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1. Introduction 

Nature provides exemplary templates for the formation of functional and com-

plex materials, using biomolecule building blocks such as nucleotides, amino 

acids, and saccharides, with near-atomic precision. When arranged into nano- 

and microscale architectures, these structures perform intricate cellular func-

tions, such as transferring and maintaining genetic information, storing energy, 

and transducing biological signals. The specific functionality and structural in-

tegrity of these hierarchical structures often depend on their spatial orientation. 

Although such biological structures are abundant and provide valuable insights, 

the task of artificially constructing materials with high precision and controlling 

their structural features at a small scale remains a formidable challenge. Despite 

this, advancements in nanoscale techniques inspired by biomolecular assem-

blies have spurred rapid growth in nanomaterial research.1,2 Of the many tech-

niques found in nature, bottom-up approaches like self-assembly (SA) have en-

abled the creation of highly organized objects with nanometer-scale precision, 

a feat that traditional top-down nanofabrication techniques struggle to 

achieve.3,4 

SA is a vital area of bottom-up research in the increasingly miniaturized world 

of technology and nanotechnology. The fundamental engineering principle be-

hind SA is the deliberate design of molecular building blocks that can spontane-

ously interact and assemble in a stepwise manner through the formation of mul-

tiple weak non-covalent chemical bonds. These interactions additionally confer 

reversibility to the system, enabling the assembled structures to be disassem-

bled into their individual molecular components, much like the process of as-

sembling and disassembling a Lego set. The behavior of materials at the na-

noscale is significantly different from that at larger scales, and their constitu-

ents' organization plays a crucial role in determining their properties.  

In biomolecules, SA is a fundamental process, where molecules spontaneously 

organize themselves into specific structures or complexes without external guid-

ance. Biological materials, like deoxyribonucleic acid (DNA) forming a double 

helix, proteins creating intricate structures, lipids composing cellular mem-

branes, viral capsids shielding genomes, and amyloid aggregates causing neu-

rodegenerative diseases, exemplify the variety of interactions and functions of 

SA. 

The utilization of biomolecules-based building blocks using SA, particularly 

supramolecular interactions can lead to the development of innovative and sus-

tainable materials with applications in catalysis, biosensing, and drug deliv-

ery.2,5 One paradigmatic example is the use of DNA molecules designed to self-
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assemble into specific shapes using complementary base-pairing interactions. 

This approach, known as DNA nanotechnology, has been used to create a wide 

range of nanoscale structures e.g., DNA origami, from simple shapes to more 

complicated structures such as robots and circuits.6 Moreover, by leveraging the 

canonical properties of DNA, it is possible to create a range of functionalized 

materials through diverse strategies,7 which includes the interaction of DNA-

based nanostructures with proteins,8 stimuli-responsive polymers,9,10 or small 

molecules. Similarly, proteins are capable of remarkable SA, forming highly spe-

cific and intricate protein assemblies.11 These assemblies have diverse biological 

functions such as the execution of complex biochemical processes and the crea-

tion of structural materials that shape the cell, and when these assemblies are 

formed artificially, these higher-order structures can be used as multifunctional 

material for biomedicine and drug delivery or as biomimetic systems to study 

biological processes.12 Proteins with high symmetry, such as protein cages, are 

particularly well-suited for constructing extraordinary higher-order structures 

due to their exceptional modularity and stability. Due to such remarkable prop-

erties, both DNA and proteins have now been extensively used as construction 

materials and building blocks for creating intricate assemblies and higher-order 

materials offering several advantages in nanoscience and material science.11,13–

17 The materials formed by DNA and proteins provide high specificity and effi-

ciency, robustness, multimodality, versatility, and ease of fabrication.  

Self-assembling structures present different degrees of order: from amor-

phous aggregates where non-contacting molecules lack regular orientation, to 

crystal lattices characterized by consistent interparticle distance and orientation 

across the entire structure. Despite their differences, both types of structures 

can be considered assembled, and each has its advantages depending on the ap-

plication. Arranged configurations can yield distinct characteristics, such as cat-

alytic properties, whereas disordered materials often exhibit enhanced durabil-

ity and greater ease of production.4 The properties of biomolecules-based mate-

rials are often influenced by their composition and structure, and their distinc-

tive characteristics hold potential not only for biomedical and healthcare appli-

cations but also for electronics, energy, environment, and food sectors.18 To ad-

vance the development of these biomaterials based on SA, conducting experi-

ments is imperative, as research delves into the impact of ionic strength, pH, 

temperature, and building unit properties on the SA process and the resulting 

structure. Additionally, comprehending the susceptibility of these structures in 

physiological environments, which include degrading agents like nucleases for 

nucleic acid-based biomaterials, is crucial. As these SA techniques continue to 

evolve, it is highly probable that the development of increasingly intricate and 

functional nanoscale biomolecules-based materials will emerge in the future. 

Although the synthesis of nanoparticles with varying sizes and shapes has 

been significantly enhanced, the uneven distribution of synthetic nanoparticles 

poses challenges that can be surmounted by utilizing flawlessly consistent bio-

logical nanoparticles to guide the SA process. This approach enables researchers 

to examine the correlation between biological nanoparticle characteristics and 

assembly formation. 
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1.1 Objective and outline 

This dissertation presents a study on the development of biohybrid materials 

through the electrostatic SA of DNA nanostructures and protein cages with var-

ious cationic molecular glues. Specifically, the DNA nanostructures are con-

structed by folding a long single-stranded DNA (ssDNA) scaffold into arbitrary 

shapes, commonly referred to as DNA origami (DO), while the protein cage un-

der investigation is ferritin (Ft) or apoferritin (aFt) derived from horse spleen. 

As both DO and (a)Ft possess an overall negative charge at neutral pH in aque-

ous media, they were paired with different cationic moieties to form hybrid as-

semblies. This dissertation also provides insights into how the ionic strength of 

the media impacts the electrostatic SA of DO and protein cages with cationic 

moieties and thereby directs the SA of multicomponent hierarchical structures. 

These findings bear significance in diverse applications, including nanomedi-

cine, optoelectronics, and water treatment. 

A photosensitizer called zinc phthalocyanine (ZnPc) was employed to create 

bundles or complex assemblies with DO, while crystalline supramolecular as-

semblies were formed using Ft or aFt with the host-guest molecules such as pil-

lararenes decorated with various numbers of cationic charges. Furthermore, the 

extension of this approach to protein-protein assemblies using supercharged 

green lantern protein (scmGL) with aFt showcases the potential of these build-

ing blocks in constructing diverse biohybrid materials. Although DO and pro-

tein cages are both robust biological nanoparticles that have been extensively 

studied individually, their usage as self-assembling building blocks has been 

limited. However, their symmetrical and robust nature makes them ideal for 

this purpose. 

The theoretical background of how SA and subsequently, electrostatic SA can 

be exploited to form different biohybrid structures is provided in Chapter 2. This 

also includes selected examples of similar studies done using the biomolecules-

based building blocks studied under this dissertation i.e., DO and protein cages. 

A brief description of these biomolecules-based building blocks together with 

different cationic molecular glues utilized in this dissertation such as phthalo-

cyanines, pillararenes, and fluorescent protein (FP) is also given in the same 

chapter (Figure 1). The materials and methods employed in this study, along 

with the corresponding characterization techniques, are thoroughly elucidated 

in Chapter 3. Building upon the aforementioned emphasis, Chapter 4 delves 

into a comprehensive analysis and discussion of the specific outcomes high-

lighted in each publication. Finally, Chapter 5 serves as the concluding section, 

presenting the overarching findings of the research, elucidating their implica-

tions, and providing a roadmap for future directions that warrant further explo-

ration.  
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Figure 1: Schematic representations of the electrostatically self-assembling systems studied in 
this dissertation. Middle circle: DNA origami (6HB, 24HB, 60HB) and protein cages (Ft and aFt), 
the biomolecules-based building blocks used in the publications. Grey rectangle: cationic moieties 
in the dissertation such as ZnPc with 4 or 8 charges, pillararenes, and green lantern protein. Pub-
lication I. DO (6HB) SA with octa-cationic ZnPc. Publication II. DO (24HB and 60HB) SA with 
tetra-cationic ZnPc. Publication III. Co-crystals of protein cages (aFt and Ft) and deca-cationic 
pillararene. Publication IV. Co-crystals of aFt and cationic green lantern protein. The images were 
produced using UCSF Chimera and blender. 

In Publication I, exploiting the negatively charged phosphate backbone of the 

6-helix bundle (6HB) DO, hybrid bundles are formed with octa-cationic zinc 

phthalocyanine. The resultant assemblies show deaggregation of ZnPc which is 

translated into improved optical properties. Coating the 6HB with ZnPc also in-

creased the stability of 6HB against endonucleases, a property highly demanded 

to increase the circulation time of DO inside the biological environment. 

Publication II demonstrates a Janus-type phthalocyanine containing four cat-

ionic charges on one side and polyethylene glycol chains on the other side, 

bound with two different types of DO (24-helix bundle (24HB) and 60-helix 

bundle (60HB)) rendering optically active biohybrids. The assemblies exhibited 

remarkable resistance to salt-induced aggregation; nevertheless, they could be 

disassembled upon the addition of a higher ionic concentration. 

In Publication III, the host-guest molecule such as pillar[5]arene was utilized 

to form crystalline assemblies with Ft and aFt. The electrostatically self-assem-

bled crystals were then utilized to uptake both organic and inorganic molecules 

from aqueous media exploiting the innate ability of Ft to leach inorganic mole-

cules and pillararenes for hosting organic molecules due to its hydrophobic cav-

ity, thus proving to be a useful water remediation material. 

In Publication IV, the protein-protein co-crystals were formed using super-

charged cationic FP namely scmGL and aFt. The resultant crystalline assemblies 

demonstrated robust optical properties. The crystals formed were then studied 

for their potential activity and stability in a biological light-emitting diode (Bio-

LED).  
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2. Background 

2.1 Self-assembly 

Self-assembly (SA) of materials has emerged as a critical tactic in the creation 

and production of nanostructured systems, representing a fundamental meth-

odology for manufacturing advanced materials with widespread applications in 

biotechnology and the realm of nanomaterials.3 SA is commonly linked to 

achieving thermodynamic equilibrium, where the organized structures exhibit 

a minimum in the free energy of the system.3 However, this broad definition 

falls short. A crucial aspect of SA is the organization of building blocks into or-

dered, macroscopic structures. This form of organization can manifest either 

through direct engagements, such as inter-particle forces, or indirectly by em-

ploying a template or an external field.19 Non-equilibrium SA is another im-

portant facet of SA that operates under different principles. In this form of SA, 

external forces or energy inputs disrupt the system's equilibrium state.20 This 

disruption creates favorable conditions for the spontaneous organization of 

components into ordered structures, even in systems far from equilibrium. In 

the realm of living systems, non-equilibrium SA is a critical process for creating 

organized nanostructures that remain in non-equilibrium states to perform 

complex functions.21 Microtubules, vital for cell division, exemplify this con-

cept.22 They dynamically self-assemble and disassemble through GTP hydroly-

sis, enabling essential biological functions within non-equilibrium environ-

ments. This underscores the central role of non-equilibrium self-assembly in bi-

ology. SA can be initiated by covalent bonds23,24 although it commonly relies on 

non-covalent interactions like hydrogen bonds, ionic interactions, metal chela-

tion, and various other molecular connections. These interactions are often less 

strong compared to covalent bonds and can be attenuated, leading to a resultant 

structure that attains thermodynamic equilibrium with its constituents.25 The 

final assembly's shape, size, and function are determined by the delicate balance 

among these forces. This constant interplay among the assembling particles 

seeks to attain the system's lowest energy state and imparts durability to the 

assemblies by allowing corrective measures for unfavorable interactions once 

they have occurred.20 Typically, the SA of molecules takes place either in a solu-

tion or at an interface, allowing the components to undergo the required assem-

bly pathway. It is important to note that the interaction between the compo-

nents and their surrounding environment can significantly influence the trajec-

tory and outcome of the SA process.26 This phenomenon extends to 
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biomacromolecules as well, presenting new opportunities for their utilization in 

material sciences and delivery applications. 

 

 
Figure 2: Examples of self-assembled biomolecules such as a) protein and b) DNA molecules 
with their respective building blocks. Adapted with permission from Ref25. © John Wiley & Sons.  

In the domain of living materials, SA plays a pivotal role, showcasing its pro-

found importance. This phenomenon is particularly evident in the formation of 

intricate structures such as lipidic biomembranes, protein macrostructures like 

photosynthetic antennas, and molecular machines. These entities exhibit a nat-

ural propensity for SA, highlighting their significance in this field.27 Protein 

folding serves as a prominent illustration of the pivotal role played by non-co-

valent interactions in SA within aqueous solutions (Figure 2a). The process of 

attaining the tertiary structure of proteins involves the bending and packing of 

α-helices and β-sheets, leading to the formation of protein subunits. The con-

formation of the tertiary structure is governed by diverse interactions, including 

hydrogen bonds, hydrophobic interactions, and ionic interactions, which facili-

tate the assembly of functional regions within the protein. Additionally, the qua-

ternary structure of proteins arises from the interaction between these subunits. 

Another noteworthy instance of SA manifests in double-stranded DNA (Figure 

2b). Nucleotides, which consist of a sugar, a nitrogenous base, and a phosphate 

group, constitute the fundamental building blocks of DNA. Through hydrogen 

bonding and π-π stacking interactions, complementary pairs of nucleobases 

from two antiparallel strands intertwine to form a double helix structure. This 

stable configuration allows DNA to efficiently replicate, transcribe, and trans-

late genetic information. Viruses, supramolecular structures consisting of pro-

teins and nucleic acids, also showcase SA. They possess protein outer shells 

called capsids, composed of multiple copies of coat proteins arranged symmet-

rically which encapsulate the viral genome. Viruses have the capacity to adopt 

either icosahedral or rod-shaped configurations, showcasing adept 
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management of self-assembled structure dimensions. In addition to proteins 

and nucleic acids, the cytoplasmic membrane plays a crucial role in SA. Com-

prised of a phospholipid bilayer, the membrane creates a confined cellular space 

and serves as a barrier while allowing the transport of specific molecules 

through its fluidity. 

Utilizing the innate inclination of biomolecules for SA and harnessing their 

fundamental properties, it becomes feasible to engineer intricately organized 

biomaterials spanning zero-dimensional (0D), one-dimensional (1D), two-di-

mensional (2D), and three-dimensional (3D) structures.28 Furthermore, bio-

molecules possess exceptional capabilities to inspire the creation of hybrid bi-

onanomaterials with enhanced functionalities, employing various strategies.29–

32 This process involves the formation of materials through above mentioned 

supramolecular interactions. The molecular structure of these building compo-

nents holds the instructions for assembly, specifically through the precise geo-

metric arrangement of functional groups, enabling a multitude of intra- and in-

termolecular interactions. The ability to manipulate the strength and direction-

ality of these interactions among the building blocks is a defining characteristic 

of the field of self-assembled and supramolecular materials.33 The concentration 

of self-assembling units significantly influences the diffusion and mobility of the 

components, as higher concentrations facilitate the assembly of larger struc-

tures.25 Multiple pathways are available to initiate and propel SA, involving 

gradual modifications to environmental conditions such as the concentration of 

building blocks, pH, temperature, ionic strength, and solvent properties.34–38 

Alternatively, external stimuli like light or enzyme activity can serve as trig-

gers.39,40 In this dissertation, the SA based on electrostatic interactions has been 

heavily explored and hence will be discussed in more detail. 

2.1.1 Electrostatic self-assembly 

Electrostatic interactions, which are essential non-covalent interactions in su-

pramolecular chemistry, have been effectively utilized in Publications I-IV to 

create hybrid assemblies. These interactions can be described by Coulomb's law, 

a fundamental principle in electromagnetism, which describes the interaction 

between electric charges. Coulomb's law establishes that the force (F) exerted 

between two charged entities is directly linked to the multiplication of their 

charges and inversely related to the square of the separation distance between 

them 

 

        𝐹 =  
|𝑞1𝑞2|

4𝜋𝜀0𝑟2               (1) 

  

where q1 and q2 are two point charges separated by a distance r and the 𝜀0 is 

the vacuum electric permittivity constant. However, in a solution, the presence 

of other charged particles, polar molecules, or atoms surrounding the charged 

objects can give rise to a screening effect. The screening effect is taken into ac-

count by the Yukawa potential, also known as the screened Coulomb potential.41 

Unlike Coulomb's law, the Yukawa potential describes the interaction between 
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charged particles as a decaying exponential function of the distance between 

them, rather than the inverse square relationship. The Yukawa potential modi-

fied for the finite size of the particle,42 is given by: 

 

 𝑉𝑌𝑢𝑘𝑎𝑤𝑎  (𝑟) = (
𝑒𝑘𝑎

1+𝑘𝑎
)2  

𝑍2𝑒2

𝜀𝑟
𝑒−𝑘𝑟                 (2)

  

Here r is the distance between the dispersing particles, a is the radius of the 

particle, Z is the surface charge of the particle, e is the electronic charge, 𝜀 is the 

relative permittivity of the medium and k is the Debye-Hückel parameter. This 

exponential decay represents the reduction in the effective interaction strength 

due to the screening effect. The screening effect occurs because charged parti-

cles in a solution are surrounded by intervening particles that can partially 

screen the electric field.43 This shielding weakens the interaction between 

charges over longer distances, causing a more rapid decrease in strength com-

pared to what Coulomb's law predicts.41 When considering nanoscale objects, a 

different potential known as the Lennard-Jones potential also becomes more 

relevant. The Lennard-Jones potential describes the interaction between neu-

tral atoms or molecules, taking into account both the attractive and repulsive 

forces.44 Unlike Coulomb's law, which only considers the electrostatic force be-

tween charged objects, the Lennard-Jones potential accounts for van der Waals 

forces and short-range repulsive interactions. In simple terms, two interacting 

particles exhibit repulsive forces at extremely short distances, attractive forces 

at intermediate distances, and negligible interaction at infinitely large separa-

tions. 

In the realm of electrolyte solutions, the Bjerrum and Debye lengths play sig-

nificant roles in understanding ionic interactions and screening effects. The 

Bjerrum length quantifies the strength of the electrostatic interaction between 

elementary charges in a given medium. When the distance between charged 

particles is on the order of the Bjerrum length or smaller, the electrostatic forces 

between them dominate over the thermal energy, leading to strong interactions. 

In contrast, when the distance is much larger than the Bjerrum length, the ther-

mal energy dominates, and the electrostatic forces become negligible. On the 

other hand, the Debye length characterizes the distance over which the electro-

static potential decays due to screening in an electrolyte solution. It is influenced 

by the concentration and charge of ions in the solution and represents the range 

over which charges are effectively screened. This length is determined according 

to equation (3) 

 

𝑘−1 =  √
𝜀0𝜀𝑟𝑘𝐵𝑇

𝑒2 ∑ 𝑐𝑖𝑧𝑖
2

𝑖
                 (3) 

 

where 𝜀0 is vacuum permittivity, 𝜀𝑟  is the dielectric constant of the solvent, 𝑘𝐵  

is the Boltzmann constant, 𝑇 is the absolute temperature (in Kelvin), 𝑒 is the 

elementary charge, and 𝑐𝑖  and 𝑧𝑖  are the densities and valencies of the electrolyte 

ions.45 By optimizing the screening, the strength of electrostatic interactions can 

be controlled, particularly in solutions below 1 M concentration.46–48 It can be 
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seen from the equation that the potency of electrostatic interactions can also be 

modified by manipulating various factors, such as the choice of solvent (dielec-

tric constant) and the concentration and chemical properties (number densities 

and valencies) of ions in the electrolyte. In scenarios where the ionic strength of 

the surrounding medium is elevated, the value of 𝑘−1 diminishes, leading to the 

prevalence of close-range interactions like van der Waals forces, molecular lay-

ering, and hydration effects. These factors take precedence over electrostatic 

double-layer forces across all distances.49 Consequently, electrostatic interac-

tions exhibit greater effectiveness over longer distances in dilute ionic solutions 

compared to concentrated solutions, making them significantly more crucial. 

Although there are limitations to the theories of electrostatic interactions, 

screening is crucial for achieving highly ordered structures. 

The electrostatic SA of nanoparticles involves the significant influence of both 

entropy and enthalpy, although, in the case of highly charged colloidal particles, 

the electrostatic forces are more dominant in particle interactions. This is ad-

vantageous since the balance between attractive and repulsive electrostatic 

forces within charged colloids can be modified by changing the ionic strength of 

the surrounding solution. Excessive attractive interactions or higher 𝑘−1 result 

in fast assembly and result in gel-like aggregates whereas weak interactions or 

low 𝑘−1 fail to induce assembly. Interactions that are weakened due to screening 

allow particles to move freely relative to each other, enabling them to assume 

the thermodynamically most favorable orientations (Figure 3).50,51 Once these 

structures are formed, increasing the ionic strength of the media leads to a de-

crease in 𝑘−1 and hence this strategy could be utilized to disassemble the struc-

ture.52 

 

 
Figure 3: Schematics of typical electrostatic self-assemblies formed at varying ionic strength. 
(left) Strong interaction leads to aggregates. (center) Partial screening leads to crystalization. 
(right) Complete screening of electrostatic interaction results in individual building blocks where 
particle-solvent interaction dominates. 

While extensive research has been conducted on synthetic particles, including 

metallic,53 inorganic,54 and polymeric55 nanoparticles, the utilization of biomol-

ecules in electrostatic SA is particularly appealing due to their multifunctional 

nature.51 The utilization of charged biomolecules, such as proteins and DNA, 

which are rich in oxyanionic groups like carboxylate ions in proteins and phos-

phate ions in nucleic acids and phospholipids, has greatly facilitated the process 

of electrostatic SA. Proteins possess a high level of complexity and can be per-

ceived as polyelectrolytes due to their polyampholytic nature, which means their 
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surface charge distribution depends on pH. The protein's isoelectric point (pI) 

is the pH where the net electrical charge becomes zero. Below the pI, proteins 

carry a net positive charge caused by the protonation of basic groups, while 

above the pI, they exhibit a net negative charge. As a result, the charge magni-

tude and polarity of these biological building blocks are strongly influenced by 

pH. By adjusting the pH, the electrostatic SA of these biological nanoparticles 

can be either facilitated or hindered, providing a means to control their for-

mation.45 The presence of surface charge patchiness is a significant factor to 

consider in the study of complexation. It has been observed that an increase in 

patchiness significantly enhances the probability of complexation with a poly-

electrolyte.56 Proteins with a variety of shapes and sizes have therefore been uti-

lized to make higher-order structures by optimizing all the above-mentioned 

parameters.12,45,57–68 Similarly, other biomolecules such as nucleic acids and par-

ticularly DNA-based nanostructures e.g., DO, which contains sugar-phosphate 

backbone that carries a net negative charge and renders them ideal building 

blocks for electrostatic SA. By exploiting this property, various cationic moieties 

have been complexed with DO to form self-assembled structures including pep-

tides or proteins,69–72 capsid proteins,73,74 dendrons,75 fluorophores,76 chitosan,77 

polymers78–85 and lipids86. 

2.2 Building blocks used in the electrostatic self-assembly 

2.2.1 DNA origami 

The field of DNA nanotechnology has revolutionized the bottom-up fabrica-

tion of structures through SA.87 This field takes the DNA out of its biological use 

i.e., transferring genetic information and uses it as a construction material to 

assemble sophisticated motifs and join them together to create 2D or 3D struc-

tures. Utilizing DNA as a building block offers numerous advantages. Firstly, 

DNA is mostly present in its well-defined B-form structure, forming a right-

handed double helix with two complementary single strands. This helix consists 

of around 10.5 base pairs per turn and has a diameter of approximately 2 nm. 

Secondly, DNA strands demonstrate predictable interactions through Watson-

Crick base pairing, enabling ssDNA to hybridize into a double helix, with ade-

nine (A) pairing with thymine (T) and guanine (G) pairing with cytosine (C). 

Thirdly, the concerted efforts of oligonucleotide chemists over decades have 

made synthetic DNA readily accessible through solid-phase synthesis, and its 

exceptional chemical stability opens up a multitude of diverse practical applica-

tions. Moreover, DNA can be easily modified and functionalized with different 

chemical and biological moieties which subsequently provide chemical, mag-

netic, electrical, or optical properties. The process of DNA SA ensures excep-

tional accuracy and precision at the nanoscale level. Additionally, dynamic DNA 

structures exhibit responses to external stimuli, both spatially and temporally, 

taking advantage of DNA's inherent sequence specificity, programmability, and 

addressability.88  
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Initially, the concept of immobile holiday junctions to construct DNA motifs 

was explored by Nadrian Seeman89,90 which was followed by making a 3D cube 

using three-arm junction91 and later on, double-crossover (DX) molecules which 

consisted of two DNA double helices connected by two strand crossover, as op-

posed to the single crossover found in the Holliday junction92. Following this, 

there were numerous notable advancements in the rational design of both 2D 

and 3D discrete and extended DNA nanostructures, specifically in the develop-

ment of DNA tiles.93 These DX provided the necessary geometric rigidity and 

stability to initiate the construction of extended DNA nanostructures with pre-

cise control over their geometry, connectivity, and topology. However, this tech-

nique suffers from certain limitations that affect its overall efficiency and ap-

plicability. Firstly, the yield of the process is reduced, which can impact its prac-

ticality in certain applications. Additionally, the method is limited in its ability 

to create complex geometric structures. This limitation arises due to the require-

ment for exact stoichiometric control of nucleotides. Achieving such precision 

can be challenging due to experimental errors, further adding to the difficulty of 

the process.  

The DO technology, introduced by Paul Rothemund, revolutionized the field 

of DNA nanotechnology (Figure 4).94 Rothemund's method involved using a 

long ssDNA strand (typically a viral DNA approximately 7000 nucleotide long) 

as a scaffold and folding it into a specific shape using hundreds of short comple-

mentary ssDNA strands called staples. The staple strands comprise multiple 

binding domains, each serving to unite and draw together distant sections of the 

scaffold employing crossover base pairing. As a result, the scaffold is folded in a 

way that resembles the technique of knitting. By employing this method, re-

searchers were able to fabricate intricate 2D and 3D structures with an unpar-

alleled degree of accuracy and control.95,96 Subsequently, they have delved into 

the possibilities of applying DNA nanotechnology in a range of interdisciplinary 

fields, thereby forging connections between various fields of study. When con-

trasted with methods based on tile-based DNA assembly, DO synthesis provides 

numerous advantages, including enhanced production yield, durability, and the 

capability to fabricate intricate non-periodic forms. These benefits stem from 

the high level of cooperativity achieved through multiple interactions between 

the scaffold and staple molecules during the origami folding process. 

 
Figure 4: DNA origami technology. A long scaffold of DNA together with multiple short staple 
strands is folded into a pre-designed shape. Adapted with permission from Ref96. © Springer Na-
ture 

Due to the aforementioned benefits of utilizing DNA as a fundamental com-

ponent, its potential can be further harnessed and adapted by leveraging the 

inherent characteristics of DNA. There are primarily two approaches to enable 
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its functionalization. The first involves functionalizing it before the SA of the 

nanostructure, while the second entails functionalizing the complete nanostruc-

ture after its SA. In the process of pre-assembly functionalization, desired con-

jugates are covalently attached to staple strands. These modified strands are 

then incorporated into the DNA nanostructure during the SA process. This tech-

nique has been employed to attach various entities such as fluorophores,97–99 

lipids,100–102 small molecules,103–105 aptamers,106–108 peptides,109–111 and poly-

mers112 to DO structures. Pre-assembly functionalization has its advantages but 

also comes with two main drawbacks. Firstly, conjugates that are sensitive to 

the elevated temperatures and high salt concentrations necessary for DNA 

nanostructure SA are not suitable. This applies to proteins that may undergo 

denaturation and aggregation under such conditions. Secondly, the synthesis, 

purification, and characterization of individually functionalized staples intro-

duce complexity and time to the process. In contrast, the second approach al-

lows the attachment of desired conjugates to the nanostructure after its SA using 

non-covalent or covalent methods. By employing non-covalent interactions, this 

technique allows for the successful post-attachment of proteins,113–115 pep-

tides,116–118 lipids,119–121 fluorophores,122–124 aptamers,125–127 small interfering 

RNA,128–130 quantum dots,79 polymers,112 metals131–138 and branched oligonucle-

otides139 to DNA nanostructures. 

Nanocarriers developed for drug delivery in vitro and in vivo must possess the 

crucial characteristic of maintaining their structural integrity when exposed to 

cellular and bodily fluids. And hence DNA nanostructure-based drug delivery 

systems often require alterations to counter, bypass, or extend the impacts of 

inherent defense mechanisms.140 It has been known that the enzymatic break-

down of DO is generally influenced by its superstructure.141,142 Extensive in vitro 

investigations focusing on the stability of DO have consistently demonstrated 

its superior stability compared to native DNA structures of similar size.143–145 

The inherent capability of naked DO has been examined in cellular environ-

ments, revealing a stability of 12 hours in cell lysates,146 while live cells gradually 

digest the DO over a 72-hour incubation period76. To this end, a diverse array of 

strategies has been developed to further enhance the stability and optimize the 

performance of DNA nanostructure-based drug delivery systems against nucle-

ases (Figure 5). These approaches can be broadly classified into three main cat-

egories: 1) Refining the design of nanostructures, which involves optimizing fac-

tors such as helix packing density and the incorporation of paranemic crossover 

(PX) DNA, which outperforms double crossover (DX) DNA141,143,147–149 (Figure 

5a), 2) Chemical modification of the constituent strands of the nanostructure, 

such as employing click chemistry to crosslink component strands or inducing 

crosslinking through the formation of a thymidine dimer under ultravoilet (UV) 

irradiation,150–152 (Figure 5b) and 3) applying coatings composed of poly-

mers,77,79,139,153 proteins70,72,75,154,155 or peptides83,85/peptoids,156 or lipid bi-

layers86,157 onto DNA structures (Figure 5c). Thorough exploration and imple-

mentation of these strategies offer researchers and practitioners how to maxim-

ize the stability, performance, and reliability of DNA nanostructures across a 

wide range of biological contexts.158 
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Figure 5: Strategies to protect DNA-based nanostructures from nuclease digestion. a) The utili-
zation of strategies that involve designing DNA nanostructures, such as (top) incorporating 
closed-packed helices, results in enhanced resistance to nucleases when compared to linear du-
plexes or plasmid DNA. (bottom) Moreover, DNA motifs with a higher count of crossovers exhibit 
enhanced resistance to nucleases. b) Various chemical modifications have been demonstrated to 
augment the resistance of DNA structures against nucleases. These modifications encompass the 
crosslinking of component strands using click chemistry (top) and the crosslinking of strands 
through the formation of a thymidine dimer under UV irradiation (bottom). c) Numerous meth-
odologies improve the nuclease resistance of DNA nanostructures by implementing protective 
coatings. These techniques involve the formation of coatings through the complexation of DNA 
dendrites with human serum albumin (HSA) (top), employing an oligolysine-PEG coating (bot-
tom), and coating nanostructures with dendritic DNA via hybridization to DNA handles (right). 
Adapted with permission from Ref140. © Springer Nature 

2.2.2 Protein cages 

Proteins are an excellent platform for self-assembling higher-order structures 

due to their inherent versatility.11 Their diverse chemical compositions offer the 

potential to create a wide range of structures, while their chemical and genetic 

modifications enable the development of precise compositions and functionali-

ties. This flexibility makes proteins a highly adaptable and effective foundation 

for nanoengineering hierarchical structures.11 Although lipid bilayers are the 

most common biological nanocompartments, protein cages stand out in provid-

ing uniformity in size and shape with a high tendency for customization and 
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versatility in their design.159 They could be divided into viral and non-viral cages. 

Cowpea chlorotic mottle virus (CCMV) and brome mosaic virus (BMV) are 

prime examples of viral nanocompartments that protect RNA from the external 

environment. On the other hand, non-viral protein cages, exemplified by Ft and 

small heat shock proteins, play integral roles within biological systems, orches-

trating a diverse range of vital processes. For instance, Ft is involved in regulat-

ing iron levels, while small heat shock proteins contribute to the maintenance 

of cellular homeostasis through the meticulous refolding of misfolded proteins. 

Nanocompartments of this nature have been extensively used as carrier entities 

for molecular delivery.160,161 These carrier units excel in their functionality due 

to the unique capability of utilizing the void space created when the existing in-

ternal cargo e.g., viral genome is removed. These cargo molecules can be encap-

sulated within the cages through disassembly and reassembly processes.162 The 

cargo becomes trapped during this reassembly process. Both viral and non-viral 

cages, exemplified by virus-like particles (VLPs) and aFt, feature a charged lu-

minal surface that frequently demonstrates remarkable efficiency in encapsu-

lating polyelectrolyte materials through electrostatic interactions.163,164 This re-

markable capability stems from the intrinsic presence of anionic nucleic acids 

or charged metal ions within the respective cavities, making these cavities highly 

receptive to molecules bearing similar charges and properties.165 Due to their 

uniform size and shape control, they are widely exploited for precise encapsula-

tion of target molecules, such as drugs, enzymes, or nanoparticles, within the 

protein cage and have therefore been used for applications like bioimaging 

agents, delivery vehicles, reaction vessels, and constrained material synthesis 

for polymeric materials.58,162,166–169  

The complete protein cages are formed through the SA of multiple subunits 

symmetrically.58 The process typically involves the oligomerization of subunits 

to form intermediate structures, nucleation and assembly of subunits around 

oligomers, stabilization of the growing protein cage through non-covalent inter-

actions, and fine-tuning and maturation steps. The SA of nanocompartments is 

driven by the intrinsic properties of the protein subunits and their interactions 

with each other, resulting in the formation of complex and functional protein 

cages with precise architectures.170 Additionally, the interfaces between the sub-

units also serve as functional sites that can be modified to tune the properties of 

the cage. Regulating the process by which the subunits come together to form 

cages is the most straightforward way to control their properties in this manner. 

In addition, these interactions can be intentionally modified through chemical 

or genetic methods to alter the subunit interfaces. By doing so, it is possible to 

control the assembly-disassembly processes in a manner that can be triggered 

by external stimuli, i.e., stimuli that are not naturally occurring within the 

cage.61,62,171–173 The protein cage's outer layer, typically ranging from 2 to 5 na-

nometers in thickness, acts as a barrier between the interior and exterior spaces. 

It frequently includes pores that can be selective or non-selective in nature. Fur-

thermore, the external surfaces of protein cages exhibit diverse functionalities, 

as the exposed peptide components can interact with the surrounding environ-

ment. Due to the symmetrical structure of protein cages derived from their 
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subunit arrangement, these external modifications are evenly distributed on the 

surface, maintaining a specific distance from one another.  

 
Figure 6: Formation of higher-order protein structures. Small protein subunits can assemble 
into robust protein cages, which can be further utilized to form higher-order structures.  

For making such higher-order structure, the uniform size and shape of the 

construction material play an important role by promoting close packing, high 

symmetry, and nucleation (Figure 6). To construct 2D and 3D structures using 

protein cages as building blocks, two distinct approaches have been established. 

The first approach capitalizes on the direct physical interactions among protein 

cages, leveraging factors like electrostatic bonds,174–180 metal coordination,62 di-

sulfide bonds,181,182 or hydrophobic interactions183–185 on their external surfaces. 

This can be achieved by careful designing and genetic engineering the amino 

acid residues at desired sites which promote these interactions. Protein cages 

typically exhibit an outward appearance that is negatively charged. As a result, 

it is possible to form protein assemblies by combining them with polycations 

through electrostatic interactions. The second approach involves the utilization 

of linker functionalities, which can be either covalent or non-covalent, to con-

nect the protein cages together, enabling the creation of complex architectures. 

45,185–189  

 

Ferritin 

Ferritin (Ft) is a globular protein complex consisting of 24 subunits. It was ini-

tially isolated from the horse spleen by Victor Laufberger.190 It is derived from a 

non-viral container motif, which is found intracellularly in various living organ-

isms and plays a crucial role in iron metabolism.191 Ft plays an important role in 

maintaining iron levels within living organisms by efficiently storing the metal 

in a condensed ferrihydrite mineral form (5Fe2O3∙9H2O). Each subunit of Ft 

contains an active center that facilitates the conversion of ferrous to ferrihydrite, 

allowing it to accommodate a substantial amount of up to 4500 iron atoms.192 

aFt, on the other hand, is the protein cage without the iron load and has usually 

an octahedral shape with an outer diameter of approximately 12 nm with an 
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overall negative charge on the outer surface and an inner diameter of 7-8 nm 

(the thickness of the protein layer is ~2 nm).193 Each subunit consists of four 

parallel helical peptide chains, providing significant rigidity to the entire cage, 

and has a molecular weight of around 20 kDa, which varies across aFt obtained 

from different sources. The vertebrate Ft structure mostly exhibits a symmet-

rical arrangement, known as 4-3-2 symmetry, where 4-fold and 3-fold sym-

metry axes intersect the corresponding channels in the shell. Specifically, there 

are six 4-fold channels and eight 3-fold channels. There is also mini Ft available 

in bacteria composed of 12 subunits and accommodates a smaller number of 

iron atoms (<500).194 The subunits of Ft are classified into two types: H and L, 

denoting heavy and light chains, or heart and liver types, respectively. The H-

type subunit possesses a greater molecular weight compared to the L-type. Ad-

ditionally, the expression of the H type is predominantly observed in the heart, 

whereas the L type is primarily found in the liver. The M-type chain, which is 

absent in mammals, is a third middle chain and is specifically found in amphib-

ians.195 The 3D structure of the cage is typically consistent across different spe-

cies, although the primary structure of Ft proteins may differ. 

Ft is widely recognized as a favored protein cage for the development of 

protein-hybrid structures.196 This preference arises from its renowned struc-

tural characteristics, thermal and chemical stability, ability to incorporate drugs 

and metals into its cage-like structure,197 and potential for interior modification 

through genetic engineering198. The Ft exhibits a spherical hollow structure, 

with an overall negative charge present on its outer surface. Due to its charged 

interior, aFt can encapsulate positively charged small molecules sufficiently. 

Furthermore, Ft cages have been effectively employed as reaction vessels with 

restricted dimensions, enabling the synthesis of diverse nanoparticles such as 

metals, oxides, hydroxides, carbonates, and semiconductors.199 As a result, nu-

merous approaches have been developed to promote the mineralization process 

of nanoparticles within Ft. Various strategies involve the manipulation of the 

interior of the aFt cavity to optimize the formation of nanoparticles (Figure 7, 

right). The encapsulation of cargo within Ft leads to improved hydrophilicity 

and biocompatibility of the inorganic materials.200 Similarly, the exterior sur-

face of Ft can also be modified to exhibit specific functionalities (Figure 7, left). 

This includes chemically modifying the N-terminal lysine residues on horse-

spleen aFt and followed by a series of conjugation reactions.201 The resultant 

conjugate was effectively employed as a template for atom transfer radical 

polymerization (ATRP) to create Ft shells with grafted oligo(ethylene glycol) 

methacrylate polymers. Notably, this polymer material demonstrates solubility 

in dichloromethane. 
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Figure 7: Structure of (a)Ft from horse spleen (PDB ID: 2 W0O). The cage can be modified both 
externally and internally. 

Furthermore, the internal cavity of aFt cages has demonstrated remarkable 

efficacy in delivering anticancer drugs such as cisplatin202–204 and doxorubi-

cin205. Native heavy-chain-Ft nanocages demonstrate the ability to deliver sig-

nificant amounts of doxorubicin (DOX) directly to tumor sites, without the need 

for a targeting ligand.205 This delivery efficiency is attributed to the higher ex-

pression of transferrin receptor 1 in tumor cells, eliminating the requirement for 

a specific targeting ligand. Additionally, photosensitizers such as zinc phthalo-

cyanine have also been successfully delivered from within the aFt cages, show-

casing the versatility and effectiveness of this drug delivery system.206 On the 

other hand, genetic engineering allows for the modification of the external sur-

face, enabling its utilization in the creation of more complex structures. A nota-

ble example of this is combining a positively supercharged variant of Ft207 with 

a native anionic cage.179 By capitalizing on the inherent functionality of Ft, these 

crystals can be harnessed as a platform for incorporating inorganic nanoparti-

cles. This is achieved through the process of mineralization within the individual 

component cages, before their subsequent assembly into a lattice structure. Fur-

thermore, the introduction of metal oxides into the protein framework aug-

ments the crystals' oxidase and peroxidase activity, further expanding their po-

tential applications.174 By introducing specific mutations, aromatic stacking has 

also been utilized to construct both 2D and 3D superstructures using human 

heavy-chain Ft. This involved substituting a surface-exposed glutamic acid with 

phenylalanine or tyrosine, resulting in the desired assemblies.183 In the case of 

shrimp Ft, point mutations were introduced by replacing a surface threonine or 

glutamine with arginine.208 The resulting three-dimensional lattices were 

formed through interactions between arginine residues, effectively holding the 

structures together.  

2.2.3 Phthalocyanines 

Photosensitizers (PS) play a vital role in various photochemical reactions 

by absorbing light and transferring energy to neighboring molecules. Biomedi-

cal light management using PS offers diverse potential uses, each at different 

developmental stages. They find wide-ranging applications in photodynamic 

therapy (PDT),209 a treatment method that utilizes light-activated photosensi-

tizers to generate reactive oxygen species (ROS) with the ability to eradicate 
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abnormal cells. PDT has been widely used for treating various conditions in-

cluding actinic keratoses, cancers like esophageal and lung cancer, warts, acne, 

and extramammary Paget's disease. In PDT, PS are used to render targeted ma-

lignant and diseased cells toxic by generating singlet oxygen (1O2) and other 

ROS210 upon exposure to light. The generation of 1O2 can be explained via the 

Jablonski diagram (Figure 8a), which is a graphical representation of the energy 

levels and electronic transitions involved in photochemical processes. It shows 

the different pathways a molecule can follow after absorbing light, including 

non-radiative relaxation, fluorescence, intersystem crossing, and the formation 

of 1O2. Singlet oxygen can be formed through the process of intersystem cross-

ing, where a molecule transitions from an excited singlet state to a lower-lying 

triplet state.211 The excited triplet state has the capacity to interact with molecu-

lar oxygen (O2), leading to the generation of 1O2 and ROS. These exceedingly 

reactive and cytotoxic species are widely utilized in the field of PDT with the 

ultimate aim of killing cancer cells.212  

 
Figure 8: a) Jablonski Energy Diagram. PS in the ground state (0PS) absorbs energy and transi-
tions into an excited state(1PS). The absorbed energy can be released in a non-radiative pathway 
through internal conversion or a radiative pathway such as fluorescence. PS can undergo a non-
radiative intersystem crossing process from the 1PS state to the triplet state (3PS). The relaxation 
from the 3PS state to the ground state (phosphorescence) is characterized by significantly longer 
lifetimes compared to fluorescence. This triplet state can also undergo other photoactive reactions 
such as Type I reactions involving the generation of free radicals or superoxide ions through hy-
drogen or electron transfer processes. On the other hand, Type II reactions occur when oxygen 
interacts with the triplet state of a sensitizer, leading to the production of 1O2. b) Chemical struc-
ture of a metal-complexed phthalocyanine. 

Phthalocyanines (Pc) are a type of synthetic macrocycle composed of four 

isoindole units linked together by nitrogen atoms, forming a large, planar struc-

ture that can host a wide variety of central metal ions. Figure 8b depicts the 

structure of the Pc macrocycle complexed with a metal atom, showcasing the 

coordination capabilities of Pc. Furthermore, Pcs offer synthetic variability, al-

lowing for the fine-tuning of their physicochemical properties such as solubility, 

(photo)stability, and photophysical characteristics. The extensive conjugation 

in the structure of Pc enables its strong absorption of energy in the near-infrared 

(NIR) region, particularly within the so-called Q-band centered in the range of 

650 to 700 nm.213–215 This arises from transitions between the highest occupied 

and lowest unoccupied molecular orbitals (HOMO and LUMO) in the Pc mac-

rocycle. This attribute makes them suitable for PDT applications since NIR light 

can penetrate deeper into tissues, enabling the treatment of tumors located at 

greater depths. Additionally, Pcs exhibit another distinct photoelectronic tran-

sition namely the Soret band. Traditionally centered in the UV-Vis range, it 
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emerges from transitions between Pc's ground state and its second excited state. 

This involves π → π* interactions, causing pronounced absorption peaks at 

shorter wavelengths. The positions and intensities of these bands offer valuable 

insights into the electronic structure and coordination environment of Pc. These 

factors play a significant role in shaping its absorption and emission properties, 

allowing for customization to specific applications. Such properties can be finely 

adjusted through chemical modifications and the choice of metal hosts. This 

versatility finds practical use across diverse domains, encompassing optoelec-

tronics, diagnostics, biomedicine, and catalysis.214,216–225 Notably, Pc possesses 

the ability to generate highly reactive 1O2, which has attracted considerable in-

terest in fields like PDT and water treatment. The majority of present-day PS 

including Pcs are characterized by their high degree of conjugation, resulting in 

limited solubility in water or a tendency to aggregate strongly in aqueous solu-

tions. These characteristics diminish their ability to be absorbed effectively and 

undermine their effectiveness in biomedical applications, particularly in terms 

of their low photodynamic activities. There are a few strategies by which this 

problem can be tackled. One method for improving the solubility involves the 

incorporation of large or elongated molecular groups, such as alkyl or alkoxy, at 

the outer locations of the Pc structure.226–229 While covalent methods can indeed 

be effective for achieving this, it is important to note that the synthesis process 

itself can be quite intricate and demanding in practice. An alternative approach 

is to address these crucial concerns by emulating nature and utilizing biologi-

cally inspired hybrid materials.230 These materials aim to preserve or even en-

hance the optical properties of the photosensitizers in physiological environ-

ments. Photoactive biohybrids can be created by associating Pc with biomole-

cules, either through covalent or non-covalent methods. Covalent approaches 

offer advantages such as stability and precise localization of the Pc within the 

biomolecule structure, thanks to advanced biorthogonal and site-specific reac-

tions. However, covalent methods often require complex designs and synthetic 

routes due to the need for compatible functional groups in both the Pc and bio-

molecule. On the other hand, supramolecular strategies provide greater flexibil-

ity in choosing the conjugation partner and simplify the design and synthesis 

process.59,66  

2.2.4 Pillararenes 

Macrocycles, including cyclophanes, belong to a versatile class of organic com-

pounds that find wide applications in the field of host-guest chemistry. Cycloph-

anes, in particular, are defined by their unique composition of one or more aro-

matic rings, where at least two atoms form a distinct ring system separate from 

the initial aromatic ring.231–233 These compounds exhibit an intriguing cage-like 

structure, characterized by two or more interconnected aromatic rings con-

nected by a bridge. This arrangement allows for the formation of an enclosed 

space within the macrocycle, enabling interactions with guest molecules. Due to 

their tailored structural properties, cyclophanes have garnered significant inter-

est as functional building blocks for various supramolecular assemblies and mo-

lecular recognition processes. Among the various types of cyclophanes, 
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pillar[n]arenes have emerged as a prominent class due to their unique host-

guest properties.234–239 

 
Figure 9: a) Molecular structures of the pillar[5]arenes utilized in this dissertation and b) the 
formation of a host-guest complex with pillar[5]arene (cylinder-shaped)  

Pillar[n]arenes possess a distinct composition where two or more aro-

matic rings are connected at the para-position through methylene bridges (Fig-

ure 9a). This unique arrangement generates a pillar-like structure, conferring 

symmetrical cylindrical shapes to the molecules. As a result, these structures 

exhibit conformational stability and equal accessibility from both sides.240 The 

number of hydroquinone units within these pillar[n]arenes determines the size 

and adjustability of the cavity formed, giving rise to varying cavity dimensions. 

Pillar[n]arenes possess the ability to undergo versatile functionalization, result-

ing in a wide array of modified derivatives. Functional derivatives of these mol-

ecules can be designed to interact with intricate biomolecules, such as proteins 

while maintaining solubility in aqueous solvents. The presence of multiple aro-

matic rings in the structures often imparts high hydrophobicity. To enhance 

aqueous solubility, a viable approach involves introducing charged groups onto 

each ring, particularly when they are positioned on both sides of the ring struc-

tures.241 These derivatives exhibit anticipated chemical or physical properties, 

making them valuable for a multitude of applications in the field of supramo-

lecular chemistry.242–244 These molecules have a hydrophobic cavity that can en-

capsulate guest molecules, similar to cyclodextrins.245  

One of the primary applications of pillar[n]arenes is in the field of drug 

delivery and sensors.246 Pillararene-based drug delivery systems have been de-

veloped for the encapsulation and controlled release of drugs, enhancing their 

solubility, stability, and therapeutic efficacy.247 Pillar[n]arenes can also be used 

as molecular recognition motifs in sensors, where they can selectively bind to 

specific guest molecules and trigger a signal response.248 Moreover, they have 

recently displayed non-bactericidal effects by targeting vital virulence factors in 

Gram-negative pathogens, effectively suppressing toxins, biofilms, and antibi-

otic resistance. This discovery holds promise as an innovative approach for ad-

dressing a wide range of infections.239 Furthermore, pillararenes have been uti-

lized in the formation of higher-order structures, such as supramolecular 
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assemblies and nanoparticles.57 By self-assembling with other molecules or na-

noparticles, pillararenes can form complex architectures with tailored function-

alities, offering opportunities for advanced materials and nanotechnology ap-

plications. 

2.2.5 Fluorescent proteins 

 

The discovery of genetically-encodable FPs has made a significant contribution 

to the existing library of fluorescent probes. These FPs are particularly valuable 

as they possess all the necessary information for fluorescence within their pri-

mary amino acid sequence. Consequently, FPs have been extensively exploited 

for live cell imaging.249 FPs, specifically referring to proteins similar to green 

fluorescent protein (GFP),250,251 are intricate 3D polypeptide structures with a 

size of approximately 25–30 kDa and emit bright green light upon stimulation 

with UV or blue light252. The tertiary configuration of GFP is vital for both the 

creation of the chromophore and its photophysical characteristics. These ar-

rangements include an organic chromophore that is accountable for their lumi-

nous attributes and situated within a rigid β-barrel structure consisting of 11 β-

sheets encircling an α-helix. In GFP, the chromophore demonstrates a funda-

mental structural motif known as 4-(p-hydroxybenzylidene)-5-imidazoli-

none.253–256 The chromophore is effectively protected from the surrounding sol-

vent by a comprehensive network of hydrogen bonds that intertwines the sur-

face of the β-barrel. Additionally, the scaffold serves as a protective shell, encap-

sulating the chromophore and impeding the access of external molecules. It ac-

complishes this through a combination of structural and electrostatic interac-

tions, including hydrogen bonds, steric interactions with neighboring residues, 

and the electrostatic field generated by the protein matrix. The chromophore 

can exist in both anionic and neutral forms, with their relative concentrations 

dependent on environmental factors such as ionic strength, pH, and tempera-

ture.257 Moreover, the rigid β-barrel structure of FPs not only imparts stability 

against moderate environmental changes but also plays a crucial role in modu-

lating the spectroscopic properties of the chromophore.258–261 The protein scaf-

fold provides a suitable environment that facilitates the autocatalytic formation 

of the chromophore and the reactive processes responsible for generating emis-

sive species. Over the past decade, there has been a growing interest in the uti-

lization of these biological materials and structures for photonic purposes such 

as lasers262–264 and LEDs265–267. This is due to their favorable spectral character-

istics, which have the potential to rival those of synthetic fluorophores. 

There is a relentless pursuit of exploring increasingly brighter and improved 

FPs that can cover a wide range of the electromagnetic spectrum. In addition to 

brightness, several key enhancements are sought after, such as high quantum 

yield, significant Stokes shift, insensitivity to pH fluctuations, rapid maturation, 

reduced tendency to form oligomers, and enhanced photostability.268 By per-

forming rapid modifications and mutagenesis on the wild-type GFP (wtGFP), 

the excitation and emission maxima of GFP were altered, leading to the devel-

opment of FPs capable of emitting light in the blue (BFP), cyan (CFP), and 
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yellow (YFP) spectral ranges. An additional avenue of enhancement involves the 

development of techniques to prevent aggregation induced by both thermal and 

chemical factors, which includes the creation of a supercharged variant of the 

protein. For example, the supercharged version of GFP maintained nearly iden-

tical excitation and emission spectra as the original GFP.269 These supercharged 

FPs have been employed to construct hierarchical structures, presenting exten-

sive possibilities for the generation of innovative architectures.270,271 
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3. Material and Methods 

Extensive information regarding the materials and methods employed can be 

found in Publications I-IV, whereas only a condensed overview will be pre-

sented here. 

3.1 DNA origami 

In Publications I and II, the 6HB and 60HB DO structures were folded using 

ssDNA isolated from the M13mp18 plasmid (Tilibit Nanosystems), consisting of 

7249 nucleotides (nt). The 24HB structure, on the other hand, was folded using 

a scaffold of 7560 nt derived from the same plasmid. To facilitate the folding 

process, a specific number of staple strands (obtained from Integrated DNA 

Technologies) were utilized: 170 for 6HB, 202 for 24HB, and 141 for 60HB DO. 

After the folding, the DO structures were purified using PEG purification, and 

their concentration was estimated through measurements based on the Beer-

Lambert relationship and UV-Vis spectroscopy using a Biotek Eon Microplate 

Spectrophotometer. The design and sequence of the staple strands used for the 

folding, as well as thermal ramp were adapted from previously published stud-

ies (6HB from Bui et al.,272 24HB from Ijäs et al.,273 and 60HB from Linko et 

al.274). 

3.2 Agarose Gel Electrophoretic Mobility Shift Assay 

In Publications I and II, agarose gel electrophoresis mobility shift assay (EMSA) 

was employed to assess the purity of DO structures (6HB, 24HB, 60HB) and 

explore the optimal co-assembly ratio of DO with ZnPcs. A gel with 2% (w/v) 

agarose content was prepared by dissolving 2 g of agarose in 90 mL of 1× TAE 

buffer, heating the mixture until it became clear, and then adding 10 mL of 110 

mM MgCl2. For gel visualization, 80 μL of ethidium bromide (EtBr) solution 

(0.58 mg mL-1) was used to stain the gel before it was poured into the casting 

tray. The samples were combined with Gel Loading Dye Blue (6×). Electropho-

resis was conducted at a constant voltage of 90 V for 45 minutes using a BioRad 

horizontal-wide Mini-Sub GT electrophoresis system and a BioRad PowerPac™ 

Basic power supply. The electrophoresis run employed a running buffer of 1× 

TAE containing 11 mM MgCl2, and the gel chamber was situated on an ice bath 

throughout the process. Gel visualization was achieved using either a BioRad 

Gel Doc™ XR+ Documentation system or a BioRad ChemiDoc™ MP Imaging 
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system, employing excitation wavelengths of 532 nm (Alexa 546) and 633 nm 

(Alexa 647). 

3.3 Microscopy 

3.3.1 Optical Microscopy 

Publications I, III, and IV utilized optical microscopy to capture images. The 

images were acquired using either a Leica DM4500 microscope with cross-po-

larizers or a Zeiss Axio Vert A1 inverted microscope. After the complex for-

mation, the samples were incubated at room temperature for 20 minutes and 

then refrigerated overnight before imaging on the following day. To prepare the 

samples, a 5 µL droplet was placed on a glass slide, and a cover slip was applied 

using double-sided tape on the corners to create a chamber that preserved the 

structural characteristics of the sample.  

3.3.2 Transmission Electron Microscopy 

In Publications I, transmission electron microscopy (TEM) images were cap-

tured using either an FEI Tecnai 12 Bio-Twin instrument or a JEOL JEM-2800 

analytical HR-TEM. The FEI Tecnai 12 Bio-Twin operated at an acceleration 

voltage of 120 kV, while the JEOL JEM-2800 operated at 200 kV. Square mesh 

copper grids were used to support the samples. For staining, the samples in Pub-

lications I were negatively stained with uranyl formate. 

In Publications III and IV, cryogenic TEM (cryo-TEM) images were ob-

tained using a JEOL JEM 3200FSC field emission microscope. The microscope 

was operated at 300 kV in bright field mode, equipped with an Omega-type 

zero-loss energy filter. Gatan Digital Micrograph software was used to capture 

the images while maintaining the specimen temperature at -187 °C. To prepare 

the cryo-TEM samples, a 3 μL aqueous dispersion of the model was placed on a 

200-mesh Lacey carbon film on Copper TEM Grids from agar scientific. The 

grids were then plunge-frozen into liquid ethane using a Leica grid plunger, with 

a blotting time of 3 seconds under 100% humidity. The grids with vitrified sam-

ple solution were stored at liquid nitrogen temperature and cryo-transferred to 

the microscope. 

Before using the TEM grids for all samples, they underwent plasma clean-

ing using the NanoClean 1070 system from Fischione Instruments. Addition-

ally, ImageJ software was employed for further processing of the acquired im-

ages. 

3.4 Small Angle X-ray Scattering 

In Publications III and IV, small angle X-ray scattering (SAXS) patterns were 

recorded using the Xenocs Xeuss 3.0 C instrument, which was equipped with a 

GeniX 3D Cu microfocus source with a wavelength (λ) of 1.542 Å. The measure-

ments were conducted at a sample-to-detector distance of 0.6 m, utilizing an 

EIGER2 R 1M hybrid pixel detector. For all measurements, the scattering vector 
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q was calibrated using a silver behenate standard, and the 2D scattering data 

were converted into SAXS curves through azimuthal averaging, and the magni-

tude of the scattering vector (q) was determined by the equation q = 4π sinθ/λ, 

where 2θ represents the scattering angle. 

To prepare the samples, gentle mixing was performed using a pipette, re-

sulting in the formation of precipitates immediately after mixing for lower ionic 

strength, however, higher ionic strength sample remained without visible ag-

gregates. The samples were then incubated in a refrigerator for 1 hour to allow 

the precipitates to settle. Subsequently, the sedimented samples were then an-

alyzed by SAXS. The samples were sealed in glass capillaries with a diameter of 

either 1 or 1.5 mm, ensuring that no X-rays were scattered in the measured q 

range. 

3.5 Dynamic light scattering 

In Publications III and IV, the hydrodynamic diameters of self-assembling pro-

tein cages (aFt, Ft) combined with cationic pillararenes and scmGL, respec-

tively, were assessed using dynamic light scattering (DLS). Both publications 

involved dissolving the protein cages in a buffer solution (20 mM Tris, pH 7.5) 

and then titrating them either with P10+ (structure shown in Figure 9) or 

scmGL. The Zetasizer Nano ZS Series equipment from Malvern Instruments 

was employed to monitor the increase in particle count rate and the sizes of sec-

ondary assemblies. The measurements and titrations were conducted at a tem-

perature of 25 °C using PMMA cuvettes. 

3.6 UV-Vis spectroscopy  

In Publications I-IV, UV-Vis spectroscopy was performed using a Cytation 3 

plate reader from BioTek. In Publications I and II, the focus was on examining 

the changes in the absorbance spectra of ZnPc in the presence of DO and NaCl. 

To prepare the samples, 100 µL PCR tubes were utilized, and then the contents 

were transferred to a transparent flat-bottom 96-well plate. In Publications III 

and IV, crystal preparation followed the respective protocols mentioned in the 

publications. After overnight incubation in the refrigerator, the supernatant liq-

uid was replaced with fresh buffer (20 mM Tris, pH 7.5) and measurements 

were carried out. 
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4. Results and Discussion 

Within this section, the outcomes of the publications are examined sequentially 

based on their numerical arrangement. The publications encompass all the ac-

quired results, while this discussion specifically highlights the most pertinent 

findings concerning the characterization and application of self-assembled DO 

and protein cage structures. 

4.1 Self-assembly of DNA origami with zinc phthalocyanines 

In both Publication I and II, negatively charged DO was combined with tetra- 

or octa-cationic ZnPc to create electrostatic self-assembled structures. The re-

search was done to improve the photoactivity of ZnPcs in elevated ionic strength 

media, and in return, the coating strategy can also protect against the enzymatic 

digestion of DO. In Publication I, cylindrical-shaped, negatively charged 6HB 

was combined with octa-cationic ZnPc (ZnPc(+8)). To determine the ratio at 

which the 6HB is completely grafted by the ZnPc(+8), an agarose EMSA was 

employed. EtBr was used to stain the agarose gels to observe the location of 6HB 

following the run. Subsequently, the gels were illuminated at 532 nm and 633 

nm to visualize EtBr and ZnPc respectively. A fixed concentration of 6HB was 

subjected to titration with ZnPc(+8). As the ratio of ZnPc(+8) increased, the in-

tensity of the free 6HB band in the gel diminished until it reached a saturation 

point, indicating full coverage of 6HB (Figure 10a). Moreover, to demonstrate 

that the assembly is governed by electrostatic forces, NaCl was introduced be-

fore complex formation to elevate the ionic strength of the medium. It was ob-

served that higher ionic strength, specifically above 200 mM NaCl, impeded the 

formation of the complex. As a result, when samples with higher ionic strength 

were employed, the 6HB band reappeared in the EMSA gel (Figure 10b).  

 
Figure 10: a) The interaction between 6HB and ZnPc(+8) was analyzed using agarose gel EMSA 
with increasing molar equivalents of ZnPc(+8). (b) Agarose gel EMSA was conducted to examine 
the ZnPc(+8)–6HB complex under varying NaCl concentrations. The gel exhibited two emission 
channels: EtBr (532 nm) (top) and ZnPc (633 nm) (bottom). Paper I, © 2020 The authors, repro-
duced from Royal Society of Chemistry under CC BY 3.0. 
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To acquire more understanding of the correlation between the properties of 

the created complexes and the ionic strength of the media, additional infor-

mation was obtained using UV-Vis absorption spectroscopy and TEM imaging. 

At various NaCl concentrations, the absorption spectrum of ZnPc(+8) was 

measured under constant concentration, while ZnPc was present in an amount 

equivalent to 500 times the concentration of 6HB (Figure 11a). It has been pre-

viously known that the ZnPc exhibits a shift in the wavelength of its Q-band ab-

sorption when it undergoes aggregation. In its monomeric state, it displays a 

strong absorption band at 676 nm, whereas in the aggregated state, the absorp-

tion becomes broader and less intense, occurring at 632 nm.215 The efficacy of 

the studied combination can be assessed by quantifying the ratio of deaggre-

gated and aggregated ZnPc (Figure 11b). In the absence of 6HB, the rise in ionic 

strength resulted in the anticipated aggregation of ZnPc(+8). However, the in-

troduction of varying amounts of 6HB resulted in two distinct observations. In 

the initial range of 0 to 200 mM NaCl (referred to as regime A), there was a 

decrease in the aggregation of ZnPc(+8). However, in the subsequent range of 

200 to 1000 mM NaCl (referred to as regime C), an increase in aggregation was 

observed. Notably, the most significant disruption of aggregation was observed 

at a NaCl concentration of 200 mM (referred to as regime B), and this effect was 

only evident at ZnPc(+8)/6HB ratios below saturation (specifically, when the 

ratio of ZnPc(+8)/6HB was 2000 eq.). Therefore, the prevention of aggregation 

can be attributed to the formation of a complex between ZnPc(+8) and 6HB, 

resulting in a disaggregation effect. 

 
Figure 11: (a) The absorption spectra of ZnPc(+8) were recorded while varying NaCl concentra-
tions, in the presence of 6HB (ZnPc(+8)/6HB = 500). (b) The ratio between the absorption at 676 
nm and 632 nm of ZnPc(+8) was determined at different NaCl and 6HB concentrations, with 
normalization to the value at 0 mM NaCl (c-e) TEM images of the ZnPc(+8)–6HB complexes were 
captured under three conditions: 0 mM NaCl, 200 mM NaCl, and 1000 mM NaCl. Before imaging, 
the samples were stained with uranyl formate staining. Paper I, © 2020 The authors, reproduced 
from Royal Society of Chemistry under CC BY 3.0. 
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TEM images (Figure 11c–e) confirm the morphological changes that occur in 

the complexes when the ionic strength is increased. At low levels of ionic 

strength, noticeable clusters of 6HB are present. This clustering is facilitated by 

the charged ZnPc acting as a supramolecular adhesive, crosslinking the 6HB. 

However, as NaCl is gradually added, these larger clusters begin to disintegrate, 

and individual 6HB structures become visible at a NaCl concentration of 200 

mM. Further addition of NaCl (final conc. = 1000 mM) leads to the dissociation 

of ZnPc(+8) and 6HB, causing the unbound ZnPc to form aggregates in the high 

ionic strength environment. Therefore, the optimal condition for achieving in-

dividual 6HB loaded with a substantial amount of non-aggregated ZnPc is the 

formulation of the complexes at 200 mM NaCl. This ensures that the ideal op-

tical properties of the complex are maintained. 

 
Figure 12: The normalized photooxidative activity (k/k0) of ZnPc(+8)–6HB complexes was as-
sessed at various 6HB ratios and NaCl concentrations. Paper I, © 2020 The authors, reproduced 
from Royal Society of Chemistry under CC BY 3.0. 

The evaluation of the complex's resistance to photo-oxidative changes caused 

by aggregation under physiological conditions was conducted using a compara-

tive approach.275 The effectiveness of this approach is based on the direct corre-

lation between the decomposition of the chemical scavenger 1,3-diphenyl-

isobenzofuran (DPBF) and the production of 1O2 resulting from photoreactions. 

Different equivalent ratios of ZnPc(+8)/6HB were exposed to varying durations 

of irradiation at constant fluence rates, in the presence of varying amounts of 

NaCl and aqueous DPBF (more details in Publication I). By studying the slope 

ratio (k/k0), where k0 is the slope of the relativity of absorbance before and after 

each irradiation step (ln(A0/At)) against the irradiation time (t), in the absence 

of salt and k represents the same slope but in the presence of salt, it is observed 

that the photoactivity of complex ZnPc(+8) is significantly suppressed at higher 

NaCl concentrations (Figure 12). In contrast, the ZnPc(+8)-6HB complex ex-

hibits optimal photoactivity between 100 and 200 mM NaCl. These results are 

consistent with the previously observed patterns of aggregation and deaggrega-

tion, highlighting the ability of these complexes to effectively produce 1O2 in en-

vironments that closely resemble physiological conditions. 
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Figure 13: a) Scheme of the digestion experiment. (1) M13mp18 scaffold, (2) 6HB, (3) digested 
6HB (d6HB), (4) ZnPc(+8)–6HB, (5) deprotected 6HB, (6) ZnPc(+8)–6HB after digestion, (7) 
deprotected 6HB after digestion, (8) ZnPc(+8)–d6HB, (9) deprotected d6HB. The numbers in the 
figure correspond to the agarose gel EMSA lanes at b) 0 mM and c) 200 mM of NaCl. Paper I, © 
2020 The authors, reproduced from Royal Society of Chemistry under CC BY 3.0. 

The susceptibility of DNA-based drug delivery systems to enzymatic degrada-

tion is a significant factor influencing their circulation duration and bioavaila-

bility. Deoxyribonuclease (DNase I), as an endonuclease enzyme, cleaves the 

phosphodiester bonds found within a polynucleotide chain, resulting in the pro-

duction of smaller oligonucleotide fragments. In EMSA, the degraded DO has 

higher mobility due to its smaller size. The fetal bovine serum (FBS) contains 

0.256–1.024 Kunitz U mL−1 of endonuclease activity145 and when utilizing ther-

apeutic approaches based on DNA, these treatments must be resilient against 

this enzymatic degradation. Ensuring stability and effective delivery of the ther-

apeutic payload relies on overcoming the activity present in such biological me-

dia. In order to assess the protective effect of the combined approach involving 

ZnPc(+8) and 6HBs against DNase I degradation, the following experiment was 

devised and examined through EMSA (Figure 13b). As a control, naked 6HB was 

digested, resulting in the vanishing of the DO band and the emergence of frag-

ments exhibiting greater electrophoretic mobility. The ZnPc(+8)–6HB complex 

was then subjected to digestion, followed by the disassembly using heparin to 

assess the integrity of the DO. Heparin, a highly anionic biopolymer, strongly 

binds to ZnPc(+8), releasing the intact 6HB. Upon recovering the 6HB from the 

formed complex, it exhibited intact recovery (lane 7), indicating protection 

against the nuclease. To demonstrate that the DO protection is solely attained 

through the interaction with ZnPc(+8) and not because of macroscopic com-

plexation or aggregation, the identical experiment was conducted while intro-

ducing 200 mM NaCl (Figure 13c), resulting in an identical outcome. 
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Figure 14: (a) Absorption spectra of ZnPc(+4) in the presence of various concentrations of 
24HB. (b) Absorbance of ZnPc(+4) at 690 nm in the presence of different 24HB concentrations. 
(c) Top to bottom: schematic representation of the ZnPc(+4)–24HB hybrids at (A) 40 000, (B) 
10 000, and (C) 2000 equivalents of ZnPc(+4) per 24HB. (d) Absorbance of ZnPc(+4) at increas-
ing amounts of d) 24HB with NaCl and e) 60HB with NaCl. Paper II, © 2022 The authors, repro-
duced from American Chemical Society under CC BY 4.0. 

In Publication II, the interaction between a Janus-type ZnPc and two different 

types of DO i.e., 24HB and 60HB was studied. The term "Janus-type" refers to 

the unique molecular structure of ZnPc, which exhibits two distinct surfaces 

within the same molecule. Among the four isoindole rings of this Janus-type 

ZnPc molecule, one of them carries a total of four positive charges, while on the 

opposite side, there are six triethylene glycol chains distributed across the re-

maining three isoindole units. The presence of triethylene glycol chains in the 

ZnPc molecule confers inert properties and enhances water solubility. Simulta-

neously, the bulky charged substitution not only shields against the usual aggre-

gation tendencies of ZnPc but also enables interactions with negatively charged 

biomolecules like DNA. This duality in charge and chemical composition is what 

makes the ZnPc molecule Janus-type. The tetra-cationic ZnPc (ZnPc(+4)) and 

DO interaction was studied using UV-Vis spectroscopy. The absorption of 

ZnPc(+4) at a constant concentration was recorded while increasing the con-

centrations of 24HB, which demonstrated no significant band shift (Figure 14a). 

Nevertheless, when plotting the absorbance of ZnPc(+4) at 690 nm against the 

concentration of 24HB, it becomes evident that two patterns emerge (Figure 

14b). Initially, the inclusion of 24HB up to 1.5 nM led to a reduction in the ap-

parent extinction coefficient (ε) (Figure 14c, A). This behavior, known as the 

binding asymptote, occurs due to an excess of stepwise binding of ZnPc(+4) to 
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the DO. The saturation point represents the complex with densely packed ZnPc, 

exhibiting a minimum apparent ε (Figure 14c, B). Further increases in 24HB 

concentration led to an apparent increase in ε (decluttering asymptote) (Figure 

14c, C). In this range, the available surface area of DO increases, causing reduced 

molecular packing of ZnPc(+4). To delve deeper into this, the previously men-

tioned experiments were replicated for both DO (i.e., 24HB and 60HB) while 

introducing increasing concentrations of NaCl. The binding saturation point 

was essentially absent beyond 50 mM of NaCl, owing to the aggregation of un-

bound ZnPc(+4) caused by the presence of salt (Figure 14d–e). However, the 

decluttering asymptote remained, indicating robust binding resilience in high 

ionic strength media. This phenomenon can be attributed to the establishment 

of a resilient, kinetically trapped state enabled by the development of a 

core−shell-like structure. Within this configuration, the charged interface con-

necting ZnPc(+4) and DO remains shielded from the influence of the media's 

ionic strength by the hydrophilic yet neutral ethylene glycol corona.  

 
Figure 15: Agarose gel EMSA of a) 24HB and b) 60HB titrated with increasing molar equivalents 
of ZnPc(+4). EMSA of (c) ZnPc(+4)–24HB complex and ZnPc(+4)–60HB complex in the pres-
ence of increasing NaCl concentrations. Paper II, © 2022 The authors, reproduced from Ameri-
can Chemical Society under CC BY 4.0. 

The stoichiometric ratio necessary for the formation of the complex was de-

termined using EMSA. ZnPc(+4) was titrated with a constant concentration of 

24HB and 60HB to ascertain the maximum binding capacity, referred to as the 

saturation ratio, which aligns with the methodology described in Publication I. 

With increasing quantities of ZnPc(+4), the intensity of the unbound DO band 

gradually diminished until reaching an excess at a ZnPc(+4)/DO molar ratio of 

approximately 40,000 for both 24HB (Figure 15a) and 60HB (Figure 15b). This 

ratio is considerably higher compared to the amount of ZnPc(+8) required to 

coat the 6HB, which can be attributed to the lower number of charges present 

in ZnPc(+4). To confirm the electrostatic nature of the complexation process, 

different concentrations of NaCl were introduced before mixing ZnPc(+4) with 
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24HB (Figure 15c) or 60HB (Figure 15d). For this experimental setup, a 

ZnPc(+4)/DO molar ratio of 40,000 was selected to ensure the complete cover-

age of DO. The ensuing EMSA analysis unveiled that ZnPc(+4) effectively binds 

to DO up to 50 mM NaCl. However, the increase of NaCl concentration beyond 

100 mM hindered the complexation process, as indicated by the resurgence of a 

distinct DO band. This observation provides further substantiation that the as-

sembly is predominantly driven by electrostatic interactions. 

4.2 Electrostatic self-assembly of protein cages  

 

In Publications III and IV, anionic protein cages, namely aFt and Ft, were co-

crystallized with cationic molecular glues, pillararene and green lantern protein, 

respectively. In Publication III, the pillar[5]arene (p10+)(Figure 9) exhibited 

five cationic charges on each side of its hydrophobic cavity. This cavity provides 

an opportunity to accommodate different organic pollutants, while the protein 

cage has a natural ability to host ionic metals. As a result, the resulting crystal-

line assemblies can be effectively utilized for the simultaneous removal of both 

organic and inorganic pollutants from aqueous environments. The progression 

of the SA procedure was initially monitored by DLS, encompassing the tracking 

of the elevation in particle count rate and the hydrodynamic diameter (Dh). A 

constant concentration of aFt or Ft (0.1 mg mL-1) was incrementally mixed with 

increasing quantities of P10+. Initially, Ft demonstrates a rapid increase in in-

tensity, indicating the presence of aggregates (Figure 16a, left). This occurs at a 

[P10+] concentration of 10 mg L-1, while for aFt, it occurs at 17.5 mg L-1. The 

minor variation in the aggregation threshold can be explained by the notably 

reduced overall molecular weight of aFt, stemming from the absence of the iron 

oxide core. This decreased weight allows for a higher quantity of cages to exist 

within a specific volume. Consequently, a higher concentration of P10+ is re-

quired to promote the formation of complexes. 

 
Figure 16: SA of protein cage-P10+ complexes was examined through DLS. a) (left) DLS meas-
urements were conducted on solutions of Ft and aFt, which were titrated with increasing concen-
trations of P10+. This demonstrates the formation of complexes involving both protein cages. 
(right) the complexes were disassembled by raising the ionic strength of the medium through the 
addition of NaCl. b) DLS data illustrates the volume-averaged size distribution of free Ft when 
titrated with increasing amounts of P10+. c) the resulting complexes are shown to disassemble 
upon the introduction of NaCl. Paper III, © 2022 The authors, reproduced from Wiley-VCH 
GmbH under CC BY 4.0. 
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To demonstrate that electrostatic interactions play a crucial role in the recogni-

tion process, the complexes formed between the protein cages were disassem-

bled by increasing the ionic strength. This disassembly was observed for both 

protein cages at similar levels of NaCl concentration (above 50 mM), as depicted 

in Figure 16a (right). This phenomenon correlates with the observed changes in 

the Dh of Ft. With increasing P10+ concentration, the peak representing the na-

tive size of Ft decreases, as shown in Figure 16b. Nonetheless, elevating the ionic 

strength of the surrounding medium leads to the Dh reverting to its initial di-

mensions. This observation suggests that the system can be effectively disas-

sembled to its original state by merely augmenting the electrolyte concentra-

tion, as depicted in Figure 16c.  

 
Figure 17: The structural characterization of (a)Ft-P10+ complexes was performed using SAXS 
diffractograms. Measurements were taken for both a) aFt-P10+ and b) Ft-P10+ complexes at var-
ious NaCl concentrations. In c), the SAXS data for the aFt-P10+ complex at 20 mM NaCl is com-
pared to the fitted FCC model, with the inset showing the square root of the sum of the square of 
the Miller indexes of the assigned reflections for the FCC structure versus the measured q-vector 
positions. Additionally, d) presents an optical microscopy image of Ft-P10+ crystals exhibiting an 
octahedral habit. Furthermore, e) and f) shows a cryo-TEM image of vitrified aqueous solutions 
containing Ft-P10+ with 80 mM NaCl and aFt-P10+ with 20 mM NaCl respectively. Insets in both 
images show the corresponding fast Fourier transforms (FFT). Paper III, © 2022 The authors, 
reproduced from Wiley-VCH GmbH under CC BY 4.0. 

SAXS was utilized to investigate the morphology of aFt and Ft CPFs. The ex-

perimental setup involved mixing a constant concentration of aFt or Ft under 

various NaCl concentrations. The SAXS analysis revealed distinct Bragg reflec-

tions. For the aFt–P10+ complex, well-defined diffraction peaks were observed 

at low NaCl concentrations (0–40 mm) (Figure 17a). Nevertheless, with the in-

crease in electrolyte concentration, the strength of attractive interactions weak-

ened, impeding the formation of assemblies. In contrast, the Ft-P10+ complexes 

exhibited Bragg reflections even at elevated ionic strengths, reaching up to 90 

mM (Figure 17b). In both cases, the relative positions of the peaks corresponded 

to the first allowed reflections of a face-centered cubic (FCC) lattice. By fitting 
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the FCC system, a lattice parameter of aSAXS=18.6 nm was determined (Figure 

17c). The calculated nearest-neighbor distance for aFt was found to be 13.2 nm, 

which agrees well with the reported diameter of aFt (daFt ∼12 nm) and the ob-

served DLS dimensions. Using the hanging drop method, large macroscopic Ft-

P10+ crystals were observed with an octahedral shape and an approximate size 

of 5 μm (Figure 17d). To gain insights into the formed lattices in solution, cryo-

TEM was employed. Figure 17e–f displays typical small crystallites with a well-

organized arrangement of individual Ft or aFt particles, providing a visual rep-

resentation of the structures formed.  

 
Figure 18: Host-guest binding of organic and inorganic materials. UV-Vis titration of MO with 
a) P10+ and b) aFt–P10+ shows clear binding. Inset: shows the absorbance ratio at 400/470 nm 
for P10+ and aFt-P10+ crystals indicating clear binding interactions. c) As a control, fluorescein, 
which is too large to efficiently bind inside the P10+ cavity, exhibited minimal changes in the 
spectrum during titration. d) The adsorption of Cd(II) and As(V) on Ft-P10+ complexes was ana-
lyzed using inductive coupled plasma-optical emission spectrometry (ICP-OES). Inset: a sche-
matic representation of Cd(II) and As(V) (generalized as M) adsorption on the mineral core of Ft. 
Paper III, © 2022 The authors, reproduced from Wiley-VCH GmbH under CC BY 4.0. 

The (a)Ft-P10+ complexes exhibit partially occupied voids between the pro-

tein cages, with P10+ acting as bridges, creating available binding sites for 

small-molecular guests. To verify this, the selective binding of organic guest 

molecules was investigated by examining changes in the absorption spectra of 

methyl orange (MO) and fluorescein. MO, which can fit inside the hydrophobic 

cavity of cationic pillararenes, produces a solvatochromic effect. In contrast, flu-

orescein can only partially fit into the cavity. Titration of MO with free P10+ 

results in a noticeable decrease in the UV-Vis absorption spectrum at 470 nm 

and an increase at 400 nm, indicating the binding of MO within the host cavity. 

(Figure 18a). The aFt–P10+ crystals also yield comparable changes in the ab-

sorption spectra (Figure 18b). The plot of absorbance ratios against the 
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concentration of the host reveals that the crystals exhibit slightly lower binding 

efficiency compared to freely soluble hosts when considering P10+ concentra-

tion (Figure 18b - inset). This can be attributed to the potential influence of aFt 

binding on the host's ability to accommodate guest molecules. However, despite 

this effect, binding still occurs within the crystals. The UV-Vis titration data 

demonstrate minimal changes in fluorescein absorption when it binds to P10+.  

The porous Ft–P10+ complexes were investigated for their ability to capture 

both organic and inorganic materials. For the simultaneous binding of these 

guest species, the aFt-P10+ crystals were initially loaded with MO. Subse-

quently, batch sorption isotherms for As(V) and Cd(II) were evaluated using in-

ductive coupled plasma-optical emission spectrometry (ICP-OES). The proce-

dure encompassed establishing equilibrium between a known concentration of 

the pollutants and a fixed amount of the Ft-P10+ crystal (Figure 18d). By fitting 

the measured adsorption data, a maximum adsorption capacity of 24.5 mg g-1 

for Cd(II) and 17.8 mg g-1 for As(V) was determined (more details can be found 

in Publication III). This indicates that these protein co-assemblies have the po-

tential to effectively remove both organic and inorganic pollutants from water, 

making them suitable for water remediation applications. 

In Publication IV, a unique FP called scmGL was employed for the investiga-

tion. This protein was designed to have 22 positive charges strategically placed 

around its structure to facilitate long-range electrostatic interactions. To exam-

ine the interaction between scmGL and aFt, we initially employed DLS. A fixed 

concentration of aFt (0.1 mg mL-1) in Tris buffer was gradually titrated with in-

creasing concentrations of scmGL. The DLS analysis revealed a rapid increase 

in the particle count rate as scmGL concentration increased. The complete com-

plexation of aFt was achieved with a minimum scmGL concentration of 0.045 

mg mL-1. (Figure 19a, left). Based on the molecular weight of scmGL and aFt, 

there are ~8 scmGL proteins surrounding each aFt protein cage. To establish 

that the primary binding driving force is electrostatic interactions, the com-

plexes were disassembled by gradually raising the ionic strength of the media, 

increasing the NaCl concentration (Figure 19a, right), and reaching a total dis-

assembly at 150 mM NaCl. Similar changes are observed when analyzing Dh with 

an increase in scmGL concentration and ionic strength. Upon increasing the 

scmGL concentration, the peak at 15.4 nm (native size of aFt) decreases, and a 

new peak at ~2 µm evolves at 0.045 mg mL-1 (Figure 19b, left). At this point, the 

ionic strength was increased (Figure 19b, right), showing a decrease of Dh down 

to a similar size of free aFt (i.e., 13.4 nm).  
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Figure 19: SA and structural analysis of aFt-scmGL complexes were performed. a) DLS was used 
to monitor the changes in aFt solution as scmGL concentration increased (left). The aFt-scmGL 
complexes were then disassembled by elevating the ionic strength of the medium using NaCl 
(right). b) presents DLS data, illustrating the size distribution of free aFt titrated with increasing 
scmGL concentration (left), and the disassembly of aFt-scmGL complexes with NaCl (right). c) 
SAXS diffractograms were obtained for the aFt-scmGL complex in the presence of 50 mM NaCl. 
These patterns were compared to the FCC model, as well as the individual components, free aFt 
and scmGL (offset in the y-direction for clarity). Inset: square root of the sum of the square of the 
Miller indexes of the assigned reflections for the FCC structure, compared to the measured q-
vector positions. d) cryo-TEM was used to capture images of vitrified aqueous solutions contain-
ing aFt-scmGL complexes in the presence of 50 mM NaCl. Inset: an optical microscopy image of 
the aFt-scmGL complex at the same NaCl concentration. 

The crystalline structure of aFt-scmGL was examined using SAXS. The SAXS 

patterns displayed distinct Bragg reflections with clearly resolved diffraction 

peaks (Figure 19c). The relative positions of the peaks corresponded to the first 

allowed reflections of a FCC lattice, similar to the aFt-P10+ complexes discussed 

earlier in Publication III. The lattice parameter determined for the FCC system 

was found to be aSAXS = 20.2 nm, which closely matched the calculated nearest-

neighbor distance between the centers of aFt particles (14.3 nm). This agree-

ment aligns well with the known diameter of aFt particles (approximately 12 

nm). Additionally, the Bravais lattice space group Fm3m (no. 225) was sup-

ported by comparing the SAXS pattern to a simulated curve generated from a 

finite FCC structure. Notably, the aFt-scmGL crystals exhibited the same octa-

hedral crystal habit observed in aFt-P10+ crystals (Figure 19d - inset), indicat-

ing that the [111] direction was thermodynamically favored for crystal growth. 

To further confirm the arrangement of aFt particles, cryo-TEM was employed, 
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revealing a well-structured arrangement of individual aFt particles within the 

aFt-scmGL sample (Figure 19d).  

 
Figure 20: a) Comparison of aFt crystals and aFt-scmGL crystals. Top lane: bright-field, fluo-
rescence, and composite images of the aFt crystals formed using CdSO4. Bottom line: bright-field, 
fluorescence, and composite images of aFt-scmGL crystals. Right: Fluorescence intensity profiles 
(raw pixel values) correspond to the cross-sectional lines in the fluorescence images (center) of 
both aFt and aFt-scmGL crystals. b) Fluorescence microscopy image of a selected area photo-
bleached (Aalto University logo) on the aFt-scmGL crystal. (c) UV-Vis spectra of different con-
centrations of aFt-scmGL cocrystals. Inset: linear increase in 500 nm wavelength.  

Fluorescence microscopy was employed to compare the signal strength be-

tween aFt and aFt-scmGL crystals. The fluorescence signal emitted by aFt-

scmGL crystals was found to be 1000 times stronger than that of aFt crystals, as 

depicted in Figure 20a. Additionally, a specific region within the crystal was 

subjected to photobleaching using a high-intensity laser beam. No recovery of 

the fluorescence signal was observed over time, indicating that the surplus 

scmGL proteins in the surrounding environment did not diffuse and replace the 

photobleached scmGL proteins within the crystal lattice. This observation con-

firms that the aFt-scmGL crystal structure is static and stable (Figure 20b). The 

optical properties of the aFt-scmGL cocrystals were further investigated using 

UV-Vis absorption spectroscopy. The absorption spectra displayed a linear in-

crease in absorption intensity at 500 nm with the addition of more protein co-

crystals (Figure 20c).  
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Figure 21: Device stability (left) and temperature (right) operating at high power conditions  

 

To assess the performance of the crystals, a BioLED device was created using 

a silicone-processed mould that incorporated aFt–scmGL crystals. When sub-

jected to high-power driving conditions, the device demonstrated remarkable 

stability, with an approximate 50% reduction in the initial intensity of the con-

version band occurring after approximately 40 minutes. Throughout this pe-

riod, the working temperature of the device remained around 40 °C, as depicted 

in Figure 21 (left). This outcome is particularly noteworthy when compared to 

control devices containing the same quantities of scmGL and uncharged mGL, 

which exhibited stabilities of less than 1 minute and reached working tempera-

tures of 65 °C, as illustrated in Figure 21 (right). The enhanced stability of the 

device can be attributed to the crystal structure, which restricts the movement 

of the FP and hinders heat transfer, effectively minimizing heat generation re-

sulting from light exposure.
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5. Conclusion and outlook 

The research conducted in this dissertation highlights the efficacy of electro-

static interactions in driving the SA of two biomolecules-based materials, 

namely DO and protein cages. Notably, the assembly processes were achieved 

without the need for modifying the protein cages and DO themselves, under-

scoring the simplicity of the assembly process despite the inherent complexity 

of these molecular structures. In essence, the results presented in this study 

shed light on the remarkable potential of DO and protein cages in creating ver-

satile and functional biohybrid materials. Furthermore, this research offers val-

uable insights into the influence of electrolyte concentration on the structure 

and functionality of self-assembling complexes and crystals. We have observed 

that varying the electrolyte concentration has a significant impact on the assem-

bly process, leading to distinct structural arrangements and functional proper-

ties. By systematically investigating these effects, we gained a deeper under-

standing of how electrolyte concentration can be precisely controlled to modu-

late the characteristics of the resulting assemblies. This knowledge is crucial for 

the rational design and optimization of self-assembled systems, including ma-

terials science, nanotechnology, and biomedicine. 

In Publication I, the combination of electrostatic complexation between 

ZnPc(+8) and 6HB presents a promising and synergistic approach for the de-

velopment of photosensitizing systems based on DNA. Under optimal condi-

tions, the ZnPc bound to DO remains in a non-aggregated state, preserving its 

ability to generate 1O2 as a photosensitizer. Moreover, this complexation offers 

protection to the DO nanocarrier against enzymatic degradation, potentially en-

hancing its bioavailability. Furthermore, precise control over the optical and 

morphological properties is attainable through modulation of the ionic strength 

within a biologically relevant range that aligns with DO compatibility. The gen-

eration of 1O2 and other ROS holds significance in numerous applications within 

biological systems, including diagnostic arrays, PDT, and oxidative photocatal-

ysis. This study introduces novel prospects for investigating materials that 

amalgamate programmable DNA nanostructures with functional dyes such as 

Pc, thereby paving the way for unexplored avenues in future research within this 

domain. 

Publication II showcased the successful demonstration of efficient and re-

versible electrostatic binding between ZnPc(+4) and DO structures. This bind-

ing capability is crucial for the development of DO complexes that hold rele-

vance in PDT. Notably, the resulting biohybrids exhibit impressive resistance to 

disassembly triggered by changes in the ionic strength of the surrounding 
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media. This work represents an initial advancement towards using Janus-type 

Pc materials with robust optical properties and targeted binding abilities to-

wards biomolecules. However, it should be noted that the binding occurs only 

under specific conditions, limiting their applicability in biological environ-

ments. Therefore, there is a need to refine the structures, including the intro-

duction of DNA-interacting functional groups such as amino groups and inter-

calating groups. This refinement aims to enhance the binding affinity to biomol-

ecules, particularly DNA, and explores alternative interactions beyond electro-

statics, thereby achieving improved selectivity. 

In Publication III, the electrostatic SA of aFt and Ft protein cages with the 

molecular host P10+ results in the formation of porous crystals. The character-

ization methods provided compelling evidence of the formation of well-defined 

crystalline protein frameworks with an FCC packing arrangement. Moreover, 

through host-guest studies, it was demonstrated that these composite crystals 

possess efficient binding capabilities for both organic pollutants, such as MO, 

and inorganic pollutants, including Cd(II) and As(V). This binding ability is fa-

cilitated by the porous protein-molecular host network, allowing for the effec-

tive sequestration of pollutants within the crystals. Importantly, these findings 

highlight the multifunctionality of the system and open avenues for designing 

protein assemblies with controlled and synergistic chemical environments. This 

work not only demonstrates the versatility of the system but also provides a 

foundation for the future design of protein assemblies with confined chemical 

environments, enabling various applications in the field of materials science and 

environmental remediation. 

Publication IV introduces a novel approach to enhance the performance of 

protein-based lighting devices. This approach involves the utilization of cocrys-

tals formed by combining aFt and the highly positively charged mGL as color 

down-converting materials. Furthermore, the cationic-charged variant scmGL 

facilitates efficient long-range electrostatic interactions, enabling the formation 

of the cocrystal between aFt and FPs. These cocrystals exhibit a strong and sta-

ble assembly while maintaining the same emission efficiency (Φ) and emission 

band shape. By incorporating these protein cocrystals, silicone-based color fil-

ters were created and applied to high-power on-chip devices. These filters sur-

passed the performance of the reference filters, demonstrating a remarkable 40-

fold improvement in stability. 

When considering practical applications, it is crucial to evaluate the feasibility 

of biological building blocks, such as DO and protein cages, from a broader per-

spective. Both DO and protein cages offer unique advantages, including unpar-

alleled selectivity and robustness. However, they both face limitations that hin-

der their widespread adoption in real-world scenarios. One common challenge 

is the cost associated with these nanosystems. Both DO and protein cages are 

currently not the most cost-effective options available, which limits their ap-

plicability in practical settings. Efforts should be made to optimize production 

processes and find ways to reduce costs to enhance their affordability. To make 

cost-effective anti-cancer therapy based on DO, it would be desirable to reduce 

the production cost of DNA nanostructures to £0.15/mg.276 This target cost has 
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already been achieved by biotechnological mass production of DO.277 Further-

more, in the context of therapeutic applications, ensuring impeccable purity and 

the complete absence of contaminants stemming from the production process 

is imperative. Achieving these exacting purity standards frequently entails 

downstream processing, demanding the development of tailored methodologies 

for each material to meet stringent purity criteria. The harmonious resolution 

of both cost and purity challenges will play a pivotal role in unlocking the full 

potential of these biological building blocks within practical applications. Living 

organisms encounter various factors that vary across different locations, includ-

ing pH, electrolyte composition, and temperature. Consequently, the develop-

ment of resilient systems becomes essential to maintain functionality in dy-

namic environments. An example of a challenge faced by these systems is the 

suboptimal performance of electrostatic interactions in high electrolyte concen-

tration environments, such as in vivo conditions or being prepared in precise 

electrolyte concentration. Therefore, future studies should prioritize the devel-

opment of building blocks that demonstrate tolerance and stability to variations 

in solution conditions. Further investigations should also delve deeper into the 

use of advanced coatings or modifications to enhance the stability and adapta-

bility of DO and protein cages in diverse environments. Additionally, exploring 

methods such as crosslinking protein cage higher-order structures65 or incorpo-

rating them into a polymer matrix can not only enhance their mechanical prop-

erties at a macroscopic level but also introduce stimuli responsiveness or self-

healing capabilities.278–280 Addressing these common challenges faced by DO 

and protein cages, such as cost, performance under a variety of conditions, ma-

terial quantities, and robustness, is crucial for advancing their real-world appli-

cations and realizing their full potential. 

In conclusion, the comprehensive study of biohybrid materials involving DO 

and protein cages has only recently begun, offering insights that can pave the 

way for the development of innovative nanotechnologies. The biocompatibility 

and the ability to modify both the inner and outer surfaces of DO and protein 

cages make them particularly promising for applications in the fields of biomed-

icine, drug delivery, and material science. 
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