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The advances of supramolecular chemistry, bottom-up fabrication and bioinspired 

approaches have opened pathways to well-defined, hierarchical and functional materials at 
nanometer scale. Biological systems master the fabrication of near-perfect macromolecules 
and organized bulk materials from simple components under mild conditions. For self-
assembly and material applications these biomaterials offer precision, diversity and 
functionality. This thesis demonstrates how biological and synthetic organic materials can be 
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electrolyte-gated release. 
In publication V the CNCs were functionalized with cross-linkable alkyl chains and used for 
the reinforcement of a synthetic rubber. The moisture-repellent composites showed a 
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1. Introduction 

The advancements of supramolecular chemistry and bioinspired approaches 

have enabled the preparation of well-defined and functional materials at the 

nanoscale. Bottom-up fabrication techniques, such as molecular self-assembly 

- the spontaneous formation of thermodynamically stable ordered structures 

via non-covalent interactions - and supracolloidal approaches have opened  

pathways to hierarchical structures with length scales from nanometers to a 

few micrometers, a size scale challenging to achieve by top-down methods.  

Under the course of evolution biological systems have mastered the fabrica-

tion of near-perfect macromolecules, and on the other hand organized bulk 

materials with unique properties. Furthermore, the self-assembly of bio-

materials derives from simple components under mild synthetic conditions. In 

addition to inspiration for material scientists these biomolecules and their self-

assembly processes offer fascinating precision, diversity, functionality, speci-

ficity and biocompatibility. The convergence of biological templates with syn-

thetic organic or inorganic materials leads to engineered biohybrid materials, 

possibly with collective properties, and even to functional devices and interfac-

es at cellular and organism levels, with immense possibilities embedded in 

these multidisciplinary efforts. 

1.1 Outline of the Thesis 

This thesis consists of five publications exploring bio-organic hybrid assem-

blies between deoxyribonucleic acid (DNA), icosahedral viruses, cellulose 

nanocrystals and synthetic polymers and dendritic structures. Chapter 2 pre-

sents the main characteristics of the biological starting materials and the back-

ground of the current research. Results of the publications are presented in 

chapter 3 and the approaches are schematically illustrated in Fig. 1.1. 

The properties of DNA are described in the context of electrostatic binding 

by multivalent cationic scaffolds and triggered degradation of the complexes, 

aimed for enhanced nonviral gene delivery in publication I and used for con-

trolled formation of DNA origami structures in publication II. Negatively 

charged, symmetric virus nanoparticles are suitable building blocks for self-
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assembly studies, yet also widely used in viral gene delivery, which both may 

be tuned by interactions with cationic scaffolds and particles. In publication 

III icosahedral viruses were co-assembled with amphiphilic dendrimers into 

well-defined superlattices mimicking biological inclusion bodies.  

Cellulose nanocrystals additionally offer a multivalent negative surface for 

electrostatic binding, yet chemical modifications widen their usability in ad-

vanced applications. In publication IV the icosahedral viruses were efficiently 

assembled with cationic, polymer-grafted cellulose nanocrystals, providing 

means for concentrating and extracting viruses from solution for biomedical 

applications. In publication V the cellulose nanocrystals were made hydro-

phobic with short alkyl chains for the reinforcement of a nonpolar polymer 

matrix, where the crystals assembled into ordered biomimetic structures at 

high weight fractions, leading to significant changes of material properties. 

 

 
Figure 1.1. Schematic illustration of the building blocks and combinations used for 

the preparation of the biohybrid assemblies presented in publications I-
V. On the left are presented the negatively charged DNA, icosahedral vi-
rus and cellulose nanocrystal. DNA and viruses were assembled with 
synthetic cationic scaffolds, and cellulose nanocrystals were used for as-
sembly and composite preparation after covalent modifications.  
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2. Background 

2.1 DNA 

Nature’s cell replication and protein synthesis machineries have for decades 

fascinated scientists with the abundance of genetic information included in the 

polynucleotide molecules and the precision of the base pairing between two 

nucleic acid strands. In a chemical sense individual strands of DNA are copol-

ymers of nucleotide monomers (Fig. 2.1). Two single stranded DNA (ssDNA) 

molecules with complementary base sequences can associate, or hybridize, 

into supramolecular, double stranded DNA (dsDNA), where the hydrogen 

bonding between opposing nucleobases predictably follows the so-called Wat-

son-Crick base pairing (Fig. 2.1). In addition to the interstrand hydrogen 

bonding, the dsDNA double helix is stabilized by stacking interactions between 

adjacent base pairs.  

Double helical dsDNA has a diameter of approximately 2 nm. The structure 

can adopt chiral right- or left-handed helical tertiary structures with different 

helical pitches. However, the dominant form in cells is a right-handed B DNA 

with a 3.4 nm helical turn and adjacent bases situated 0.34 nm apart (Fig. 2.1). 

Proximity of the negatively charged phosphate groups leads to strong repulsive 

forces along the DNA backbone and induces linearity and stiffness to the dou-

ble helix. Long dsDNA strands are commonly modeled as worm-like chains or 

elastic rods with a persistence length around tens of nanometers.1,2 Single-

stranded DNA is significantly more flexible with a persistence length of 2-12 

nm.3 Local under- or overwinding and the presence of divalent counterions 

screening the phosphate charges can nevertheless decrease the rigidity of 

dsDNA and enable close DNA-DNA interactions in solution.4,5 
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Figure 2.1. Structure of double stranded B DNA, showing the double helical struc-

ture, antiparallel directionality of the complementary strands and base 
pairing between the nucleobases adenine (A), thymine (T), cytosine (C) 
and guanine (G).6 Reprinted with permission. © Nature Education.  

 

The form and size of dsDNA molecules in living cells varies between species. 

Especially the extrachromosomal, separately replicating circular plasmid DNA 

molecules in bacteria have become an important tool in biotechnology and 

DNA nanotechnology due to their simple structure and efficient bacterial up-

take and replication. Length of the dsDNA molecules varies between about a 

thousand base pairs in small plasmids and several billion base pairs in 

eucaryotic chromosomal DNA. 

2.1.1 DNA Binding by Multivalent Interactions  

Biomedical and nanotechnology applications of DNA revolve around the chal-

lenges of manipulating the shape and volume occupied by the DNA molecule. 

Packaging of DNA strands can be achieved mainly by three methods. Firstly, 

binding and compacting DNA by electrostatic interactions between the anionic 

phosphate groups and a cationic moiety has been used mainly in the context of 

nonviral gene delivery, however, the strategy can furthermore be used for con-

trolling functional DNA nanomaterials. Another strategy encompasses the 

encapsulation of DNA by viruses or synthetic vesicles or micelles for gene de-

livery. Finally, designed nucleobase pairing with short, synthetic DNA strands 

is utilized in DNA nanotechnology for the preparation of highly ordered and 
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functional nanostructures. The characteristics of viruses and DNA nanotech-

nologies are discussed in later sections.  

Under physiological conditions a DNA-binding molecule relying on electro-

static interactions must compete with and surpass the interactions displayed 

by the cationic counterions surrounding the phosphate groups. Thus a single 

cationic binding unit cannot efficiently bind nor compact DNA, and therefore 

multivalent interactions are required. Multivalency is a common biological 

phenomenon, where high-affinity binding can be achieved via two or more 

monovalent binding units attached to a common scaffold.7,8 Several weak and 

reversible interactions between ligands and their receptors in recognition 

events, such as the binding of DNA by transcription factors and the attach-

ment of viruses to host cells (Fig. 2.2), enable tuning the specificity and 

strength of the binding by regulating the occurrence of the binding units.  

By definition multivalent binding does not require positive cooperativity, 

where binding of the second and subsequent binding units are more favorable 

than binding of the first unit.7–9 Furthermore, even though the binding would 

be negatively cooperative, multivalent binding may still be stronger in total 

than the binding of a single monovalent molecule.  

 

 
 
Figure 2.2. a) and b) Multivalent binding of a virus particle onto a cell surface lead-

ing to c) subsequent internalization and fusion.7 Adapted with permis-
sion. © Wiley-VCH Verlag GmbH & Co.  

 

 Several aspects and models for the thermodynamics of multivalent binding 

in ligand-receptor systems have been presented.7,10,11 Establishing the interplay 

of enthalpic and entropic factors of binding for polyvalent systems has proven 

challenging, but certain generalizations can nevertheless be made. Binding of 

the first unit of a multivalent scaffold is an intermolecular binding event, 

which reduces the entropy of the scaffold and the other binding units, unlike in 

systems where monovalent ligands bind to a multivalent receptor. Despite 

even further losses in entropy related to decreased freedom and increased 

strain in a flexible scaffold during subsequent intramolecular binding events, 

association of one unit increases the local concentration of the other units 

close to the binding sites and the probability of intramolecular binding.   



Background 
 

6 

Precise receptor geometry in biological systems places additional require-

ments for the scaffold architecture. In the case of flexible polymeric DNA-

binding scaffolds the geometry of the bound state or the number of interac-

tions are not predetermined, and the effects can be very subtle. Molecular dy-

namic simulations investigating the interactions between nucleic acids and 

various small oligoamino-functionalized scaffolds have shown that the 

enthalpic contribution to the free energies of binding is nearly equal to the 

amount of positive charges in the molecules.12,13 Similarly, an increasing 

amount of charges generally leads to greater entropic loss at binding due to the 

greater number of lost degrees of freedom. However, structurally different 

scaffolds with the same amount of charges showed significant variation in en-

tropic cost, and a great extent of molecular reorganization during binding and 

heterogeneity of the binding between cationic units were shown to increase the 

entropic cost. Thus small variations in scaffold architecture can significantly 

affect the overall binding efficiency. Additionally, while increasing the salt 

concentration weakened the binding of the small dendritic structures, the larg-

er scaffolds were shown to shield the binding site from competing ions and 

maintain the overall binding efficiency by extending part of their cationic units 

to the solution.12,14 

When multivalent, DNA-binding scaffolds are aimed for biomedical applica-

tions, the requirements for efficient gene delivery extend beyond the challeng-

es of compacting DNA. The task of gene delivery is not straightforward and 

encompasses the realization of several steps from compacting and protecting 

the DNA for delivery to efficient uptake and release inside the targeted cells 

and finally successful expression of the gene.15 In general, multivalent cationic 

scaffolds bind and compact DNA with a high affinity into nanosized DNA-

polymer complexes, or so-called polyplexes. They additionally mask the anion-

ic charges for transport through cell membranes and protect the DNA from 

degradation.  

Synthetic scaffolds for multivalent binding and compacting of DNA include 

low-molecular-weight dendritic structures and linear and branched polymers 

(Fig. 2.3). Polycations based on poly(L-lysine)16 (PLL) and 

poly(ethyleneimine)17 (PEI) have been extensively studied since the 1990’s and 

successfully used for in vivo transfection. A common operational principle of 

the cationic scaffolds as gene delivery vectors is based on the use of an excess 

of the synthetic scaffold leading to a cationic overall charge of the polyplex. 

The cationic surface charge facilitates electrostatic interactions with negatively 

charged cell surfaces and subsequent internalization by endocytosis.18 Scaf-

folds, which contain protonatable amines, such as poly(amidoamine) 

(PAMAM) and PEI, promote the release of DNA to the cytosol via their buffer-
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ing ability and subsequent accumulation of chloride ions into the endosome, 

leading to osmotic rupture.19  

 

 
 

Figure 2.3. Structures of various polycations used in DNA binding.20 Adapted with 
permission. © Elsevier Ltd. 

 

Dendrimers and Dendrons in Gene Delivery  

 

Dendrimers are repeatingly branched macromolecules with a nearly monodis-

perse, symmetrical tree-like architecture (Fig. 2.4). They consist of subunits 

called dendrons and resemble spheres at higher generations. The structures 

can be divided into the core, or in the case of dendrons, a focal point, the 

branching framework, and the functionalizable surface groups. The diameters 

of dendrimers start from a few nanometers,21 resembling in size biological su-

pramolecules naturally found in the circulatory system, such as insulin and 

hemoglobin, and reach up to 30 nm at higher generations.22 
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Figure 2.4. a) A schematic structure of a dendrimer showing the branching core with 

generations G0-G3, and the functional surface groups. b) A subunit of a 
dendrimer, a dendron, showing the branching structure expanding from 
the focal point.  

 

Dendrimers and dendrons are synthesized by series of repeating reactions. 

Conventionally, the synthesis proceeds either divergently by branching out-

wards from a multifunctional core (Fig. 2.5a), or convergently, where the 

branching units are combined inwards from the periphery to larger and larger 

structures (Fig. 2.5b). The first dendrimers and dendrons, polyamine “cas-

cade” molecules in 1978,23 and PAMAM dendrimers24 and Newkome-type 

“arborols” in 1985,25 were synthesized by the divergent method. The prepara-

tion of perfectly monodisperse dendritic structures by the divergent method 

requires an increasing number of completed reactions at each growing genera-

tion. In practice part of the branches always lag behind in the synthesis and 

the difficulty of separating the structures leads to polydispersity.26 The conver-

gent method was introduced in 1990 to overcome some of the problems of the 

divergent method, since fewer reaction sites are involved at each step.27 The 

convergent synthesis thus produces significantly higher yields of perfect struc-

tures and may be used to couple differently functionalized branching units to a 

common core. Steric factors may, however inhibit coupling reactions at higher 

generations. Both schemes usually require careful protecting group strategies 

or the activation of reaction sites. Nevertheless, the convergent method is typi-

cally chosen for the synthesis of lower generations of dendritic structures. Ad-

ditionally, the approaches may also be combined to produce more complex 

structures. 
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Figure 2.5. a) A schematic example of the divergent synthesis route to a surface-

functionalized dendron. b) Convergent synthesis route to the same den-
dron. 

 

Popular dendritic molecules used in DNA binding and gene delivery com-

prise cationic dendrimers, such as PAMAM,28 poly(propyleneimine) (PPI)29 

and PLL dendrimers,30 which chemically resemble the aforementioned linear 

polymers. The branching monomers have pH-dependent amino functionalities 

and surfaces of these dendrimers are populated by primary amines. Especially 

the PAMAM dendrimers and their derivatives have been commercialized un-

der several trade names (Starburst®, SuperFect™, PolyFect™), and successful-

ly used in in vivo studies for example in tumor growth regulation.31,32  

Naturally occurring, small linear oligoamines, such as spermine and 

spermidine, are found in several cellular processes including gene expression 

and stabilization of nucleic acids.33 Small synthetic oligoamine derivatives 

have been used for DNA binding, however, despite the tetra-amine nature of 

spermine, its affinity to DNA is rather weak and single spermine molecules 

compete for binding with other cations.34,35 Spermine-functionalization of 

dendrons utilized in publications I-III was initially introduced on Newkome-

type scaffolds in the beginning of 2000’s (Fig. 2.6).36 The dendrons showed 

high-affinity to DNA but rather weak in vitro transfection efficiencies even in 

the presence of an enhancer molecule, probably due to inefficient release of 

the genomic material and hindered escape from the endosome.37 
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Figure 2.6. The structures of spermine and spermine-functionalized Newkome-type 

dendrons G0, G1 and G2.36 Reprinted with permission. © Wiley-VCH 
Verlag GmbH & Co. 

 

Dendritic structures offer certain advantages over high-molecular-weight 

polymers in biomedical applications. Due to the strongly branching structure, 

it is possible to achieve a high density of well-exposed functionalities in rela-

tively low-molecular-weight and low-volume macromolecules, and generation-

dependent structure-property relationships can be addressed. Maximizing the 

number of cationic charges in the dendritic structures leads to enhanced bind-

ing and compacting of DNA, however the efficiency of gene transfection is 

generally challenging to predict and depends on several factors, such as the 

structure and cytotoxicity of the dendritic scaffold, properties of the genetic 

material and the polyplex, and the transfected cell line.38,39 Nevertheless, for 

example PAMAM dendrimers generally show increasing transfection efficien-

cies up to the sixth generation.28 

Additionally, dendrimers display lower solution viscosities than linear or 

branched polymers even at high generations. For linear and branched poly-

mers the intrinsic viscosity increases continually with increasing molecular 

weight and concentration. For dendritic structures the relationship is not line-

ar, but a maximum of intrinsic viscosity at certain generation has been shown 

for several dendrimers.26 As the volume of dendrimers grows to the third pow-

er, the molecular weight and number of surface groups grow exponentially, 

which leads to dense, globular structures at high generations in comparison to 

more open, flexible structures at lower generations. Additionally, the intrinsic 
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viscosity presented as a function of volume per molecular weight consequently 

shows a maximum.40 

A prominent disadvantage of the cationic scaffolds and the resulting cationic 

polyplexes is their inherent toxicity originating from the membrane-

destabilizing properties, causing disruption or erosion of the outer or inner cell 

membranes and subsequent lysis of the cells.41 Additionally, when released 

into circulation, the cationic scaffolds and polyplexes can bind anionic serum 

proteins and blood cells and adhere to cells where transfection is not desired. 

Most of the toxicity studies have been performed on cationic scaffolds in-

stead of polyplexes, which have usually been found to be less toxic than the 

parent scaffolds.42,43 Nevertheless, smaller dendrimers and branched polymers 

are generally less toxic than related higher generations or chemically similar, 

high-molecular-weight linear polymers.29,44–46 Additionally, reducing the tox-

icity of existing dendritic molecules is facile by simple synthetic modifications 

such as masking or partial removal of the amino groups and attachment of 

neutral polymer chains onto the dendrimer surface.47,48 

Disadvantages of the strength of the multivalent binding by the small den-

dritic scaffolds are the inferior release of the carried genomic material inside 

the cells, and the binding of unrelated cellular components after the release 

event.49,50 In light of this, the addition of stimuli-responsive degradable func-

tionalities within a cationic scaffold allows the designed cleavage of the cation-

ic units by cellular or external stimulus, simultaneously destroying the multi-

valent interactions leading to release of the genomic material. Various stimuli, 

such as pH, redox potential and UV-light may be used, and the iterative syn-

thesis of dendrons enables facile modification of existing structures towards 

stimuli-responsive scaffolds, as was shown in publication I for spermine-

functionalized dendrons.  

Optically degradable structures are attractive to in vivo applications, as the 

photolytic degradation allows spatial and temporal control of the fast release, 

while being relatively undamaging to living tissues. The concept of photode-

gradable polymers is widely established, however, DNA binding has been less 

studied. Photolabile groups have been included into dendritic structures, in-

cluding the Newkome-type spermine-functionalized dendrons.51–55 The 

photocleavable spermine dendrons were shown to bind DNA with similar af-

finity as the nondegradable dendrons, and were efficiently degraded by UV-

irradiation, leading to release of the genomic material.54 Efficiency of gene 

transfection was, however, not studied. 

Additionally, nondegrading photosensitive dendrimers have been presented. 

UV-triggered isomerization of L-lysine-functionalized azobenzene dendrimer 

led to a weaker affinity towards DNA via change of surface potential of the 
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dendrimer, significantly increasing the transfection efficiency in vitro.56 A 

multicomponent DNA delivery system including a photosensitive dendrimer 

was shown to enhance the endosomal escape of the genetic material and trans-

fection efficiencies both in vitro and in vivo after UV-irradiation.57  

In nature, thiol groups between two L-cysteine residues may oxidize to disul-

fide bonds. Among several naturally occurring redox-active agents, the cyste-

ine-containing tripeptide glutathione and the oxidized dimer, glutathione di-

sulfide, function in a complementary fashion with different ratios of the reduc-

ing and oxidizing forms between the extracellular space and the cytosol. Con-

centration of glutathione in cytosol is around 0.2-10 mM in contrast to the 

extracellular concentration of 1-10 μM.58,59 Thus the cytosol is a generally re-

ducing environment compared to the extracellular space and cysteine-

mediated disulfide bonds are common stabilizing and dynamic structural fea-

tures in proteins, which are secreted outside cells.60 Consequently, disulfide 

bonds provide means for the preparation of gene delivery scaffolds, which 

should selectively degrade inside cells.  

Disulfide bonds have been added to several high-molecular-weight DNA-

binding polymers and multicomponent systems, sometimes as stabilizing 

cross-linking moieties.61 Similarly, second-generation PAMAM dendrimers 

have been cross-linked with disulfide linkers. Consequently reduction did not 

release DNA, but the cross-linked assemblies showed higher in vitro transfec-

tion efficiencies and lower cytotoxicities than G5 PAMAM dendrimers.62 Also 

systems encompassing disulfide linkers between small PLL dendrons,63 and 

between short functional peptides and branched PEI have been prepared.64 

The latter showed modestly enhanced transfection efficiencies compared to 

unmodified branched PEI, however, the significance of the reduction of the 

disulfide bonds was not confirmed.  

Amphiphilic dendrons with a hydrophobic periphery can form so-called self-

assembled multivalent systems, such as micelles with a highly charged surface 

in water. Such micellar frameworks prepared from amino-functionalized 

dendrons with disulfide-linked hydrophobic parts were shown to degrade un-

der a reducing environment.65 Additionally, enhanced transfection efficiencies 

have been achieved with lysine dendron-functionalized gold nanoparticles, 

where the dendrons were replaceable by glutathione thus degrading the multi-

valent surface of the nanoparticles.66 Despite these efforts, the concept pre-

sented in publication I, where each cationic binding unit of a simple dendritic 

scaffold is connected to the core via a reducible linker, enabling complete deg-

radation of the multivalency, was not explored before. 
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2.1.2 DNA Nanotechnologies 

In nature the order of the bases in the DNA chain determines the sequence of 

amino acids during protein synthesis. The positioning of nucleobases can fur-

thermore be understood as coordinates for the self-assembly of two- or three-

dimensional nanostructures. The approach is highly appealing because of its 

simplicity. As only four different nucleobase monomers are needed, the syn-

thesis of DNA sequences for structure formation is nowadays automated.  

The construction of defined DNA structures started in the 1980’s with the 

hybridization of short ssDNA fragments, or so-called sticky-ends, for attaching 

several small dsDNA constructs to each other.67 The approach does, however, 

allow only the preparation of linearly expanding structures. For the fabrication 

of three-dimensional and highly filled structures branching of the dsDNA is 

required, and thus an approach based on hybridization of several ssDNA 

strands was developed.68 It later refined into the DNA origami technique, 

which utilizes hybridization between a long ssDNA strand called a scaffold 

strand and shorter staple strands, which bind and fold the scaffold strand ac-

cording to a predetermined hybridization pattern (Fig. 2.7).69,70 The origamis 

are held together by regularly positioned cross-over branching points between 

the scaffold and staple strands.  

 

 
 
Figure 2.7. a) Design of a DNA origami structure with the black line representing the 

scaffold ssDNA strand and the colored lines the staple strands. b) 
Atomic force microscopy (AFM) topography image of a square-shaped 
origami. Image size 165 x 165 nm.70 Adapted with permission. © Nature 
Publishing Group.  

 

DNA origamis have been typically prepared via thermal annealing of the 

ssDNA strands in a buffer solution containing Mg2+ ions, which stabilize the 

completed dsDNA structure.71 Slow cooling of the mixture allows hydrogen 

bond formation between nucleobases and the self-assembly of the branching 

points. Despite the theoretical monodispersity of the origamis, the self-
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assembly process is far from ideal especially in the case of more complex 3D 

structures due to kinetic trapping of the imperfect structures during cooling.72 

Recently a method for rapid preparation of origamis at constant temperature 

was presented, promoting the feasibility of origami-based nanotechnologies.73 

During the last decade the library of DNA origami structures has expanded 

from 2D squares and simple shapes with diameters of few hundred nanome-

ters to more sophisticated constructions, such as curving and twisting surfac-

es,74 3D meshes75 and origami “legos” for easily expandable 3D structures.76  

Accurate and appropriately responsive functionalities are essential for the 

preparation of advanced nanodevices. The precision of the base pairing allows 

structural control of the DNA nanostructures with nanometer-scale resolution 

and also the precise modular addition of various building blocks. Mere spatial 

positioning of functionalities or particles on the DNA strands or origamis has 

enabled for example plasmonic effects,77 fluorescent barcodes78 and artificial 

transmembrane channels.79  

Temporal control of DNA nanostructure formation and functional “molecu-

lar machines” of DNA are, however, of even greater interest for dynamic appli-

cations. Several dynamic constructs, which usually either express the move-

ment of small DNA structures or DNA origamis themselves, or consist of a 

“DNA walker” molecule capable of moving along specific routes of even tens of 

nanometers formed of overhanging ssDNA strands on DNA “landscapes”.80,81 

Additionally the walkers may undertake tasks on functionalized origamis. Both 

systems have been visually characterized mainly by AFM.  

The simplest examples include for example the formation of a guanine-

quadruplex structure embedded in an origami tile in the presence of potassi-

um ions82 and DNA “tweezers” formed of three ssDNA strands, which changed 

their conformation upon sequential addition of selectively hybridizing ssDNA 

segments.83 Shape transitions of entire origamis induced by selective binding 

of molecules were used for the detection of for example metal ions and pro-

teins.84 

Mechanical rotation of small DNA crossover structures has been achieved by 

the chemical triggering of conformational changes of DNA and the cyclic circu-

lation of short ssDNA strands, which “fuelled” the turning of a DNA crossover 

structure.85,86 The latter was later on used in a sophisticated DNA machinery 

consisting of an origami tile decorated with the cross-over structures as two-

state cargo-donating devices and a DNA walker, which selectively collected the 

gold nanoparticle cargo.87 DNA walker strategies have additionally enabled for 

example the catalysis of multistep syntheses88 and walkers capable of “sens-

ing” commands on a programmed path.89 
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The delivery of various cargo can be executed with dynamic 3D structures, 

such as a box consisting of several origami tiles with a controllable lid.90 Con-

tainers with opening mechanisms systematically sensitive to various molecules 

expressed by living cells were recently used to control the delivery of cell-

targeting molecules in living insects.91,92  

Despite advances in the development of dynamic structures, only a few con-

cepts for controlling the formation of whole origami structures, as demon-

strated in publication II, have been presented. The slow gradual removal of a 

chemical denaturation agent from a mixture of scaffold and staple strands in-

duced the formation of origamis similarly to thermal annealing.93 Recently a 

lock-and-key concept consisting of a cationic “lock” polymer, which bound the 

ssDNA constituents blocking the formation of origamis, and an anionic “key” 

polymer liberating the “lock” polymer and releasing the DNA strands, was pre-

sented.94 However, thermal annealing was still necessary for origami for-

mation and additionally a purification step was conducted before imaging the 

origamis.  

2.2 Viruses and Virus-Like Particles 

In a biological sense viruses are infectious agents incapable of reproducing by 

themselves. The infection of a host cell by endocytosis or injection of the ge-

netic material through the cell membrane transforms the cell into a virus repli-

cation machinery. An infectious virus particle encompasses the genome and a 

protective protein capsid, which is in some cases additionally covered by a 

phospholipid envelope. Viruses have been classified according to the type of 

the genome they carry and further by the organism they infect, however, for 

nanotechnology applications the capsid properties are of higher interest.95 

Well-defined and stable capsid architectures are appealing building blocks for 

self-assembly studies and encompass for example pseudo-spherical viruses 

with an icosahedral symmetry, and long helical capsids (Fig. 2.8).96 Icosahe-

dral viruses cover several animal and plant pathogens causing for example 

common cold, polio and hepatitis A. Human-pathogenic capsids are useful for 

biomedical applications where specific binding to cells for gene delivery or 

mild immune reactions by vaccines are desirable. However, nonhuman-

pathogenic plant, insect and bacterial viruses are popular for nanomaterial 

applications.  
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Figure 2.8. Morphologies of the icosahedral viruses cowpea chlorotic mottle virus 

(CCMV) and cowpea mosaic virus (CPMV), and a helical tobacco mosaic 
virus (TMV).96 Reprinted with permission. © Annual Reviews. 

 

The size of an icosahedral capsid and the genome go hand in hand. As the 

outer diameters of the capsids usually fall between 10 and 500 nm, the na-

nometer-scale dimensions significantly limit the size of the genome.96 A re-

stricted number of encoded proteins on the other hand has led to the use of 

several copies of identical protein subunits for the self-assembly of symmet-

rical capsids. The nearly monodisperse nanoscale size and morphology of ico-

sahedral viruses allow the crystallization of the capsids and subsequent char-

acterization.97,98 The detailed structures of several viruses have been resolved 

by X-ray crystallography, transmission electron microscopy (TEM), nuclear 

magnetic resonance (NMR) and modeling studies, which provide accurate 

knowledge about the location of solvent-exposed amino acid residues and 

charge densities on the capsids. For example, CCMV has for decades served as 

a model system for virus capsid assembly and the structure has been deter-

mined to 3.2 Å resolution. The native capsid with a diameter of approximately 

28 nm consists of 180 identical copies of a protein subunit with a molecular 

weight around 20,000 g/mol, and has a triangulation, or Caspar-Klug, number 

T=3, meaning that the identical protein units experience different chemical 

environments on the capsid (Fig. 2.9a).99–101  

Given that the capsids themselves are supramolecular assemblies of several 

protein units, the process is often realizable and reversible in vitro, and non-

pathogenic virus capsids, or virus-like particles (VLP), devoid of the genetic 

material can be manufactured. However, frequently the elimination of the 

electrostatic interactions between the genomic material and the cationic amino 

acid residues inside the capsids reduce their stability, in which case for exam-

ple synthetic polyanions encapsulated inside the virus may be used for stabili-

zation.102 As the life cycle of viruses involves the transfer of genetic material 

outside the host organism, certain capsids are highly robust and stable under 

variations in ionic strength, pH and temperature. Additionally, the capsid pro-
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teins can be chemically or genetically modified for added functionalities, such 

as fluorescent dyes,103 redox-active moieties,104 organometallic contrast 

agents,105 active enzymes106 and recognition sites for biosensors.107 Further-

more, surface modification by polymers or surfactants expands the solvent 

compatibility of viruses to even nonpolar organic solvents.102,108 

2.2.1 Biohybrid Virus Assemblies 

The outer surface and inside cavity of protein cages can be exploited in several 

ways towards for example novel metamaterials with unique optical or elec-

tronic properties. Most virus particles have an isoelectric point (pI) between 

3.5 and 7, meaning that their outer surfaces are negatively charged at physio-

logical pH.109 CCMV has a pI of 3.8, however, the negative potential on the 

surface is not uniformly spread, but predominantly located around the pores at 

the quasi-threefold axes between the penta- and hexameric subunits of the 

capsid (Fig. 2.9b).110 Accurate structural information provides means for site-

specific functionalization or patterning, and charge locality allows the precise 

positioning of positively charged nanoparticles or molecules on the capsid sur-

face by electrostatic interactions. Thus high local concentrations of functional 

moieties can be presented on capsid surfaces via the multivalent display of 

charges and amino acids. Furthermore, controlling the assembly of virus parti-

cles into well-defined structures enables precise positioning of the attached or 

encapsulated materials. 

 

 

 
 
Figure 2.9. a) A schematic representation of a quasi-equivalent lattice model for 

CCMV. The polygons A-C represent chemically identical protein sub-
units. The 2-fold, 3-fold, and 5-fold axes are identified by filled oval, tri-
angles, and pentagons, respectively. The quasi-threefold axes are identi-
fied by empty triangles. b) The calculated electrostatic potential on the 
solvent-accessible surface of native CCMV. Blue and red colors represent 
positive and negative electrostatic potentials, respectively.110 Adapted 
with permission. © Wiley Periodicals, Inc. 
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The outer diameters of CCMV, CPMV and other related icosahedral capsids 

are circa 30 nm, allowing the precise assembly of several small nanoparticles 

or quantum dots on the capsid surface. Hybrid materials have been prepared 

via covalent attachment of especially gold nanoparticles to genetically engi-

neered cysteine thiols and lysine residues in solution.111–113 Viruses decorated 

with nanoparticles have been shown to exhibit plasmonic properties,114 and 

can be connected to each other to form conducting networks and 

nanosensors.115 Recently several gold nanoclusters with a diameter of 1.5 nm 

were selectively attached to cysteine residues on enteroviruses without affect-

ing their infectivity.116 Similarly, semiconducting quantum dots have been 

added to CPMV for enhanced fluorescence117 and memory applications.118  

Despite the ease of functionalization of single virus particles, significant chal-

lenges lie in direct positional control of icosahedral viruses even at microscopic 

length scales. As facile top-down and deposition methods produce mainly non-

self-standing thin films with limited resolution, the preparation of hierarchical 

complexes and functional metamaterials with collective properties originating 

from both the material composition and the ordered structure requires careful 

bottom-up self-assembly and tailoring of the assembly kinetics to avoid the 

kinetic trapping of disordered structures, as was shown in publication III.  

Irregular virus monolayers have been covalently assembled via genetically 

modified cysteine thiols to gold surfaces119 and to lithographically patterned 

arrays.120,121 Layer-by-layer (LBL) assemblies with cationic polymers onto solid 

supports offer a simple route to multilayer virus films, however, the films lack 

order and show varying thicknesses.122–125 More defined, yet not ordered, lay-

ering of viruses has been achieved via specific biotin-avidin interactions be-

tween separately functionalized virus layers.126  

In some cases the crystallization tendency of native viruses may be simply 

used for the preparation of crystalline optical metamaterials even without as-

sisting scaffolds, as has been shown for brome mosaic virus-like particles en-

capsulated with gold nanoparticles.127 However, the crystallization was sensi-

tive to the size of the encapsulated particle and does not allow tuning of the 

crystal structure or the interparticle distance. Two-dimensional virus crystals 

have been bottom-up assembled onto charged lipid monolayers at liquid-

liquid or liquid-gas interfaces and dried onto mica surfaces.128 Lipid-supported 

crystals can furthermore be cross-linked to mechanically solid films and trans-

ferred onto solid supports.129,130 Larger viruses, such as Wiseana iridescent 

virus with a diameter of 140 nm, may be sedimented and cross-linked to col-

loidal photonic crystals.131 Additionally, crystalline virus structures have been 

used as biotemplates for composite structures, such as mica-supported hexag-

onal and square superlattices for silver nanoparticles growing on cavities on 
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virus surfaces,132 and cross-linked body-centered cubic (bcc) crystals infiltrat-

ed with palladium and platinum salts eventually filling the porous virus crystal 

with aggregated metallic nanocrystals.133  

In addition to supported and cross-linked structures, colloidal biohybrid as-

semblies have been prepared in solution environments. When considering 

electrostatic interactions, the self-assembly of viruses with synthetic, high-

molecular weight polymers is challenging when compared to the well-defined 

dendritic scaffolds and nanoparticles. Nevertheless, stimuli-responsive poly-

mers can introduce controllability into virus-polymer assemblies. pH-

responsive raspberry-like multicompartment particles with diameters of sev-

eral hundred nanometers were prepared by mixing aqueous solutions of 

CPMV and a cationic poly(4-vinyl pyridine).134 The composites were stable at 

pH 5-8, but dissociated at lower pH. Similarly, assembling CCMV with diblock 

copolymers of cationic poly(2-(dimethylamino)ethyl methacrylate) 

(poly(DMAEMA)) and temperature-responsive poly(diethyleneglycol methyl 

ether methacrylate) enabled repeating assembly-disassembly cycles by varying 

the temperature between 18 and 40 °C.135  

Ordered biohybrid assemblies and superlattices of CCMV have been pre-

pared with cationic polymers, low-molecular-weight dendritic molecules and 

gold nanoparticles. In addition to DNA binding, the spermine functionalities 

have shown their potential in the reversible co-assembly of CCMV.136,137 The 

virus-binding efficiencies of the nondegradable and photocleavable spermine 

dendrons of generations G0-G2, PAMAM dendrimers of G0-G3 and linear PLL 

of three different molecular weights were consistent with the DNA-binding 

characteristics previously shown for the spermine dendrons. That is, the as-

sembly efficiency increased with increasing molecular weight or charge con-

tent, with the symmetrical PAMAM dendrimers being the most efficient in 

binding CCMV. An elevated salt concentration decreased the electrostatic at-

traction between CCMV and the cationic moieties, except in the case of the 

largest PLL and PAMAM structures. Supporting the formation of kinetically 

trapped structures, the strongest binding prevented the formation of ordered 

structures, and on the other hand, weaker binding led to 3D packing of the 

viruses.  

Furthermore, the photocleavable spermine dendrons provide a facile way for 

rapid assembly and UV-light triggered disassembly of the virus assemblies.137 

In simulation studies the photocleavable dendrons were shown to co-assemble 

CCMV capsids with different mechanisms depending on the dendron genera-

tion.138 The first-generation dendron is small enough to fully compensate for 

the surface charge of CCMV without exposing auxiliary cationic spermine units 

to the solution, which leads to a hydrophobic association of the virus capsids. 
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On the contrary, the second-generation dendron assembles CCMV particles via 

electrostatic interactions by spermine branches extending between viruses. As 

part of the spermine branches of the larger dendron protrude to the solution 

from the virus surface, they are able to screen the binding site from salt ions, 

as was shown also in the case of DNA binding.14 Consequently increasing the 

salt concentration has a minor effect on the binding strength, which addition-

ally explains the aforementioned salt-insensitivity of the larger PLL and 

PAMAM dendrimer. 

Highly ordered 3D superlattices have been prepared by self-assembling 

CCMV with cationic gold nanoparticles.139 Careful regulation of ionic strength 

and pH resulted in binary superlattices with a crystalline structure not previ-

ously observed for nanomaterials. CCMV adopted a face-centered cubic (fcc) 

structure and eight gold nanoparticles with diameters of 8.5 nm filled each 

octahedral void between the CCMVs. Size of the gold nanoparticles directed 

their positioning to every other negatively charged patch, which are situated 6 

nm apart on the CCMV surface, leading to optimized dense packing of the 

superlattice. Recently the concept was expanded to the self-assembly of CCMV 

and native spherical avidin proteins with a diameter of 7.2 nm into non-close-

packed bcc binary protein crystals, which were further functionalized via bio-

tin-avidin interactions.140 

2.2.2 Enhanced Viral Gene Delivery 

In addition to external modification of virus capsids, empty capsids have been 

extensively used for the encapsulation and nucleation of materials.141 A self-

evident approach is to replace the native viral genome with modified genetic 

material for viral gene delivery, where the natural life cycle of viruses is used 

for enhanced nuclear delivery of virus-encapsulated genomic material.  

Viruses were the first gene delivery systems in the beginning of the 1990’s. 

Due to adverse immune responses and short-term gene expression of adenovi-

ruses, safer options with prolonged gene expression, such as retroviruses and 

lentiviruses, have attracted researchers in addition to the synthetic, 

polycationic gene delivery scaffolds.142 The disadvantages of retrovirus-

mediated gene delivery are poor targeting and weaker transduction efficiencies 

when compared to the adenoviruses.143 A sufficiently high concentration of 

viruses is additionally generally required for optimal and cost-effective gene 

delivery applications and in several cases the vector concentration has to be 

increased by laborious ultracentrifugations.144  

Consequently, multivalent cationic transduction enhancers have been suc-

cessfully used for overcoming challenges in concentrating the viral vectors and 
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promoting the initial, nonspecific attachment of negatively charged capsids 

onto cell membranes. Enhancer molecules chemically similar to DNA-binding 

scaffolds such as PLL, polymeric hexadimethrine bromide, or polybrene, and 

cationic peptides and proteins have been shown to increase retroviral trans-

duction in vitro via charge shielding between the viruses and the cell mem-

branes, or via high-affinity binding of viruses.145–147  

Another successful strategy combines the cationic functionalities with advan-

tageous particle morphologies. Natural amyloid fibrils and synthetic self-

assembled peptide nanofibrils similar to the cationic cellulose nanocrystals 

used in publication IV have been shown to significantly increase transduction 

rates in vitro and in vivo when compared to polybrene and protamine sulfate, 

and with little or no observed cytotoxicities.148–151 In addition to increased virus 

concentrations and physical interactions between the viruses and cell mem-

branes, rod-like cationic particles are capable of entering cells without induc-

ing significant cell death, however, the exact origin of the enhanced transfec-

tion compared to molecular carriers, and the role of receptor-mediation are 

still unclear.152 

2.3 Cellulose Nanocrystals 

The biosynthesis of cellulose in plants produces supramolecular fibers with a 

hierarchical composite structure and a high aspect ratio. The cellulose 

homopolymer chains consist of -1,4-linked anhydro-D-glucose rings forming 

cellobiose repeating units, where a primary hydroxyl group is positioned at the 

C6 carbon and secondary hydroxyls at C2 and C3 (Fig. 2.10a). The hydroxyl 

groups are additionally positioned equatorially, or in the plane of the ring, 

while the hydrogen atoms in the ring are positioned axially.  

During the multistep biosynthesis several cellulose chains are bound to-

gether via strong interchain hydrogen bonding between the hydroxyl groups 

and by van der Waal forces. Additional intrachain hydrogen bonds between 

adjacent glucose units stabilize the glycosidic bonds and the rigid linear con-

formation of the cellulose chains (Fig. 2.10b).153 According to a current under-

standing, these supramolecular elementary fibrils in higher plants, such as 

wood and cotton, are synthesized by cellulose synthase complexes, or “ro-

settes”, which produce in total up to 36 cellulose chains, and the diameter of 

the elementary fibril is circa 3-5 nm.154 
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Figure 2.10. a) The repeating cellobiose unit of a cellulose chain with carbon atoms 

numbered from 1 to 6, and the axially positioned hydrogen atoms 
marked with an asterisk. b) The intra- and intermolecular hydrogen 
bonding in cellulose I  according to reference 153.  

 

In native cellulose, namely cellulose I, the chains align in a “parallel up” fash-

ion and certain lengths of the elementary fibrils crystallize into two distinct 

polymorphs, triclinic I  and monoclinic I  unit cells.155 The crystalline struc-

tures can coexist with varying ratios depending on the cellulose source. Cellu-

lose I  is the predominant form in higher plants and invertebrate marine ani-

mals called tunicates, whereas I  dominates in algae and bacterial cellulose.156  

The main difference between the unit cells is the relative displacement of cel-

lulose chains in the “hydrogen bonding plane” (Fig. 2.11). The unit cell dimen-

sions have been elucidated recurringly over the years, with the most recent X-

ray and neutron diffraction results giving unit cell parameters for I : a=0.67 

nm, b=0.596 nm, c=1.04 nm, and angles =118.08 , =114.80 , =80.38  and 

for I : a=0.778 nm, b=0.820 nm, c=1.038 nm and =96.5 , and consequently 

lattice plane spacings of 0.39, 0.53 and 0.61 nm for both unit cell 

structures.157,158 

 
 

Figure 2.11. Unit cell structures for cellulose I  (dashed line) and I  (solid line). a) A 
projection along the cellulose chain direction with the unit cells super-
imposed on the cellulose I crystal lattice and cellulose chains depicted as 
gray rectangles. In this orientation the unit cells share the three major 
lattice planes, labelled 1, 2, and 3, with the corresponding lattice plane 
spacings of 0.39, 0.53, and 0.61, respectively. b) The relative configura-
tions of I  and I  unit cells when viewed in the direction of the hydrogen 
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bonding plane. c-d) Displacements of the hydrogen bonding sheets for c) 
I  and d) I .156 Adapted with permission. © The Royal Society of Chem-
istry. 

 

In plant celluloses the crystalline regions are connected by less ordered 

amorphous parts along the elementary fibrils, which assemble into larger 

microfibrils and further to microfibril aggregates with hemicellulose and other 

low-molecular-weight polysaccharides. According to the fringed fibrillar model 

of the microfibril, the overall arrangement of the crystalline parts throughout 

the semicrystalline fibril is disordered, with the cellulose chains and elemen-

tary fibrils twisting and bending along the fibril.159,160  

Rod-like cellulose nanocrystals (CNC), frequently called also cellulose 

(nano)whiskers, nanocrystalline cellulose and previously cellulose microcrys-

tals, can be prepared from various celluloses by chemical degradation of the 

amorphous parts of the elementary fibrils, leaving the crystalline regions in-

tact. Starting materials for the hydrolytic degradation are usually highly puri-

fied and homogenized cellulose products including pulp, filter paper and cot-

ton linters. Certain tunicates produce highly crystalline cellulose fibers, which 

can be easily purified of the animal protein matrix to give long CNCs. 

Several strong acids combined with elevated temperatures and mechanical 

stirring have been utilized since the 1950’s for CNC preparation, providing 

CNCs with different surface characteristics. Concentrated sulfuric acid has 

been extensively used due to the attractive dispersion properties of the prod-

ucts.161,162 Sulfuric acid reacts with the surface hydroxyl groups of the crystals 

yielding CNCs grafted with negatively charged sulfate esters. The CNCs are 

thus multivalent, anionic nanorods by their own right and readily disperse into 

water to form electrostatically stabilized colloidal dispersions. Additionally, 

they may be dispersed into organic solvents with high dielectric constants, 

such as dimethylformamide (DMF) and dimethyl sulfoxide, via freeze-drying 

followed by vigorous mixing and sonication in the organic solvent.163–165  

Phosphoric acid has been used similarly to sulfuric acid to yield CNCs with 

anionic surface phosphate groups.166 Furthermore, hydrochloric acid (HCl) 

and hydrobromic acid produce morphologically similar hydrolysis products as 

the aforementioned acids, however, the resulting CNCs do not possess surface 

charge.167,168 The neutral character limits their dispersibility into several sol-

vents and increases their aggregation tendency in aqueous dispersions leading 

to flocculation.169 

In addition to acid hydrolysis, CNCs may be produced by cellulase 

enzymes170 or oxidizing agents, such as ammonium persulfate.171 Additionally, 

oxidizing 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), which selectively 
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introduces carboxylate groups on the primary C6 hydroxyls, has been used for 

the post-modification of neutral, HCl-hydrolyzed CNCs for introducing surface 

charges and improving the dispersibility of the CNCs.172 

The amount of crystallinity in plant CNCs varies between 54-88%, with the I  

crystal structure covering 68-94%.156 The measured degree of crystallinity de-

pends on the characterization method, however, the high amount of partially 

hydrogen-bonded surface chains in the nanoscale rods in general decreases the 

degree of crystallinity. The exact cross-sectional shape of CNCs, actual accessi-

bility of the crystal faces and positioning of the hydroxyl groups on the surface 

are still under debate.173,174 Additionally, characterization of the nanoscale sur-

face morphology of single CNCs and the origin of structural defects is generally 

challenging, yet shape irregularities are often seen in TEM images. 

As the CNCs are prepared by a top-down method from a natural fiber and 

are thus irregular in size, long-range order of the colloidal rods is challenging 

to achieve. Size of the CNCs depends on the source and the widths usually ap-

proach that of the elementary fibrils in question. Sulfated CNCs with wood and 

cotton origin display widths between 5-10 nm and lengths of 100-400 nm with 

relatively low polydispersity (Fig. 2.12a.).  

The aspect ratios of CNCs from higher plants are thus around 20-50, which 

allows the formation of liquid crystalline assemblies in solution.175 Liquid 

crystallinity and birefringence of concentrated aqueous CNC dispersions were 

observed early on.176 The twisting of cellulose microfibrils has been shown by 

TEM,177 and studies of CNC dispersions and recently TEM tomography images 

support the hypothesis that CNCs possess a chiral twisted morphology as 

well.178–180 Well-dispersed sulfated CNCs at concentrations above 1-10% by 

weight in water consequently form a lyotropic, left-handed chiral nematic liq-

uid crystal phase, also called a cholesteric phase, which can be described as a 

helicoidal stack of nematic CNC planes (Fig. 2.12b.). The formation of an ani-

sotropic phase in solution may be induced by decreasing the solvent content by 

evaporation, or by spontaneous phase-separation of a CNC dispersion into 

isotropic and anisotropic phases.181,182 The structural features of the liquid 

crystalline phase, such as the distance where the orientation of the nematic 

CNC layers undergo a full round, i.e. the chiral pitch, can be further tuned by 

varying the electrolyte concentration and the nature of the counterions.183 Ad-

ditionally steric stabilization and neutralization of the sulfate charges with 

various bases have been shown to induce the self-assembly in organic sol-

vents.184,185 Consequently applications utilizing the colloidal, liquid crystalline 

and gelation properties of pristine CNCs have been presented, such as CNC-

templated photonic films,186 and iridescent hybrid films with graphene 

oxide.187 
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Figure 2.12. a) TEM micrograph of negatively stained CNCs from ramie fibers.188 b) 

The left-handed chiral nematic liquid crystal phase of CNCs.189 Re-
printed and adapted with permission. © The Royal Society of Chemis-
try.  

2.3.1 Functionalization of Cellulose Nanocrystals 

The high surface-to-volume ratio of CNCs makes them an interesting platform 

for added functionalities. The negatively charged surface sulfate esters of CNCs 

allow noncovalent modification via electrostatic interactions, covering the ad-

sorption of for example surfactants, polymers and nanoparticles, and LBL fab-

rication of multilayer films.190–192 However, the charged surface groups do not 

completely shield the cellulosic hydroxyl groups, which are accessible for cova-

lent modifications.  

Despite the high hydroxyl content, the cellulose molecule possesses signifi-

cant amphiphilic character due to the equatorial positioning of the hydroxyl 

groups in the anhydroglucose ring and consequently axial positioning of the 

hydrogen atoms. The amphiphilic nature manifests as low solubility of fibrous 

and crystalline celluloses to common solvents, however, the significance of the 

interactions contributing to cellulose insolubility are still under debate.193,194 

Consequently the CNCs are generally stable and retain their crystallinity even 

under harsh reaction conditions and long reaction times.195 Nevertheless, for 

example sulfuric acid catalyzed acetylation has been shown to decrease the 

width of tunicate CNCs, which was attributed to the dissolvation of acetylated 

surface cellulose chains into the acetylation medium.196  

Determining the efficiency of functionalization, or degree of substitution 

(DS) on the crystal surface, i.e. the fraction of reacted hydroxyl groups per 

anhydroglucose unit, is not straightforward for CNCs. It is generally assumed 

that nonselective modifications affect only the surface chains and modify 

foremost the primary C6 hydroxyl group, and that the crystal morphology does 

not change during grafting. Thus calculation of the DS depends on estimations 

about the CNC size and subsequently about the ratio of surface chains to the 



Background 
 

26 

chains buried inside the crystal. Additionally, as mentioned, the actual fraction 

and availability of the surface hydroxyl groups are still unclear, yet in some 

cases estimations have been made.173,197 Furthermore, the DS may vary be-

tween reaction batches, complicating the use of chemically modified CNCs in 

applications requiring consistency. 

The majority of derivatizations presented during the last ten years have been 

performed after freeze-drying and solvent exchange to polar organic solvents. 

Reactions with low-molecular-weight compounds include for example 

esterifications,198 silylations,199 etherifications,200 isocyanate chemistry,201 and 

copper(I)-catalyzed 1,3-dipolar cycloadditions, or so-called click reactions.168 

Additionally, hydrophobic CNCs have been produced from cotton linters by a 

one-pot reaction combining the acid hydrolysis and the modification by using 

a mixture of hydrochloric and organic acids.202 

In addition to organic reaction media, aqueous and solvent-free reaction sys-

tems have been presented. TEMPO-functionalization allows modification un-

der conventional peptide coupling conditions in aqueous dispersions.203 Acyla-

tion of water-dispersed CNCs was successfully conducted by mixing with suc-

cinic anhydride water emulsions, followed by drying, brief heating and redis-

persing into acetone.204 Chemical vapor deposition (CVD), i.e. the use of vola-

tile reagents for the modification of freeze-dried CNCs prior to dispersion 

preparation has been shown to increase the compatibility of CNCs with organ-

ic solvents.195,205  

Most grafting reactions have focused on changing the polarity of CNCs for 

promoting their compatibility with nonpolar solvents and composite matrices, 

and on the addition of functional or stimuli-responsive groups. Modifications 

by small molecules have produced CNCs with functionalities similar to those 

used for the functionalization of viruses, such as fluorescent206–210 and 

ferrocene moieties.211,212 An interesting synthesis strategy exploited the chemi-

cal anisotropy of CNCs in selective thiolation of one end of the parallelly 

aligned cellulose chains, producing CNCs end-capped with silver nanoparticles 

and cilia-mimetic CNC-covered surfaces.213 Recently coumarin-modified, UV-

responsive CNCs were prepared for the reinforcement of photoswitchable 

composites.214 

The development of modern polymerization techniques has opened new 

pathways for the modification of CNCs. Grafting of polymers onto or from the 

surface of CNCs allows substantial functionalization of the rods without the 

need for an unusually high DS, and may introduce efficient steric stabilization 

of the colloidal dispersions. Both grafting techniques have been successfully 

used, however, grafting of polymers from the surface of CNCs instead of graft-

ing pre-synthesized polymer chains onto CNCs is generally favored due to 
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higher grafting densities. Several polymerization methods have been used dur-

ing recent years. Most studies have utilized either ring opening polymerization 

with the surface hydroxyls as initiating sites, or radical polymerization tech-

niques on initiator-modified CNCs.190  

Similarly to hydrophobizations by small molecules, polymer grafting has 

been used especially to facilitate the preparation of composite materials. Addi-

tionally, a polymer brush on colloidal CNCs may introduce novel material 

properties such as self-healing via host-guest chemistry215 and thermotropic 

liquid crystallinity induced by azo-polymers.216 Furthermore, CNCs decorated 

with polymers responsive to UV-irradiation217 and variation in 

temperature218,219 and pH220 have been prepared.   

Inversion of the CNC surface charge to a cationic one is a prerequisite for the 

electrostatic assembly of CNCs with negatively charged biological macromole-

cules. Fibrillar and dissolved cationic celluloses have been extensively utilized 

for bulk products such as antibacterial films.221 However, studies encompass-

ing CNCs and viruses are few and concentrate in antiviral applications,222,223 

while assembly studies, as presented in publication IV, have not been ex-

plored. 

The first cationizations were based on etherification of CNCs by (2,3-

epoxypropyl)trimethylammonium chloride.200,224,225 Activation of the CNC 

hydroxyls by strong alkaline treatment prior to the reaction can simultaneous-

ly remove part of the sulfate groups, leading to flocculation of the CNCs.226  

Despite the presumable electrostatic complexation between anionic CNCs 

and a cationic reagent, and the fact that cationic surfactants have been 

complexed with sulfated CNCs,227 direct cationizations have been executed 

when the anionic charges have been sufficiently shielded by pre-

functionalization with for example polymerization initiators or click chemistry 

precursors. The addition of cationic reagents onto CNCs without removing the 

sulfate groups has been realized via click chemistry and esterifications with 

imidazolium- and pyridinium-based ionic liquid molecules, producing highly 

cationic CNCs for ion exchange applications.228,229 Click chemistry has also 

been used for the attachment of cationic porphyrins to CNCs for the photody-

namic inactivation of several bacteria.230 

The grafting of pH-responsive poly(DMAEMA) with a pKa of 7.4-7.8 via sur-

face-initiated atom-transfer radical polymerization (SI-ATRP) from CNCs, 

which was also utilized in publication IV, has been performed before in meth-

anol, producing short and fairly polydisperse poly(DMAEMA) grafts.231 Addi-

tionally copolymers of poly(DMAEMA) and a naphtyl-functionalized methac-

rylate have been grafted from CNCs by SI-ATRP for the preparation of stiff 

hydrogels.215   
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2.3.2 Cellulose Nanocrystals in Polymer Composite Reinforcement  

The dense hydrogen bonding between and within the cellulose chains leads to 

extraordinary mechanical properties, which depend, however, on the direction 

of deformation. The Young’s modulus or tensile modulus of crystalline cellu-

lose I has been estimated to be around 105-220 GPa and the tensile strength 2-

10 GPa depending on the orientation of the CNCs and the detection 

method.232,233 The values are comparable to those of aramid fibers, such as 

kevlar. Additionally, the high surface area of nanosized reinforcing particles 

should favorably increase interactions with composite matrices, and due to the 

high aspect ratio of CNCs, they are expected to provide better reinforcement 

than spherical nanoparticles.189 

Due to the polar nature of CNCs, the traditional approach for composite 

preparation has focused in dispersing individual pristine CNCs into polar pol-

ymer matrices, such as epoxy resins, polyurethane, poly(vinyl alcohol), latexes 

and polysaccharides,183 where they can form a reinforcing percolating network 

of hydrogen-bonded CNCs. Significant reinforcing effects in agreement with 

percolation theories have been achieved by this method, with increases in 

storage moduli of up to two orders of magnitude.234,235 There are, however, 

certain drawbacks to the method. According to the percolation theory, longer 

particles, such as tunicate CNCs compared to shorter cotton CNCs, give better 

reinforcement at low filler fractions. On the other hand, the tensile properties 

reach a plateau at around 0.2-0.5 filler volume fraction.236 Moreover, a high 

weight fraction of unmodified CNCs usually leads to aggregation and degrada-

tion of the mechanical properties especially in the case of more hydrophobic 

matrices.237 Thus highly-filled composites incorporating a major fraction of 

cellulose are impractical to prepare via this method. Additionally, the pristine 

CNCs are highly hygroscopic, which leads to moisture-sensitive mechanical 

properties,238 and in the case of sulfated CNCs, to reduced thermal stability 

due to thermal desulfation of the CNCs and subsequent catalysis of decompo-

sition reactions by the released sulfuric acid.239 

When the hydrogen bonding between CNCs in the composites is removed by 

chemical modification, it has to be replaced by an interfacial adhesion between 

the CNCs and the matrix polymer. Good results of mixing with polymers have 

been achieved via grafting of long alkyl chains from CNCs and melt extruding 

with poly(ethylene), which circumvents laborious solvent exchanges.198 Simi-

larly, CNCs grafted with poly(L-lactic acid) (PLLA) were extruded with PLLA 

and exhibited co-crystallization with the matrix.240 However, in both cases the 

CNC fractions were only 2-10% by weight and inconsistent effects on the me-

chanical properties were observed.  
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Thus achieving significant toughness in CNC composites via the optimization 

of dispersion quality, weak CNC-matrix interactions and CNC fraction is ex-

tremely challenging. For example covalent cross-linking between a low frac-

tion of CNCs and a polyurethane matrix,241 and sacrificial hydrogen bonds be-

tween polymer-grafted CNCs have been shown to significantly improve the 

mechanical properties and introduce plastic behavior.242 However, biomimetic 

composites combining a high fraction of well-organized, reinforcing CNCs with 

a soft, toughening matrix, as presented in publication V, have been largely 

unexplored. 

The stress-transfer properties of composites with uniaxially oriented CNCs 

have been shown to be dominated by CNC-matrix interactions, as opposed to  

isotropically dispersed CNCs.243 Thus the orientation of CNCs in composites is 

expected to increase especially the axial stiffness of the materials. Due to the 

twisted chiral nature of CNCs, their uniaxial orientation throughout a disper-

sion or in films has proven to be challenging and usually requires the use of 

external forces such as strong magnetic fields,244,245 shearing246,247 or electric 

fields.248,249 Identical techniques have been successfully used for the orienta-

tion of CNCs in composite preparation, 250–252 and improved mechanical prop-

erties along the axis of CNC orientation have been presented.253,254 
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3. Results and Discussion 

3.1 DNA Binding and Triggered Release by Reducible Dendrons  

The previously presented nondegradable, spermine-functionalized dendrons 

were shown to efficiently bind and compact DNA, yet were unable to transfect 

cells by themselves.37 To enhance the unpacking of DNA, the photocleavable 

spermine dendrons were developed and found to rapidly degrade under UV-

irradiation and release the genomic material.54 To further introduce a biologi-

cally degradable linker and spatial control of the release event, in publication I 

we expanded the concept of triggered release to chemically reducible dendrons 

containing a disulfide bond, which should selectively cleave inside the reduc-

ing cytosolic environment. 

To prepare the dendron, an asymmetrically tert-butyloxycarbonyl (Boc) pro-

tected spermine was coupled via the free terminal amine to 3,3’-

dithiodipropionic acid, forming the Boc-protected precursor of the zero-

generation compound ssG0 with one spermine unit (Fig. 3.1). The disulfide-

modified, Boc-protected spermine was further connected via the free acid of 

the disulfide linker to separately convergently synthesized first and second 

generation L-lysine dendrons under peptide coupling conditions. Generations 

of the L-lysine scaffold grow by two branches, leading to structures with two or 

four spermine units. The Boc-protected dendrons were carefully purified from 

side products by preparative gel permeation and column chromatographies. 

The spermine units were finally deprotected with HCl-gassed ethyl acetate to 

liberate the spermine-functionalized target compounds, denoted as ssG0, 

ssG1 and ssG2, as HCl salts with nominal charges of +3, +6 and +12, respec-

tively (Fig. 3.1). The products were characterized for their proper composition 

by 1H NMR and mass spectrometry. 
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Figure 3.1. Structures of the reducible dendrons ssG0, ssG1 and ssG2. Adapted 

with permission from publication I. 
 

Binding of the dendrons to short dsDNA from salmon testes was studied us-

ing an ethidium bromide (EthBr) displacement assay. A first-generation 

Newkome-type spermine dendron (G1, Fig. 2.6) without the reducible dithiol 

bond and possessing three spermine groups with a nominal charge of +9 was 

used as a reference molecule.36 The EthBr displacement assay quantifies the 

competition for DNA binding between the multivalent dendrons and EthBr, a 

small cationic DNA intercalator, which displays enhanced fluorescence when 

bound to DNA. However, the displacement of EthBr to solution by DNA-

binding molecules causes quenching of the fluorescence. The efficiency of 

binding can be characterized by CE50 values, which designate the dendron 

charge excess (CE) leading to a 50% decrease in fluorescence intensity. Charge 

excess is defined as the nominal number of positive charges of the dendrons 

divided by the number of negative charges on the DNA, or as the 

amine/phosphate (N/P) ratio. 

DNA binding was studied at pH 7.2 under a low NaCl concentration (9.4 

mM) and at physiological salt concentration (150 mM). At 9.4 mM salt concen-

tration the dendrons bound DNA in a generation-dependent manner (Fig. 

3.2a, Table 3.1), with an increasing number of spermine groups leading to 

higher affinity towards DNA, as has been shown before for the spermine-

functionalized dendrons.36 

Spermine and ssG0 bound DNA only moderately (CE50 = 6 and 12.5, respec-

tively), and ssG0 showed even weaker affinity towards DNA than unmodified 

spermine due to loss of one primary amine for coupling of the dithiol function-

ality. The dendritic ssG1 and ssG2 showed comparable affinity towards DNA 

(CE50 = 1.9 and 1.5, respectively). When compared to G1, all reducible 
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dendrons showed weaker binding affinity. Architecture of the L-lysine scaf-

folds and positioning of the spermine units are noticeably different from the 

Newkome-type core and probably affect the binding significantly. The exact 

mechanism was, however, not studied.  

At physiological salt concentration spermine, ssG0 and ssG1 lost their affin-

ity towards DNA, due to insufficient multivalency not capable of competing 

with the higher salt concentration (Fig. 3.2b). Only ssG2 was able to bind 

DNA under these conditions, yet with a lower affinity than at 9.4 mM NaCl 

(CE50 = 4.5), showing that salt-independent binding was not achieved. 

 
Table 3.1. CE50 values for spermine, ssG0, ssG1 and ssG2 as determined by the 

ethidium bromide displacement assay. 
 

 

 

 

 

 

 

The degradable character of the disulfide-functionalized dendrons was fur-

ther demonstrated by using dithiothreitol (DTT), a mild reducing agent, for 

the reduction of the disulfide bonds. The ssG1, ssG2 and G1 dendrons were 

complexed with DNA at 9.4 mM to CE=4, and the ssG2 and G1 at 150 mM to 

CE=7. DTT was added to the dendron-DNA complexes to a total concentration 

of 10 mM. The release of DNA from the complexes was clearly visible by the 

increase of fluorescence by the rebound EthBr (Fig. 3.2c and d). At 9.4 mM 

maximal release of DNA occurred over a period of 150 min (Fig. 3.2c), howev-

er, under physiological conditions the release was significantly faster and a 

plateau in fluorescence was achieved after 5 minutes (Fig. 3.2d). Importantly, 

the nonreducible G1 did not release DNA after the DTT addition, signifying 

that the DNA was released due to the reduction of the disulfide bonds. 

 

 
 

Compound Nominal charge CE50, 9.4 mm NaCl CE50, 150 mm NaCl 

spermine +4 6.0 >400 

ssG0 +3 12.5 >200 

ssG1 +6 1.9 >200 

ssG2 +12 1.5 4.5 

G1 +9 0.7 2.7 
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Figure 3.2. Fluorescence titration results for spermine, ssG0, ssG1 and ssG2. 

Quenching of EthBr fluorescence in the presence of a) 9.4 mm NaCl and 
b) 150 mm NaCl. Release of DNA after addition of a reducing agent (10 
mm DTT) in the presence of c) 9.4 mm NaCl and d) 150 mm NaCl. Re-
printed with permission from publication I. 

 

The binding and release of DNA at 150 mM NaCl were visually verified by a 

gel electrophoresis retardation assay (Fig. 3.3). In the assay and in further 

studies a circular plasmid DNA with 6700 base pairs was used. DNA was again 

complexed with ssG2 to CE=7, and DTT (10 mM) was added to appropriate 

complexes and incubated for 20 minutes before the gel was run. EthBr was 

used as a fluorescent label to facilitate the straightforward imaging of the ge-

nomic material. Both ssG2 and the reference G1 were seen to efficiently bind 

and retard the electrophoretic mobility of DNA (Fig. 3.3, lanes 3 and 5). How-

ever, as demonstrated by the EthBr assay, the addition of DTT released DNA 

only from the DNA-ssG2 complex (Fig. 3.3, lane 4). Importantly, fragmenta-

tion of the free DNA was not detected on the gel after reduction.  
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Figure 3.3. Gel electrophoresis of plasmid DNA (150 ng per lane). Lanes 1 and 7: 

DNA. Lane 2: DNA + DTT (10 mM). Lane 3: DNA + ssG2. Lane 4: DNA 
+ ssG2 + DTT (10 mM). Lane 5: DNA + G1. Lane 6: DNA + G1 + DTT 
(10 mM). Reprinted with permission from publication I. 

 

The ability of the reducible dendrons to assemble DNA into complexes with 

an overall cationic charge for gene delivery was studied by measuring the elec-

trokinetic potentials, or -potentials of the complexes, at 9.4 mM NaCl. Free 

DNA and DNA-ssG0 complexes showed similar -potentials close to -30 mV 

even when the CE was increased to CE=10, indicating a weak binding by the 

ssG0. Consequently, adding DTT to a concentration of 10 mM did not signifi-

cantly alter the -potential values. Complexation with ssG1, ssG2 and G1 to 

CE=4 led to evident increase of the -potential values. However, for ssG1 a -

potential of -2.8 mV was found, indicating that the binding was not strong 

enough to complex DNA to entirely cationic polyplexes. Larger dendrons ssG2 

and G1 on the other hand assembled DNA into complexes with positive -

potentials of 13.9 and 12.6 mV, respectively. After reduction with DTT, all 

complexes with reducible dendrons showed -potential values around -30 mV, 

which are in agreement with the -potential of free DNA. On the other hand, as 

expected, the addition of DTT had no effect on the -potential of the 

nonreducible DNA-G1 complex. 

The morphology of free DNA and DNA-ssG2 complexes in pure water and at 

150 mM NaCl were imaged by AFM. Plasmid DNA deposited from pure water 

to mica showed a typical circular structure with partially supercoiled regions 

(Fig. 3.4a). Complexation with ssG2 in pure water prior to deposition led to 

nearly spherical aggregates with parts of the DNA strands looping around the 

compact cores (Fig. 3.4b). Diameters of the dry complexes were around 100 

nm, which does not directly correspond to their size in solution due to 

flattening on the substrate. At 150 mM NaCl the complexes were even more 

compact with a few larger aggregates present, proving that the complexes were 

not degradable by increasing the ionic strength, despite ssG2 showing weaker 

affinity towards DNA at the higher salt concentration (Fig. 3.4c). Addition of 

DTT to the DNA-ssG2 complex before deposition revealed intact, free DNA 
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strands on the mica, proving efficient release of the genomic material (Fig. 

3.4d). 

 

 
 
Figure. 3.4. AFM topography images of a) plasmid DNA deposited from pure water, 

b) DNA-ssG2 complexes deposited from pure water, c) DNA-ssG2 
complexes deposited from 150 mM NaCl water solution, d) DNA-ssG2 
complexes deposited from 150 mM NaCl and 10 mM DTT water solu-
tion. Image size is 3 μm x 3 μm. Reprinted with permission from publi-
cation I. 

 

Finally, we tested the cytotoxicity of the reducible dendrons in vitro by an 

assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) for the detection of metabolic activity in human cervical 

adenocarcinoma cells, or so-called HeLa cells. The dendrons and a linear PEI 

(25 000 g/mol) as a reference were added to HeLa cell culture wells with final 

concentrations between 2-80 μg/ml, and the cells were treated with MTT. The 

level of the coloured metabolic product of MTT is proportional to the number 

of viable cells in the culture, and was quantified by measuring the absorbance 

of each well and comparing it to untreated cells. As expected, PEI was clearly 

cytotoxic and cell viability decreased to 10% at 20 μg/ml concentration. On the 

other hand, the reducible dendrons showed lower cytotoxicities throughout 

the whole concentration range, with cell viabilities remaining at 80%-110%. 

The biocompatiblity was consequently lower than for the nondegradable 

dendrons, which by themselves did not show any reduction of metabolic 

activity.37 
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3.2 Controlled Formation and Assembly of DNA Origami Struc-
tures 

In publication II we studied the controlled formation of DNA origami struc-

tures, and additionally demonstrated the assembly and triggered release of 

entire origamis. The ssG2 dendron and the previously published, photode-

gradable dendron (pllG1, Fig. 3.5) with a Newkome-type scaffold and an o-

nitrobenzyl linker cleavable by UV-irradiation (~360 nm) were used for DNA 

binding. The triggered formation of origamis was explored by three methods. 

Firstly, the dendrons were separately complexed with long ssDNA scaffold 

strands. This prevented base pairing with the staple strands and origami for-

mation. Subsequently, origami formation was examined after the application 

of proper trigger signals. In the second step the dendrons were separately 

complexed with the oligomeric ssDNA staple strands instead of the scaffold 

strand. Thirdly, both dendrons were simultaneously used for binding the scaf-

fold strand and the effects of multiple triggers were examined. 

 

 
 
Figure 3.5. Structure of the photocleavable pllG1 dendron and the photolytic reac-

tion. Adapted with permission from publication II. 

 

Dendrons ssG2 and pllG1 had nominal charges of +12 and +9, respectively. 

However, the reducible ssG2 showed lower affinity towards DNA than the 

photocleavable pllG1, as noted in publication I when compared with the 

nondegradable G1. Consequently, concentrations of the dendrons were opti-

mized for each experiment to provide sufficiently strong binding for prevent-

ing the formation of origamis in the absence of the trigger signals, yet weak 

enough to avoid the formation of large, nondegradable aggregates. Thus ssG2 

required consistently higher CE ratios than pllG1. The scaffold strand was a 

single-stranded viral plasmid isolated from an M13mp18 vector with around 

7000 bases. The staple strands were selected to form approximately rectangu-

lar (70 nm x 90 nm) planar origamis with the scaffold strands. Complexation 

of DNA with dendrons and subsequent origami assembly were performed in a 

buffer solution containing 100 mM NaCl and 12.5 mM magnesium acetate, at 

pH 8.1. Assembly of the origamis in question had been optimized to include a 
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thermal annealing step, thus all samples were thermally annealed from 90 C 

to 20 C to ensure origami assembly. 

The formation of irregular DNA-dendron complexes and the triggered as-

sembly of origami constructs were first imaged by AFM under liquid menisci 

on mica. When the dendrons were complexed with the scaffold strands prior to 

staple strand addition and annealing, only large, deformed aggregates with 

diameters from tens to hundreds of nanometers were detected (Fig. 3.6a and 

b). Subsequently, in the case of pllG1 UV-irradiation (360 nm) was applied at 

two 45 second periods prior to annealing. Similarly, samples containing ssG2 

were treated with DTT (20 mM) for 60 minutes before annealing. In both cas-

es the application of a trigger signal led to high yields of well-formed origamis 

with dimensions corresponding to pristine origamis (Fig. 3.6c and d). Never-

theless, some malformed origamis were present especially when pllG1 was 

used for DNA binding, suggesting that the higher affinity of pllG1 towards 

DNA might lead to aggregates resisting degradation, or that the used UV-

signal was not sufficiently efficient or long-lasting.  

 

 

 
 
Figure 3.6. The triggered formation of DNA origami structures as observed by AFM. 

a, b) The intact dendrons pllG1 and ssG2 bind ssDNA scaffolds to form 
large complexes with no origami structures present. Black arrows indi-
cate the location of complexes. c, d) Rectangular origami structures were 
present after the application of c) UV-irradiation or d) DTT. Reprinted 
with permission from publication II. 
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Next, when the dendrons were individually bound to the staple strands in-

stead of the scaffold strand, similar behavior as before was observed based on 

AFM images, i.e. release of the staple strands by an external trigger was re-

quired for origami formation. 

DNA binding and origami formation by a single type of dendron were further 

characterized by a gel electrophoresis retardation assay (Fig. 3.7). Lanes 1, 7, 

and 11 contained the reference DNA ladder. Pristine origamis were present on 

lanes 2 and 10 as an internal standard. Complexes of dendrons with scaffold 

and staple strands on lanes 4, 6, 8 and 13 showed the formation of large aggre-

gates, which were not able to migrate on the gel. On the contrary, on lanes 

where the complexes were treated with the appropriate trigger signal (3 and 5 

for DTT, 9 and 12 for UV), freely moving, intact origamis were clearly visible. 

 

 

 
 
Figure 3.7. Triggered formation of origami structures observed by gel electrophore-

sis. Lanes 2, 10: DNA origamis without dendrons. Lanes 3, 4: scaffold + 
ssG2 with and without DTT. Lanes 5, 6: staples + ssG2 with and with-
out DTT. Lanes 8, 9; scaffold + pllG1 without and with UV-irradiation. 
Lanes 12, 13: staples + pllG1 and with and without UV-irradiation. 
Lanes 1,7 and 11 contain the reference ladder. Lanes 1-6 and 11-13 were 
located in the same gel, while lanes 7-10 were from another experiment. 
Reprinted with permission from publication II. 

 

When both dendron types were combined at the same concentrations as ear-

lier to bind the scaffold strands, irregular aggregates instead of origami struc-

tures were again observed (Fig. 3.8a). Application of but one trigger signal 

degrading only one dendron type did not enable the formation of origamis 

(Fig. 3.8b and c). When both triggers were applied simultaneously, origamis 

were assembled in high yield (Fig. 3.8d).  
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Figure 3.8. When both dendrons were used simultaneously, multiple trigger signals 

were needed for the formation of origami structures. a) Scaffold strands 
complexed with pllG1 and ssG2 at the same time. The application of ei-
ther b) UV-irradiation or c) DTT alone did not allow the formation of 
origami structures. d) Origami formation was possible only when both 
triggers were used. Reprinted with permission from publication II. 

 

In order to assess the effect of the thermal annealing, complexes with pllG1 

were annealed before the UV-irradiation, which did not change the appearance 

of the aggregates nor allowed the formation of origami structures. Thus it can 

be further concluded that the dendrons can indeed prevent the formation of 

origami structures even during thermal annealing, and that annealing does not 

cancel the multivalent binding. 

Consequently both dendrons at appropriate concentrations were able to bind 

and complex the scaffold or staple strands in such a way that base pairing and 

origami formation were prevented, and importantly, triggered degradation of 

the dendrons resulted in high yields of well-formed origami structures. More-

over, the cleaved and isolated spermine units were not able to bind the DNA in 

such way as to prevent base pairing and origami formation after the degrada-

tion. The dendrons can thus be used as temporary chemical denaturing agents, 

which are removable by simple external triggers. Additionally, the concept 

allows the sequential delivery of various staple strand subsets for the folding of 

different origami structures at the event of distinct triggers. 

The concept was finally extended to switch free origamis “off” and “on” by 

clustering pristine origamis with the dendrons and liberating them by the trig-
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ger signals. The dendrons were able to gather the pre-assembled origamis into 

clusters of a few, intact-looking origamis. The sample with pllG1, however, 

encompassed additionally a few free origami structures. Again, appropriate 

degradation of the dendrons released free origamis to solution without any 

additional treatment. This enables increasing the local concentration of 

origamis by bringing them temporarily close to each other in solution. Provid-

ed with suitable cargo or reacting functionalities, for example sensing applica-

tions could benefit from the concept. 
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3.3 Crystalline Virus-Dendrimer Assemblies 

In publication III the nondegradable Newkome-type spermine dendrons were 

connected from their focal points to hydrophobic dendrons functionalized with 

long alkyl tails to form so-called Janus dendrimers (Fig. 3.9), and their co-

assembly with native CCMV was examined. This type of “double-faced”, 

amphiphilic dendrimer can independently self-assemble in solution to biomi-

metic micelles, vesicles and other bilayer structures with dimensions reaching 

several micrometers.255,256 As the first-generation pllG1 was previously shown 

to induce hydrophobic association of CCMV, a large hydrophobic part is not 

always necessary for the self-assembly of well-defined structures, yet may en-

hance the process by advancing the microphase separation of the hydrophobic 

and hydrophilic parts.138 The co-assembled CCMV-dendrimer crystallites were 

found to resemble known bioactive crystalline virus inclusion bodies formed of 

viral capsids, and could function as model systems for studying their for-

mation and properties.257 

Janus dendrimers were prepared by separately synthesizing the constituent 

spermine- and alkyl-functionalized dendrons prior to attachment via the focal 

points. Boc-protected spermines were peptide coupled to Newkome-type scaf-

folds, which carried a 9-Fluorenylmethyl carbamate (Fmoc) protecting group 

at the focal point. Removal of the Fmoc group by basic piperidine liberated the 

amino functionality, which enabled coupling of the focal point to the carbox-

ylic acid moiety of the hydrophobic dendrons. Deprotection of the spermine 

units was conducted with HCl only after the conjunction of the dendrons to 

improve their compatibility with a common solvent during the coupling. The 

resulting amphiphilic dendrimers were characterized for their proper compo-

sition by 1H NMR and mass spectrometry. 

 

 
 
Figure 3.9. Structures of the amphiphilic Janus dendrimers 3C12-G0, 2C12-G1, 

3C12-G1, and 6C12-G1. Adapted with permission from publication III. 
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By varying the number of spermine groups and hydrophobic alkyl tails in the 

dendrimers, we were able to establish a relationship between dendrimer struc-

ture, binding efficiency and nanoscale structures of the assembled complexes. 

The 2C12-G1, 3C12-G1, and 6C12-G1 all contain three spermine units com-

bined with two, three or six alkyl tails with twelve carbon atoms, while the 

smaller 3C12-G0 dendrimer contained only one spermine unit and three alkyl 

chains.  

The co-assembly of the dendrimers and CCMV was first studied by determin-

ing the binding affinity of the dendrimers to CCMV and the size of the result-

ing secondary assemblies by dynamic light scattering (DLS). CCMV solutions 

in pure water or with 150 mM NaCl were titrated with aqueous dendrimer so-

lutions. In the absence of the dendrimers, a nearly monodisperse size distribu-

tion profile with a hydrodynamic diameter (Dh) of 27.3 nm, resulting from the 

free CCMV, was observed. A decrease in the scattering intensity of individual 

CCMV particles and another peak corresponding to the CCMV-dendrimer 

complexes were immediately detected at the addition of the dendrimers (Fig. 

3.10a, shown for 3C12-G1).  

Figure 3.10b presents the decrease of the free CCMV intensity at 0 mM NaCl 

and the changes in the secondary assembly size when the 3C12-G1 concentra-

tion was increased. At a 3C12-G1 concentration of 4 mg/L, or at 7% w/w of 

3C12-G1/CCMV, free CCMV could no longer be detected. Size of the secondary 

assemblies increased to a few micrometers after 3C12-G1 concentration of ap-

proximately 6 mg/L. The binding behavior of 6C12-G1 and 2C12-G1 were simi-

lar to that of 3C12-G1, while 3C12-G0 showed significantly lower binding af-

finity towards CCMV and a smaller complex size due to only one binding 

spermine unit. At 150 mM salt concentration the overall binding efficiency of 

the dendrimers decreased in the same order as in pure water: 3C12-G1 > 6C12-

G1 > 2C12-G1 > 3C12-G0. Additionally, at the physiological salt concentration 

complex sizes decreased slightly for 3C12-G1, 6C12-G1 and 2C12-G1. 

 

 
 
Figure 3.10. a) DLS results showing the change in the volume-averaged size distribu-

tion profile when CCMV solution was titrated with 3C12-G1 in the ab-
sence of NaCl. b, c) DLS results presenting the changes in free CCMV 
scattering intensity and secondary assembly size, when CCMV solution 
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was titrated with 3C12-G1 at b) 0 mM NaCl and c) 150 mM NaCl solu-
tions. Reprinted with permission from publication III. 

 

 The binding efficiencies of the dendrimers can be quantified similarly to the 

DNA binding by determining the dendrimer concentrations needed to de-

crease the intensity of free CCMV to 20% of the initial intensity (c20, Table 

3.2). The c20 values at different salt concentrations clearly showed that 3C12-

G1 and 6C12-G1 bound CCMV more efficiently at 150 mM NaCl than in pure 

water. On the other hand, 2C12-G1 and 3C12-G0 showed opposite binding 

efficiencies.  

In the case of simple cationic dendrons increasing the salt concentration 

consistently weakens electrostatic interactions and decreases binding efficien-

cy due to charge screening. The large hydrophobic part of the Janus 

dendrimers, however, modifies the overall solution behavior of the molecules. 

Higher salt concentration reduces the solubility of the hydrophobic parts, 

which can lead to the self-assembly of higher-ordered structures, or self-

assembled multivalency.258 In general, the most efficient binder, 3C12-G1, 

holds thus an optimal balance between the hydrophobic and hydrophilic parts 

for CCMV binding. 

 
Table 3.2. Dendrimer concentrations required to decrease the intensity of free CCMV 

to 20%, as observed by DLS measurements (c20 values). 

 

 

 

 

 

 

The conventional gel electrophoresis retardation assay used in publications I 

and II may be used for detecting charged native viruses similarly to free DNA, 

as EthBr is able to enter the capsid and bind to the genomic material. Gel elec-

trophoresis was consequently used to confirm the DLS results and showed the 

formation of smaller complexes at the beginning of the co-assembly and finally 

complete prevention of virus migration on the gel, indicating the development 

of large assemblies with all dendrimers. 

Morphologies of the co-assembled complexes were further tuned by varying 

the NaCl concentration between 0-625 mM, and examined with small-angle X-

ray scattering (SAXS) and cryogenic transmission electron microscopy (cryo-

TEM). All SAXS samples were mixed at the same CCMV/dendrimer weight 

ratios of 1/0.75, where formation of large complexes was expected for all 

dendrimers based on the DLS results. In general, the formation of ordered 

Dendrimer c20 (mg/L), 0 mM NaCl c20 (mg/L), 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 
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domains was observed for all dendrimers at different salt concentrations de-

pending on the dendrimer, with low and high salt concentrations leading to 

poorly ordered complexes or individual virus capsids. CCMV-3C12-G1 assem-

blies showed the sharpest and best-resolved Bragg reflections and largest do-

main sizes in SAXS, i.e. the most prominent crystallization. CCMV-2C12-G1 

showed higher crystallinity than CCMV-6C12-G1, however, structures of the 

latter complexes were very similar throughout the salt concentration series. 

Finally, the CCMV-3C12-G0 assemblies were the least ordered as was expected 

due to the weak binding.  

Looking more closely to the CCMV-3C12-G1 assemblies by cryo-TEM, at salt 

concentrations below 120 mM amorphous structures were detected (Fig. 

3.11a). Pronounced crystal formation with even micrometer-sized crystals was 

observed at 160-300 mM NaCl concentrations (Fig. 3.11b and c), before the 

electrolyte-induced disassembly of the crystals (Fig. 3.11d). This indicates that 

tuning the strength of the electrostatic binding between the dendrimers and 

CCMV is required for avoiding kinetically locked amorphous structures.  

The crystalline structure of CCMV-3C12-G1 was more closely examined by 

SAXS. In figure 3.11e the integrated SAXS curve at 250 mM NaCl concentra-

tion is compared to a perfect fcc calcium fluoride crystal and a calculated finite 

fcc crystal, which showed that the experimental data could be reliably fitted to 

the fcc Bravais lattice. Reflections at q = 0.26, 0.44, 0.51, and 0.69 nm 1 corre-

sponded to SAXS reflections of the (hkl) = (111), (220), (311), (331)/(420) lat-

tice planes, respectively. The relative positions of the reflections (q/q*, where 

q*=0.15 nm-1) were thus 3: 8: 11: 19, corresponding to an fcc crystal struc-

ture. The lattice parameter (a =2 /q*) was calculated to be 41.6 nm, which 

gives an interparticle distance (a/ 2) of 29.4 nm. This corresponds well with 

the CCMV diameter of 28 nm and a close packing of the viruses. As the SAXS 

curves did not show clear reflections from the (200), (222), and (420) planes 

corresponding to an occupation of the tetrahedral voids between the viruses, 

the formation of a continuous dendrimer phase filling the tetrahedral voids 

was expected (Fig. 3.11f). A thorough examination of the cryo-TEM images 

further confirmed the crystalline structure of the CCMV 3C12-G1 complex 

(Fig. 3.11g). Expected crystal lattice projections along the [100], [110] and [111] 

axes were clearly visible, as well as the space-filling between the CCMV capsids 

by the 3C12-G1.  

In general, the most efficient binder, 3C12-G1, thus holds an optimal balance 

between the hydrophobic and hydrophilic parts with the same amount of 

spermine and alkyl tails for CCMV binding, when careful tuning of the electro-

static interactions was implemented. 
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Figure 3.11. Cryo-TEM images of CCMV mixed with 3C12-G1 dendrimer in a) 0 mM, 

b) 250 mM, c) 300 mM, and d) 625 mM NaCl solutions. Scale bar is 100 
nm. e) Integrated SAXS data measured from the CCMV 3C12-G1 com-
plex at 250 mM NaCl concentration and its comparison to calculated 
scattering curves from finite fcc and perfect calcium fluoride structures. 
Inset: 2D scattering pattern. f) A schematic figure of the co-assembly of 
CCMV particles (blue) and Janus dendrimers (green). g) Images 
grouped according to views along different zone axes [100], [110], and 
[111]. The groups consist of the cryo-TEM image of the CCMV 3C12-G1 
superlattice formed in 250 or 300 mM NaCl solutions (top, scale bar 100 
nm), Fourier transform (middle left), filtered inverse Fourier transform 
(bottom left), and a schematic illustration (bottom right). Adapted with 
permission from publication III. 





Results and Discussion 

49 

3.4 Virus Binding by Cationic Cellulose Nanocrystals 

Publication IV presents the permanent cationization of sulfated CNCs, their 

electrostatic assembly with icosahedral CCMV and norovirus-like particles 

(NoV-VLP), and the concentration and extraction of viruses from an aqueous 

dispersion, which could facilitate efficient viral gene delivery. The sulfated 

CNCs used as a starting material in publications IV and V were prepared from 

highly crystalline cotton filter paper by conventional sulfuric acid hydrolysis. 

The CNCs had an approximate diameter of 7.2 nm and length of 164 nm as 

determined by AFM in publication V. The surface charge content was 360 

meq/kg as determined by conductometric titration, corresponding to a sulfate 

DS of approximately 0.1. 

The cationic CNCs (CNC-g-P(QDMAEMA)) were prepared by SI-ATRP of 

DMAEMA and subsequent quaternization of the pendant amino groups by 

methyl iodide (Fig. 3.12). Grafting of poly(DMAEMA) from CNCs required the 

attachment of suitable initiating sites on the CNCs, which was executed by a 

two-step process including the CVD of -bromoisobutyryl bromide (BriBBr) 

onto freeze-dried CNCs, after which the esterification with BriBBr was contin-

ued in DFM to reach an initiator DS of 0.27 based on the bromine content. 

SI-ATRP of DMAEMA was then conducted in DMF in the presence of a sacri-

ficial initiator, ethyl -bromoisobutyryl bromide (EBiB), and with a high mon-

omer-to-initiator ratio, which together improve control of the polymerization, 

provide longer and less polydisperse polymer chains and limit the amount of 

side reactions.259,260 The molecular weight and polydispersity index (PDI) of 

the free poly(DMAEMA) homopolymer derived from the sacrificial initiator is 

expected to correspond well with the surface grafts and the homopolymer was 

thus used for characterizing the grafted poly(DMAEMA).217 The number-

averaged molecular weight and PDI of the free poly(DMAEMA) were 24 000 

g/mol and 1.26, respectively, as determined by 1H NMR and gel permeation 

chromatography (GPC). The PDI is somewhat higher than for a perfectly con-

trolled ATRP, yet lower than in previous studies of SI-ATRP of 

poly(DMAEMA) on different celluloses.231,261  
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Figure 3.12. Reaction scheme for CNC surface modification including the two-step 

initiator modification, SI-ATRP of DMAEMA and quaternization of 
poly(DMAEMA) grafts on the CNCs. Adapted with permission from 
publication IV. 

 

The poly(DMAEMA) grafts on CNCs were further quaternized with methyl 

iodide in water, producing permanently cationic tertiary amino groups on the 

CNC-g-P(QDMAEMA). The presence of a quaternized poly(DMAEMA) 

brush was qualitatively confirmed by Fourier transform infrared spectroscopy 

(FTIR), which showed a typical poly(QDMAEMA) spectrum with signals at 

1142 cm-1 (-C-N<), 1475 cm-1 (-CH2-), 1724 cm-1 (>C=O) and 2950 cm-1 (-CH2-, 

-CH3). The -N(CH3)2 signals at 2700-2800 cm-1 were not visible after 

quaternization. Elemental analysis gave a molar N:I ratio of 1:1 suggesting that 

the poly(QDMAEMA) was fully quaternized. 

Nature of the surface charges on the pristine sulfated CNCs and the cationic 

rods were compared by measuring their electrophoretic mobilities and -

potentials (Table 3.3). Pristine CNCs showed a negative electrophoretic mo-

bility and -potential (-41 mV) typical for sulfated CNCs.200 On the other hand, 

CNC-g-P(QDMAEMA) showed a positive mobility and -potential (+38 mV) 

of the same orders, demonstrating an efficient cationization and dispersion 

stability of the nanorods.  

Dynamic light scattering showed an increase of the Dh after polymerization 

from 93 nm to 202 nm (Table 3.3). However, it should be noted that the Dh 

values can be accurately derived only for spherical particles do not describe the 

exact maximal dimensions of the rod-like pristine CNCs or CNC-g-

P(QDMAEMA), rather, they expectedly highlight changes in diffusion prop-

erties after cationization, and that no apparent aggregation occurred at low 

concentrations. 
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Table 3.3. Electrophoretic mobilities, -potentials and hydrodynamic diameters (Dh) 
of pristine CNCs and CNC-g-P(QDMAEMA) in water (0.5 mg/mL). 

 

  

 

 

 

 

The morphology and dispersion characteristics of CNC-g-P(QDMAEMA) 

in water were visualized by AFM and TEM (Fig. 3.13), which revealed individ-

ual, well-dispersed rods with surface roughness unusual to pristine CNCs (see 

Fig. 2.12), suggesting the presence of a polymer brush on the surface. The 

CNC-g-P(QDMAEMA) in aqueous dispersions were thus present as individ-

ual rod-shaped particles with an exceptionally high cationic surface area avail-

able for the efficient binding of anionic entities.  

 

 
 

Figure 3.13. a) AFM topography image of CNC-g-P(QDMAEMA) spin-coated on 
mica (0.5 mg/mL in water). b) TEM image of CNC-g-P(QDMAEMA) 
(0.1 mg/mL in water) negatively stained with uranyl acetate. Adapted 
with permission from publication IV. 

 

The affinity of CNC-g-P(QDMAEMA) towards CCMV and NoV-VLP and 

the morphology of the assemblies were studied by DLS, gel electrophoresis 

and TEM. The recombinant, noninfectious NoV-VLP has a diameter of 40 nm 

and a slightly higher pI, 5.6, than CCMV. Similarly to publication III, virus 

solutions were titrated with a CNC-g-P(QDMAEMA) dispersion, and the 

formation of complexes was followed by DLS. A Dh of 27 nm was again ob-

served for CCMV in pure water (Fig. 3.14a). Intensity of the free CCMV de-

creased rapidly upon the addition of CNC-g-P(QDMAEMA), and at 1.6 

mg/L or 2.7% w/w (CNC-g-P(QDMAEMA)/CCMV) free CCMV was no long-

er detectable (Fig. 3.14b). Size of the secondary assemblies again remained at 

around 500 nm until an abrupt increase to a few micrometers. Thus the 

Component 
Electrophoretic 
mobility  
(10-8 m2/Vs) 

-potential 
(mV) 

Hydrodynamic 
diameter 
Dh  (nm) 

CNC -3.20 ±0.05 -40.8 ±0.6 93 ±1 
CNC-g-
P(QDMAEMA) 2.96 ±0.05 37.7 ±0.6 202 ±8 
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complexation was expectedly more efficient in the case of CNC-g-

P(QDMAEMA) than by the aforementioned Janus dendrimers, as a large 

cationic CNC is capable of simultaneously binding several virus capsids. 

In the case of CCMV, gel electrophoresis was again used to further detect the 

formation of secondary assemblies, which were able to migrate on the gel even 

when free CCMV was no longer detected, until a complete arrest at higher 

CNC-g-P(QDMAEMA) concentrations (Fig. 3.14c). 

The complexation with NoV-VLP was studied at 0 mM and 200 mM NaCl 

concentrations, as the particles devoid of the genetic material were suspected 

to be rather unstable and prone to aggregation at low salt concentrations, 

which was later on confirmed by TEM. At 0 mM NaCl NoV-VLP showed a Dh 

of 74 nm instead of the expected 40 nm, indicating swelling or aggregation 

(Fig. 3.14d). Assembly formation with CNC-g-P(QDMAEMA) was more effi-

cient than for CCMV, despite the higher pI of NoV-VLP, and free virus parti-

cles were not detected after 1.3% w/w. Effectiveness of the complexation was 

attributed to the inherent instability and aggregation tendency of the NoV-

VLPs at low salt concentrations. Size of the secondary assemblies remained 

lower than for CCMV, around one micrometer (Fig. 3.14e). 

At 200 mM the Dh of NoV-VLP was closer to the expected value, 45 nm. 

Complexation was straightforwardly shifted to higher CNC-g-

P(QDMAEMA) concentrations due to the charge screening effect of the salt, 

and 60% w/w of CNC-g-P(QDMAEMA) were needed to entirely bind free 

NoV-VLP (Fig. 3.14f). Similarly to binding at 0 mM NaCl, the secondary as-

sembly size was approximately one micrometer. 
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Figure 3.14. a) DLS results showing the change in the volume-averaged size distribu-

tion profile when CCMV solution was titrated with CNC-g-
P(QDMAEMA). b) DLS results presenting the changes in free CCMV 
scattering intensity and the secondary assembly size during titration. c) 
Gel electrophoresis of CCMV and CNC-g-P(QDMAEMA) complexes. 
Concentration of CCMV on each lane was 50 mg/L and concentration of 
CNC-g-P(QDMAEMA) was: lane 1: 0 mg/L, lane 2: 2.5 mg/L, lane 3: 
5 mg/L, lane 4: 7.5 mg/L, lane 5: 10 mg/L, lane 6: 12.5 mg/L, lane 7: 15 
mg/L and lane 8: 20 mg/L. d) DLS results showing the change in the 
volume-averaged size distribution profile when NoV-VLP solution was 
titrated with CNC-g-P(QDMAEMA) in the absence of salt. e, f) DLS 
results presenting the changes in free NoV-VLP scattering intensity and 
the secondary assembly size during titrations at e) 0 mM NaCl and f) 
200 mM NaCl. Adapted with permission from publication IV. 

 

TEM imaging further elaborated the structure of the virus-CNC-g-

P(QDMAEMA) assemblies. Pure CCMV in water and NoV-VLP particles at a 

high-salt stock solution were individually dispersed (Fig. 3.15a and b). When 

complexed with CNC-g-P(QDMAEMA), CCMV particles were shown to effi-

ciently cover single CNC-g-P(QDMAEMA) particles, while part of the rod-

like assemblies gathered together into larger aggregates (Fig. 3.15c). In the 

complexes at 200 mM NaCl NoV-VLP showed mostly intact morphology, how-

ever, the assemblies were more network-like and fewer virus particles were 

bound per CNC-g-P(QDMAEMA) than with CCMV, which was consistent 
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with the smaller assembly size seen in DLS (Fig. 3.15d). As expected, due to the 

irregular size of the CNC-g-P(QDMAEMA), periodic structures were not 

observed in TEM images. 

In TEM samples with 0 mM NaCl the NoV-VLP diameter increased to 55 nm. 

The virus particles also appeared to be more aggregated than at high salt con-

centrations, and partly disintegrated. In contact with CNC-g-P(QDMAEMA) 

intact NoV-VLP particles were hardly ever observed, and instead the CNC-g-

P(QDMAEMA) were covered by disjoint capsid proteins. 

 

 
 
Figure 3.15. TEM micrographs of CCMV and NoV-VLP and their complexes with 

CNC-g-P(QDMAEMA). All samples were negatively stained with 
uranyl acetate. a) CCMV viruses in water. b) NoV-VLP in 500 mM NaCl 
stock solution. c) Complexes of CNC-g-P(QDMAEMA) and CCMV in 
water. d) Complexes of CNC-g-P(QDMAEMA) and NoV-VLP at 200 
mM NaCl. Adapted with permission from publication IV. 

 

To show the potential of CNC-g-P(QDMAEMA) in concentrating viruses 

from solution by low-speed centrifugation, CCMV was tagged with fluorescein 

(Fluos) and the CCMV-Fluos solution was titrated with CNC-g-

P(QDMAEMA), centrifuged for 10 minutes at 7439 x g (9000 rpm) and after 

each centrifugation the supernatant was recovered. Again, assemblies formed 
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quickly and only 4.4% w/w of CNC-g-P(QDMAEMA) was required to de-

crease the fluorescence of CCMV-Fluos at 512 nm to 12% of the initial fluores-

cence (Fig. 3.16a). On the contrary, when CCMV-Fluos alone was subjected to 

the same centrifugation cycles, fluorescence of the supernatant did not de-

crease (Fig. 3.16b). Thus anionic viruses could be effortlessly concentrated and 

collected with CNC-g-P(QDMAEMA). The assemblies could further be used 

for enhancing viral gene delivery, or the viruses could be released by suppress-

ing the electrostatic interactions by increasing the electrolyte concentration. 

Additionally, generality of the concept allows the binding of other anionic enti-

ties, such as bacteria and nanoparticles. 

 

 
 
Figure 3.16. a) Fluorescence spectra of CCMV-Fluos and the recovered supernatants 

after CNC-g-P(QDMAEMA) additions and centrifugations. Additions 
of CNC-g-P(QDMAEMA) are expressed as weight percentages of the 
amount of CCMV. b) Fluorescence spectra of CCMV-Fluos and the re-
covered supernatants (sup) after centrifugations. Adapted with permis-
sion from publication IV. 
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3.5 Cellulose Nanocrystal Assembly in Biomimetic Composites 

In publication V highly filled, cross-linked composites of hydrophobic CNCs 

and cis-poly(butadiene) (PBD) were prepared via solvent casting and UV-light 

initiated thiol-ene cross-linking. At high CNC weight fractions the composites 

showed a hierarchical layered structure, resembling the ordered organization 

of reinforcing inorganic platelets in a protein matrix in nacre,262 which addi-

tionally led to significant changes of the material properties.  

In order to increase the compatibility of CNCs with non-polar solvents and 

their dispersibility into the PBD matrix, freeze-dried CNCs were esterified in 

acetonitrile by 10-undecenoyl chloride, which introduced a covalently cross-

linkable alkene bond at the end of a long alkyl tail on the CNCs (Fig. 3.17a). 

Significant ester carbonyl (1742 cm-1), alkyl (2852 cm 1 and 2924 cm 1) and 

alkene (908 cm 1, 1643 cm 1 and 3076 cm 1) signals in FTIR showed the extent 

of the modification (Fig. 3.17b). Solid-state 13C cross-polarization/magic angle 

spinning (CP/MAS) NMR confirmed the presence of both the highly crystal-

line cellulose I  and the ester-linked alkyl chain (Fig. 3.17c). The cellulose car-

bon signals were visible between 65 and 106 ppm for both samples, while split-

ting of the C1 and C4 signals arises from the differences in crystallinity and the 

extent of hydrogen bonding between the crystal interior and the surface.263,264 

For the modified CNCs, signals from 25 ppm to 34 ppm corresponded to satu-

rated carbon atoms of the alkyl chain. The CH  signal of the primary alkene 

appeared at 139 ppm, and the terminal carbon CH2 shift at 115 ppm. The es-

ter carbonyl generated a small signal at 173 ppm.  
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Figure 3.17. a) Reaction scheme of CNC surface modification to prepare alkyl-

modified CNCs. b) FTIR for pristine CNCs and modified CNCs (I and II, 
respectively). c) 13C CP/MAS NMR spectra for pristine CNCs and modi-
fied CNCs (I and II, respectively). Adapted with permission from publi-
cation V.  

 

Elemental analysis gave a DS of around 1, signifying a complete surface cov-

erage by the hydrophobic chains, which manifested in the thermal and disper-

sion properties of the modified CNCs. In thermogravimetric analysis (TGA) 

sulfated CNCs showed an onset of weight loss at 90 °C, which continued until a 

full decomposition was reached below 500 °C (Fig. 3.18). On the other hand, 

for the hydrophobic CNCs, onset of the major degradation step shifted to 170 

°C. The absence of degradation below this temperature is typical for celluloses 

esterified with alkyl chains,198,265 implying the absence of water loss and sulfu-

ric acid-catalyzed degradation of the CNCs.239 Furthermore, the hydrophobic 

CNCs were easily dispersible into tetrahydrofuran (THF), and were on the oth-

er hand completely repelled from water (Fig. 3.18, inset). 
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Figure 3.18. TGA curves for the thermal degradation of pristine CNCs and brush-

modified CNCs. Inset shows the dispersibility of modified CNCs into wa-
ter and THF (1% w/v). Reprinted with permission from publication V. 

 

Composite films with PBD were further prepared by thoroughly mixing the 

components in THF (Fig. 3.19a). The soft PBD with a molecular weight of 

200,000-300,000 g/mol had a glass transition temperature (Tg) of -102 C. A 

bifunctional thiol cross-linker (5 mol-% of total amount of double bonds) ca-

pable of covalently connecting the double bonds of the CNCs and PBD via thi-

ol-ene coupling reaction, and a UV-initiator molecule were added before sol-

vent casting the mixture and cross-linking with UV-irradiation prior to final 

drying of the organogels in vacuum. Due to the hydrophobization of the CNCs, 

we were able to vary the weight fraction of the CNCs in the composite films 

between 0-80% w/w without macroscopic aggregation. Some shrinkage oc-

curred during the drying of the films with lower fractions of CNCs, and conse-

quently the film thicknesses varied between 50 and 700 m. It should be noted 

that the cross-linker does not selectively couple only CNCs to PBD, but may 

connect for example two CNCs or two double bonds on one CNC. The exact 

chemical structure of the cross-linked network was, however, not confirmed. 

The CNC/PBD composites were shown to possess a unique hierarchical 

structure and additionally to undergo an abrupt structural change beyond ap-

proximately 30% w/w CNC weight fraction, which was translated to the me-

chanical properties. Cryo-TEM of the modified CNCs in THF showed their 

capability to form aligned structures with a periodicity of approximately 10 

nm, as was expected based on the length of the alkyl chains (Fig. 3.19a). Thin 

TEM samples of the composites were cut along the film surfaces and thus im-

aged perpendicular to the film surfaces, and showed structures at two length 

scales (Fig. 3.19b, shown for samples with 20 and 80% w/w CNCs). All sam-

ples contained domains encompassing relatively well aligned CNCs with peri-

odicities around 40 nm, and areas of pure, cross-linked PBD. Size of the CNC-
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containing domains on the other hand extended up to micrometer scale, and 

as the fraction of CNCs increased to 50 and 80% w/w, they covered almost the 

whole material volume. Thus the domains were expected to be intercalated 

structures of the modified CNCs and PBD, which percolated upon the increase 

of the CNC fraction. Despite the local orientation of the CNCs along the film 

surfaces, the domains were macroscopically randomly arranged and the sub-

sequently the films were isotropic at whole. 

 

 
 
Figure 3.19. A scheme of the preparation and nanoscale structure of CNC/PBD com-

posites. a) Composite films were prepared of hydrophobic CNCs, a di-
thiol cross-linker, PBD, and a UV-initiator by solvent-casting and cross-
linking by UV-light. b) TEM micrographs of the films showed tightly 
packed self-assembled aligned domains of intercalating reinforcing 
CNCs and PBD. Reprinted with permission from publication V. 

 

Scanning electron microscopy (SEM) was used to examine the transverse 

fracture surfaces of the composite films after the tensile tests (Fig. 3.20). The 

reference film of pure cross-linked PBD showed a smooth fracture surface with 

wedge-shaped and radiating ridges typical for a brittle fracture (Fig. 3.20a). As 

the amount of CNCs was increased, roughness of the fracture surfaces in-

creased significantly, yet areas of smoothly breaking polymer were still visible 

(Fig. 3.20b and c, shown for 20% w/w CNCs). However, as the fraction of 

CNCs increased to 50% w/w or higher, a fracture surface with flattened sheet-

like elements indicating pull-outs between the layers and resembling that of 

nanocellulose films and composites emerged (Fig 3.20d).266 Thus partial orien-
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tation was achieved at two length scales, by the CNCs inside the 

microdomains, and layering of the microdomains throughout the films. 

 

 
 
Figure 3.20. SEM images of CNC/PBD composite fracture surfaces after tensile tests 

with CNC fractions w/w: a) o%, b) 20%, c) 20%, d) 80%. Adapted with 
permission from publication V. 

 

The mechanical properties of the CNC/PBD composites were examined by 

mechanical tensile testing at 0% and 50% relative humidities, which confirmed 

the connection between the changes in the structure and the mechanical prop-

erties (Fig. 3.21a). The reference sample of pure cross-linked PBD showed 

nonlinear rubbery behavior typical for cross-linked polymers above Tg. The 

tensile modulus and strength were low, approximately 3 MPa and 0.8 MPa, 

respectively, and the film suffered a brittle break-up at 79% elongation. 

 Adding CNCs to a 10-20% w/w fraction did not considerably alter the tensile 

properties, which were dominated by those of the PBD matrix. Nevertheless, 

the elasticity was preserved with the average strains at break remaining at 60-

76%. By contrast, as the fraction of CNCs increased high enough to induce the 

aforementioned structural transformation, the mechanical properties of the 

composites changed drastically to show almost linear stress-strain behavior. 

The average tensile modulus increased exponentially to 190 MPa, or almost by 

two orders of magnitude, for the 80% w/w sample. However, despite a simul-

taneous decrease of the average strains to 15-19%, they still remained high for 

CNC-reinforced composites. Furthermore, the mechanical properties were 

additionally measured at 50% relative humidity and were found to be insensi-

tive to air humidity changes (Fig. 3.21a). This illustrates the hydrophobic char-

acter of the composites, which did not allow plasticization by water molecules.  
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The visual appearance and stability of the composite films were additionally 

qualitatively examined (Fig. 3.21b). The films were macroscopically homoge-

neous at all compositions, however complete transparency was not obtained 

especially in the case of lower CNC weight fractions, where the films were 

thicker. This is an indication of presence of interfaces in the composites, as 

induced by the presence of the intercalated domains, but possibly also due to 

minor porosity. Visible voids were, however, not detected in the TEM samples. 

Swelling of the vacuum-dried films in THF was minimal, but more important-

ly, the shape, appearance, and transparency of the films remained the same 

during reswelling and leaking of CNCs was not observed (Fig. 3.21b, lower 

row).  

The results in general present a concept for the preparation of highly filled, 

hierarchical and partially organized CNC-rubber composites. The tensile 

strengths and moduli were, however, modest and the elastic behavior suggests 

that polymer stretching before breaking was the major deformation mecha-

nism. Consequently the addition of energy-dissipating mechanisms encoun-

tered also in nature could be investigated in order to improve the toughness of 

the composites. 

 

 
 

Figure 3.21. Representative stress strain curves for cross-linked CNC/PBD compos-
ites measured in dry conditions (black lines) and at 50% relative humid-
ity (red lines). The fraction of CNCs w/w: ( ) 0%, (····) 10%, (—) 20%, 
(· · ) 50% and (---) 80%. The inset is a magnification for the 0 20% 
w/w CNC concentrations. b) Composite films with 20%, 50% and 80% 
w/w CNCs photographed dry (upper row) and after 20 h of reswelling in 
THF (lower row). Adapted with permission from publication V. 
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4. Conclusions 

The research presented in this thesis demonstrates how biological motifs, and 

on the other hand simple yet defined synthetic moieties may be combined into 

functional, dynamic and biomimetic biohybrid assemblies. The biological 

supramolecules used for the assembly studies promote for example biomedical 

and composite applications at the nanoscale, and complement the material 

toolbox of synthetic chemistry. The bottom-up assembly processes based on 

electrostatic and hydrophobic interactions between the biological and synthet-

ic components provided hierarchical, ordered structures of viruses and cellu-

lose nanocrystals for material applications, and the compacting of DNA and 

viruses for biomedical applications. Control over covalent bonds, multivalency 

of interactions and cross-linking further enabled the triggered release of DNA, 

the formation of origami structures and provided stability in composite struc-

tures. 

In publication I low-molecular-weight and well-defined dendrons with a cat-

ionic spermine periphery and degradable disulfide bonds were shown to bind 

DNA in generation-dependent fashion. Efficiency of the electrostatic binding 

depended on electrolyte concentration, yet the second-generation dendron 

with the highest affinity towards DNA was able to compact DNA into dense, 

nanometer-sized assemblies. The multivalent binding was rapidly degraded 

via chemically triggered reduction of the disulfide bonds, which liberated the 

DNA strands. Degradable multivalency has been shown to enhance nonviral 

gene delivery, where the non-toxic dendrons presented in publication I offer a 

means for the release of DNA by the reducing cytosolic environment. 

In publication II the chemically degradable dendrons were combined with 

photocleavable spermine-functionalized dendrons for controlling the for-

mation of DNA origami structures. Multivalent binding of the origami constit-

uents prevented the self-assembly of the origamis, which was subsequently 

initiated by the chemical and optical trigger signals. Additionally, the 

dendrons were shown to efficiently assemble whole origami structures. 

Nondegradable, spermine-functionalized dendrons were extended in publi-

cation III with hydrophobic alkyl moieties to form amphiphilic Janus 

dendrimers. The dendrimers were co-assembled with negatively charged, 
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pseudo-spherical cowpea chlorotic mottle viruses, which show an ideal, nearly 

monodisperse structure for self-assembly studies. Proper amounts of spermine 

and alkyl tails in the dendrimer structure and careful tuning of the electrolyte 

concentration of the virus-dendrimer solutions enabled the co-assembly of the 

constituents into highly crystalline domains with diameters reaching hundreds 

of nanometers. CCMV were shown to crystallize into an fcc lattice, with the 

dendrimers filling the tetrahedral voids of the structure. The assemblies re-

sembled natural crystalline inclusion bodies, and provide means for studying 

the self-assembly processes and properties of the inclusion bodies and other 

nanoscale biohybrid assemblies.  

In addition to hierarchical materials, viruses may be used for viral gene de-

livery. In publication IV we prepared cationically modified, rod-like cellulose 

nanocrystals, which resemble biological peptide nanofibrils previously used for 

enhancing gene delivery. The cationic CNCs were prepared via SI-ATRP of 

poly(DMAEMA) and subsequently quaternized. The colloidal cationic CNCs 

formed stable aqueous dispersions and bound CCMV and norovirus-like parti-

cles with a high affinity. Morphologies of the assemblies were virus-dependent, 

with the smaller and more negatively charged CCMV fully coating the CNC 

particles. Due to the irregular size of the CNCs, periodic assemblies were not 

detected. Additionally, the CNCs enabled the concentration and extraction of 

the viruses from solution. The virus-CNC assemblies could be tested for viral 

gene delivery, or the viruses may be released for other applications by screen-

ing the electrostatic interactions with a high electrolyte concentration. 

In publication V the native, hydrophilic CNCs were modified with a cross-

linkable, hydrophobic alkyl chain brush and used for the reinforcement of a 

soft, rubbery PBD matrix. The hydrophobic CNCs were dispersible into THF, 

and composite films containing a dithiol cross-linker and a UV-initiator in 

addition to the CNCs and PBD were prepared by solvent casting and subse-

quent cross-linking by UV-light induced thiol-ene reaction. The composite 

films were shown to possess a hierarchical structure, with partially oriented 

intercalated domains of the CNCs and PBD, which at higher CNC weight frac-

tions ordered into a biomimetic, oriented and layered structure throughout the 

films. The structural change was straightforwardly related to the mechanical 

properties of the composites. At low CNC weight fractions properties of the 

cross-linked PBD matrix dominated. At higher CNC weight fractions the me-

chanical properties abruptly changed to show almost linear stress-strain be-

havior, while the tensile moduli increased by almost two orders of magnitude.  

Preparation of the highly-filled, biomimetic composites and the relationship 

between the composite structure and mechanical properties may in the future 
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guide the preparation of biomimetic composites with intelligent energy-

dissipating mechanisms. 

The biohybrid research field is young and active, and advancements of dy-

namic systems, virus metamaterials and biomimetic composites are constantly 

presented. The concepts presented in this thesis build on previous research 

and suggest applicability at several developing areas. Nevertheless, future 

biohybrid applications must prove their feasibility, and especially for biomedi-

cal applications, their safety. In any case, the great promises of truly functional 

and advanced biohybrid nanomaterials and nanodevices are gradually coming 

to life. 
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