized in blue (Hoechst staining) and DNA 

origami–CP complexes in green (Cy3-label). Origamis are localized inside or close to 

the cell nuclei when examined from all different viewpoints. Reprinted with permis-

sion from publication IV (Figure 5). © 2014 American Chemical Society. 
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5. Conclusions 

In summary, the presented results show how viruses, protein cages and CPs 

offer versatile possibilities for creating functional biohybrid materials when 

they are combined with different synthetic and biological building blocks. Our 

work offers more information on how multivalency, hydrophobicity, electro-

lyte concentration as well as particle size and shape affect the structure of self-

assembling complexes and crystals. This information can be further applied 

when designing and creating new functional biohybrid materials. Further-

more, deeper understanding of the characteristics of biocompatible building 

blocks enables designing and creating more sophisticated biomedical and nan-

otechnology applications.  

In publication I amphiphilic Janus-dendrimers were synthesized to study 

their co-assembly with CCMV into viral inclusion body mimicking complexes. 

In previous studies, dendrons and dendrimers had been shown to self-

assemble with viruses and protein cages into periodical complexes.20,96,184 

Studies presented in publication I give information on how the structure of the 

amphiphilic dendrimers affects their electrostatic binding efficiency and co-

assembly with CCMV. More specifically, multivalent spermine groups bind to 

the negatively charged patches on the CCMV capsid surface and the hydro-

phobic tails drive complex formation in water solutions. Studies showed that 

2C12-G1 and 6C12-G1 do not bind CCMV as efficiently as 3C12-G1, nor induce 

as large crystal lattices. Furthermore, 3C12-G0 showed inability to bind CCMV 

efficiently both in pure water and in biological electrolyte solution. In conclu-

sion, results indicate that the optimized binding efficiency and crystal for-

mation are achieved when dendrimers have more than one hydrophilic sperm-

ine tail, inducing strong multivalent binding, and an equal number of hydro-

phobic alkyl chains, driving the hydrophobic self-assembly. Furthermore, the 

optimized electrolyte concentration for the self-assembly of crystalline CCMV–

dendrimer complexes were observed to lie just under the conditions of electro-

lyte-induced disassembly. Finally, the gained CCMV–dendrimer complexes 
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demonstrated that the amphiphilic dendrimers can be utilized in the co-

assembly of virus inclusion body mimicking model systems, which could be 

applied for studying biological phenomena. 

Publication II presents the first crystalline material with 1O2-producing pho-

to-activity by a hierarchical protocol of organizing protein cages and dyes into 

ternary crystals. The organic dyes—octacationic ZnPc (1) and tetraanionic 

1,3,6,8-pyrenetetrasulfonic acid (2)—were first combined to gain 1:1 stoichio-

metric supramolecular complexes bound together via -  and electrostatic 

interactions. Tetracationic 1–2 complexes were further bound to the negative 

patches on the outer surface of aFt, inducing the co-crystallization of fcc-

packed 1–2–aFt ternary superlattices. The size of the crystals could be tuned 

from a few to one hundred micrometers by adjusting the NaCl concentration 

between 0 and 30 mM. Furthermore, the organized crystals could be disas-

sembled by increasing the NaCl concentration to 100 mM. Most importantly, 

the photoactive crystals were shown to emit fluorescence and generate highly 

reactive 1O2 under light irradiation without self-degradation. These kinds of 

ordered crystals could be applied for developing recyclable and environmen-

tally friendly oxidative catalysts, diagnostic arrays and water treatment agents. 

The presented hierarchical protocol also enables the utilization of other cation-

ic molecules or the use of loaded aFt particles, resulting in different kinds of 

functional biohybrid materials. 

In publication III the ability of creating pre- and post-functionalized crystals 

from biological building blocks was demonstrated. Avidin acted as a supramo-

lecular directing linker between CCMV particles, displaying how the particle 

size and shape together with geometry of the charged surface patches affect 

crystal formation. Obtained crystals could also be functionalized by using bio-

tin-tagged molecules, such as plasmonic nanoparticles and enzymes, which 

attached to the avidin either before or after the assembly of CCMV–avidin bi-

nary lattice. In summary, the obtained results help with designing and creating 

even more complex protein assemblies that could be utilized in applications 

requiring biocompatibility. 

In publication IV CCMV CPs were utilized to coat DNA origami structures 

for enhancing the delivery of origamis inside cells. More specifically, increas-

ing the completeness of CP-coating also increased the cell uptake until a point 

at which the origamis were fully covered. Our method could also be easily 

modified by using for example human virus proteins or cell target-

ing/penetrating ligands which could enhance and target the cell entry drasti-

cally. Therefore these kind of self-assembly based coating methods could be 
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used in several biomedical applications, such as delivering multidrug carrier 

DNA origamis into specific target cells. CP-assisted delivery of DNA origami 

based cascade nanoreactors inside cells could also enable controlling wanted 

intracellular enzymatic reactions.220,267 

In every publication the self-assembly of supramolecular biohybrid complex-

es was based on multivalent electrostatic interactions. Key factors affecting the 

binding are the pH, electrolyte concentration and multivalent properties of the 

building blocks, which depend on the number and localization of the binding 

units. pH, for example, controls the charge of the amino acid side chains, and 

therefore affects the electrostatic properties of protein cage surfaces. More 

specifically CCMV (pI = 3.8) has more negatively charged surface patches than 

aFt (pI 4.5), and therefore it binds positively charged particles at remarkably 

lower pH. Also the charge of amine groups in the amphiphilic dendrimers is 

controlled by the pH. 

The distance over which different charged particles can interact with each 

other is determined by the Debye screening length which is relative to the elec-

trolyte concentration. Debye screening length also affects the structure of the 

complexes self-assembled from oppositely charged particles. In general, it was 

discovered that in low electrolyte concentration the long Debye screening 

length causes rapid and kinetically controlled complexation of viruses or pro-

tein cages together with oppositely charged building blocks, resulting in amor-

phous complexes. When the electrolyte concentration is increased, which de-

creases the Debye screening length, kinetically trapped structures are avoided 

and more thermodynamically controlled and periodically packed complexes 

are gained, until a point at which the electrostatic attraction between opposite-

ly charged particles is screened effectively, preventing complex formation. This 

kind of behavior was detected in publications I–III. 

The third factor affecting the electrostatic binding studied in all presented 

publications is the multivalency. The higher the number of binding units locat-

ed at a suitable distance from each other in one molecule, the greater the effect 

of multivalency on binding efficiency. The effect of multivalency was detected 

particularly clearly in publication I, thus the binding efficiency of the den-

drimer with just one spermine unit was dramatically lower than the binding 

efficiency of the dendrimers with three spermine units. Furthermore, the dif-

ference grew even bigger in elevated electrolyte concentration. In a similar 

way, multivalent properties also affect the binding of charged patches on pro-

tein cage surfaces consisting of several amino acid side chains. 
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In conclusion, biohybrid materials based on viruses and protein cages have 

begun to be studied more comprehensively only quite recently, and they can 

reveal information that will lead to the creation of totally new nanotechnolo-

gies. Due to the biocompatibility and ability to modify the inner and outer cage 

surfaces of viruses and protein cages, the first real life applications will emerge 

most likely in the field of biomedicine. Furthermore, one of the major points of 

interest and challenges in bionanotechnology has been the assembly of higher-

order structures from proteins and protein cages to gain new nanomaterials. 

Protein cage crystals could be applied for example as a scaffold for creating 

well-organized nanoporous silica structures that can be utilized in photosyn-

thetic systems, drug delivery, immobilization of various biomolecules and bio-

sensing of proteins in a similar fashion as the mesoporous silica structures.4 

Understanding the behavior of CPs together with other building blocks also 

benefits the development of designed co-assembling proteins. These kind of 

building blocks could be used for example in biomimicking nanomachines. 

Sophisticated and stimuli-responsive nanomachines could be created especial-

ly together with RNA and DNA molecules and nanostructures, utilizing the 

naturally occurring dynamic interactions between proteins and genetic mate-

rial. Furthermore, CP-like design proteins could also be utilized in bulk-

material applications which demand highly-ordered self-assembling nanoscale 

structures and biocompatibility. 

The technologies and methods used to study the structure and function of in-

teresting biological entities, such as viruses and protein cages, were developed 

in the 20th century and this development is still continuing. In the future, all 

gained information will be applied increasingly when creating new functional 

biohybrid materials. 
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