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 General introduction 

One of the key features of life on earth is the organization of functional 

molecules in compartments. Such compartmentalization is even proposed to 

be one of the first essential steps that led to the formation of life as we know 

it.1, 2 Exterior compartments, composed of lipid membranes, are vital for the 

survival of cells,3, 4 because they separate their complex metabolic pathways 

and processes from the uncontrolled and harsh outside environment.5 

However, some of these pathways within one cell could still interfere with each 

other or require different conditions for efficient functioning. Therefore, 

several cells evolved subcellular compartments, which are known as 

organelles.6 Each organelle contains enzymes and is typically devoted to one or 

several metabolic pathways. This compartmentalization helps to reduce 

interference, creates controlled environments and enhances the reactions. 

Since the discovery of microscopes, we are able to visualize the organelles in 

cells, such as: the cell nucleus, the mitochondria and the Golgi apparatus, which 

are all made from lipid membranes.6 Cells that contain these lipid membrane-

based organelles are classified as eukaryotes, while cells that do not show these 

lipid based organelles are classified as prokaryotes.7 As new techniques 

developed, many different smaller organelles were discovered.8 Also, protein-

based structures, with sizes ranging from a few nm to one μm, were recognized 

in cells. For a long time, all of these structures were believed to be viruses,9 but 

further investigations, showed that some of these cages also contained 

enzymes that were encapsulated in a protein capsid.10 This revealed that some 

organelles are also made from proteins, which are found in many different 

species of life, including prokaryotes.11 This is a relatively new discovery, which 

gained the interest of an increasing number of researchers leading to the 

discovery of several different protein base organelles every year.12 

However, the exact benefits and function of these protein-based organelles are 

still not completely understood.11 It is also not known why they are so different 

with respect to their lipid membrane-based counterparts. One way to gain 

more understanding on these protein organelles, is to mimic them with known 

components.13, 14 Since viruses have a similar structure and are well studied 

entities, they can be used to create artificial protein organelles.15 We use these 
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capsids to encapsulate enzymes, creating so called nanoreactors. Several 

different virus capsids have been used for this purpose and have shown clear 

benefits over free enzymes.16 Therefore, both these artificial and non-artificial 

protein-based organelles can be applied in industrial catalysis, metabolic 

engineering and medicine.  

 Aim and outline of this thesis 

The aim of this thesis is to create virus-based nanoreactors to gain more 

understanding on the natural protein-based organelles and to investigate their 

potential in medical applications. With special focus on their use in the 

treatment of cancer and enzyme deficiency diseases. In this approach we turn 

the disease causing viruses in to useful assemblies that can make you better. 

To effectively create virus-based nanoreactors, it is advantages to know how 

the virus assembles. Furthermore, in working towards medical applications of 

the virus-based nanoreactors, more knowledge is required on the cellular 

interactions of these protein cages. Therefore, additional aims of this thesis are 

to understand the assembly of a virus capsid and to find the optimal virus-based 

nanostructure for cellular uptake. This increased understanding is valuable for 

the application of virus-based structures as drug carriers, transfection agents 

and new generations of vaccines.  

In this thesis the capsid proteins (CPs) of the cowpea chlorotic mottle virus 

(CCMV) are used to fabricate these nanoreactors and other nanostructures, 

since it is a well-studied virus that shows reversible disassembly behavior and 

because it is a plant virus that is safe for humans.  

Chapter 2 reviews natural and artificial protein-based organelles, discussing 

their structures, fabrication methods and applications. Furthermore, a more in-

depth coverage on CCMV is given. 

Chapter 3 is focused on the fabrication of artificial organelles by encapsulation 

of several different enzymes inside the protein capsid of CCMV. These particles 

are then evaluated further, resolving their structure and showing a change in 

kinetics upon encapsulation of the enzyme. 
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In Chapter 4, we show the potential of CCMV-based artificial organelles for 

medical applications. Towards this aim two of the nanoreactors described in 

Chapter 3 are used to study their extracellular and intracellular interaction with 

cancer cells.  

In Chapter 5 the assembly of the capsid proteins of CCMV around various 

lengths and sizes of DNA is investigated. In order to gain more understanding 

on the assembly process of CCMV and to create various virus-based 

nanostructures with different geometries. 

In Chapter 6 we investigate the cellular uptake mechanism of the native CCMV 

virus in different cell lines. Furthermore, we investigate how uptake is 

influenced by shape of viral nanostructures by using the assemblies created in 

Chapter 5. 

In Chapter 7 we describe the development of a new FRET-based approach to 

study viral assembly and disassembly. The approach is based on the nucleic acid 

cargo and does not require exterior modification of the virus. This can 

potentially be used as a probe to study viral transfection mechanisms and to 

show if nanoreactors are stable inside a cell. 

 References 
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C h a p t e r  2  Protein-based nanoreactors 

The organization of enzymes into separate sub-cellular compartments is an 

essential feature of life. It enables controlled environments for the enzymes, 

which are of benefit to various cellular processes. In this chapter we review the 

literature on these organelles, with focus on a nanosized sub-class of such 

compartmentalized enzymes, which we call nanoreactors. Special emphasis is 

given on protein and enzyme based natural organelles, modified organelles and 

organelle mimics. We give an overview of their structure, function and benefits, 

in order to make and develop new protein-based nanoreactors that can be 

applied in medicine, industry or in functional materials. 
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 Introduction 

A common feature of life is the compartmentalization of enzymes and their 

metabolic processes into organelles. The best known cellar compartments are 

the micro-sized organelles. Commonly found in eukaryotes, of which 

endosomes, the Golgi apparatus and cell nucleus are nice examples, which all 

have lipid membranes as a separating medium.1 Less known is that there are 

also organelles made from protein cages, which are found in a wide variety of 

organisms, including bacteria.2, 3 These protein-based organelles have sizes 

ranging from a few nanometers to a micrometer. Examples of these are 

ferritins, encapsulins and carboxysomes.3 The exact reason why protein-based 

organelle compartments exist in nature is still subject to intensive research. But, 

it seems that controlling the substrate and product flux, improving the stability 

of enzymes and a controlled microenvironment are distinct advantages.4 

Furthermore, these protein-based organelles are increasingly mimicked or 

adapted with dual aims: to understand the natural organelles and to find 

applications for them, for example in industrial catalysis or medicine.4 

This thesis and chapter are focused on nanosized protein-based organelles or 

organelle mimics. These are commonly referred to as protein-based 

nanoreactors. The nanosize of these structures is especially interesting because 

it results in crowding and catalytic effects that are different from bulk.5 

Furthermore, being made from proteins, it imposes biocompatibility and 

enables their modification using both genetic or chemical means.6  

This chapter aims to give an overview of reported nanoreactors and protein 

organelles. The focus will be mainly on enzymes that are encapsulated in a 

protective shell, but not on enzymes attached or immobilized on the exterior of 

peptides, protein capsids or other structures.7, 8 First, the synthetic systems and 

non-protein capsid based nanoreactors will be shortly described, then the 

protein-based capsids are reviewed in more depth. The cowpea chlorotic 

mottle virus (CCMV) is discussed in more detail, because the protein cage of 

this virus is central in the research described in the rest of this thesis. At the end 

of this chapter the benefits of nanoreactors are explained and an outlook is 

given on the potential of these nanoreactors in future applications. 
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 Non-protein capsids applied as nanoreactors 

Having a shell around an enzyme can protect it from harsh environments and 

degradation.9 The increased size can also enable easier reusability of enzyme 

used in industry.10 There are multiple ways to construct synthetic nanoreactors. 

Nanosized protecting cages for enzymes or non-protein nanoreactors are for 

example based on polymers,11, 12 nanogels,13 layer-by-layer structures,14 

nanodroplets,15 nanosized metal organic frameworks (MOFs),16 silica 

nanoparticles17 and other inorganic cages.18, 19 Most of these systems are 

especially applicable when stability is needed in extreme environments, as in 

the case of water-free systems, or when high (thermal) stability is required. But 

these encapsulants often lack control over their size and shape, suffer from 

biocompatibility issues and require several synthetic steps to fabricate. 

Other nanoreactor systems that are under extensive research, are based on 

peptide or DNA (origami).8, 20-23 Especially the DNA-based system can give exact 

enzyme positioning in cage like structures, which ensemble accurate design of 

the substrate channeling. However, disadvantages of using DNA are the costs 

and that they can be degraded by nucleases.24 To more accurately mimic the 

natural organelles consisting of phospholipid bilayers, several groups have 

developed nanoreactors based on self-assembling systems to encapsulate 

enzymes, for example polymersomes,25, 26 liposomes,27, 28 giant amphiphiles29 

and other vesicle-like structures.30 These systems were used for various 

applications and could also be used for delivering enzymes to cells. Also, multi-

step catalysis was performed on such vesicle-like structures and more research 

is focused on using them to create a truly artificial cell and to mimic the ‘other’ 

phospholipid bilayer based natural organelles.31  

 Protein-based nanoreactors 

In nature, protein cages are essential for several processes that occur in cells. 

Foremost of these is bringing enzymes of several metabolic pathways together 

to achieve efficient sequential biosynthesis. This is done by enabling substrate 

channeling, selecting substrates and trapping reaction intermediates. This can 

increase the reaction rate, prevent undesired side reactions and function as a 

barrier against toxic or interfering substances inside the cell.6, 32, 33  
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Protein cages are not only used to package enzymes, they are also used for 

transport and storage of various compounds in the cell, of which ferritins are 

nice examples. They are also involved in maintaining protein homeostasis, for 

which they are used in the protein folding and unfolding, protein degradation 

and degradation prevention. Chaperones and proteasomes exemplify these 

functions.34-36 There are also protein cages that are not yet understood, for 

example the vault ribonucleoprotein complexes found in eukaryotes.37 

However, not all protein cages are of benefit to the cell or organism. An 

example of this are viral capsids, which package their own genetic information 

and hijack the cellular machinery. 

The previous section clearly indicates that protein cages can be used for a broad 

range of functionalities. On top of this, protein cages and compartments as 

found in nature have more benefits over other nanosized systems. The cages 

are often the result of self-assembly, for which the mixing of only a few different 

or just one building block(s) leads to highly defined and efficient cages. These 

are very monodisperse with atomically resolved structures and well-defined 

symmetries, to an extent that is currently near impossible to create for an 

organic chemist or material scientist. Furthermore, they are available in a wide 

range of shapes and sizes,38 but most protein cages used as nanoreactors have 

an icosahedral symmetrical shape, which can be classified by the Caspar and 

Klug theory.39 Additionally, proteins can be easily modified with various 

functional cargo and surface modifications using genetic, physical and chemical 

methods.38 This is also the reason why protein cages are of interest for the field 

of nanotechnology; to create various materials and thus also to create 

nanoreactors. 

In this chapter we will not discuss protein cage based nanoreactors can also be 

made from bacterial amyloids,40 nanosized crosslinked enzymes, or 

encapsulated enzymes in another protein matrix.41 This is because, these 

structures are often not monodisperse and well defined, which limits the 

abilities to tailor substrate selection and precise positioning of the enzymes. 

Therefore, we focus instead on the well-defined natural protein organelles or 

caged protein assemblies and how they can be modified to include non-natural 

enzymes. This can lead to increased understanding of how nature organizes 



Chapter 2 | Protein-based nanoreactors 

11 
 

2 

itself and opens the way of using the nanoreactors for a wide range of 

applications, in medicine, functional materials and catalysis. We first cover the 

protein-based organelles found in various forms of life including eukaryotes, 

then continue with protein-based organelles form a prokaryotic origin and 

finish with virus-based nanoreactors. The main focus is on their origin, structure 

and their (non-natural) catalytic functions. 

 Protein-based organelles derived from eukaryotes 

 
Figure 2.1 Structures of different protein-based organelles resolved using Cryo-EM, (A) Apoferretin 

from human,42 (B) Hsp26 from bakers’ yeast,43 (C) Class I Chaperonin GroEL from Escherichia coli,44 

(D) Class II Chaperonin from Thermoplasma acidophilum,45 (E) E2 Inner Core of Pyruvate 

Dehydrogenase Complex from human,46 (F) major vault ribonucleoprotein from rat.47 

  Ferritins 

Ferritin protein cages are found in nearly all forms of life. In cells, they function 

as iron storage containers and play a role in iron homeostasis. Here, it prevents 

oxidative stress by converting Fe2+ to Fe3+, which is subsequently stored in the 

ferritin cage as ferrihydrite crystals.48, 49 This helps to prevent metal catalyzed 

oxidation of proteins and DNA and thus ensures effective functioning of the 

cell.50 Their natural occurrence makes ferritins a suitable nanocage for 

biological applications.51 
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Most ferritins, including the classical ferritins and bacterio-ferritins have a 

structure that consists of 24 subunits with octahedral symmetry (Figure 2.1A). 

They generally have an exterior diameter of Øexterior = 12 nm and an inner cavity 

of Øinterior = 7–8 nm, which is negatively charged.52 Their structure is well defined 

and contains eight hydrophilic channels that are involved in the transport of 

iron across the protein shell. Additionally, six hydrophobic channels are 

present, which likely transport protons.53 To use ferritin as a nanocarrier for 

catalysis, these pores are important in order to transport substrate and product 

across the protein membrane. Also mini-ferritins exist, which are buildup from 

12 subunits with a tetrahedral symmetry. However, for the construction of 

nanoreactors these are likely too small for effective encapsulation of 

enzymes.54 

Next to iron, the ferritin cage can be used for mineralization of various other 

transition metals. It is also possible to encapsulate a variety of molecules such 

as drugs, fluorescent materials and contrast agents to treat different diseases.55 

Ferritins are stable against disassembly, which makes it difficult to load large 

cargos, such as proteins, into their interior.48 Therefore, it proved to be difficult 

to make ferritin into an enzyme-based nanoreactor. Recently, Hilvert et al. have 

managed to do just that by using an archaeal ferritin from Archaeoglobus 

fulgidus, which is less stable and can reversibly disassemble into dimers at 

neutral pH and low ionic strength. This ferritin tetrahedral rather than canonical 

octahedral symmetry, with four large triangular openings of about 4.5 nm 

(Figure 2.2).56  

Figure 2.2 Crystal structure of ferritin from A. fulgidus adopted from 56, PDB ID:1SQ3  

They managed to load three different enzymes inside ferritin by fusing them to 

a green fluorescent protein with 36 positive charges (GFP+36).52 The enzymes 

encapsulated were evolved human carbonic anhydrase II, artificial  



Chapter 2 | Protein-based nanoreactors 

13 
 

2 

(retro-)aldolase RA95.5-8F and Kemp eliminase HG3.17. When the cages were 

incubated with the blood plasma protease factor Xa, the cages protected the 

protein cargo from environmental challenges. The same A. fulgidus ferritin was 

also engineered by Drum et al. to encapsulate horseradish peroxidase and 

Renilla luciferase.57 This increased the functional folding of the enzymes by a 

100-fold. In both reports the archael ferritins increased the thermal stability of 

the encapsulated enzymes, showing the advantages of a caged system. 

 Heat-shock proteins 

Heat shock proteins (Hsp), also known as chaperones, occur naturally in a 

variety of cells.34 Here they primarily function in preventing nonspecific protein 

aggregation after a cell is subjected to heat shock or other forms of stress.58, 59 

Hsp do this by binding to incompletely or wrongly folded proteins (Hsp60 and 

Hsp70), by influencing protein activity (Hsp90)34 or by solubilizing the 

inactivated proteins.60 There is a wide variety of heat shock proteins.61 Quite a 

lot of these particles are similarly structured to ferritin with 12 nm sized 

nanoparticles formed from 24 subunits, but with large open spaces with pores 

of 3 nm on the 3-fold axis (Figure 2.1B).43, 62 This way, materials that are 

contained in the Hsp can easily exit the protein cage. This makes chaperones 

interesting nanoparticles that can be used for various applications, including 

nanoreactors and antitumor drugs.63 

A sub-group of chaperons is called chaperonins, which are cylinder-like protein 

assemblies that can encapsulate proteins to mediate their proper folding, often 

by consuming adenosine triphosphate (ATP). They can be divided in two 

subclasses. Class I are chaperonins buildup out of 2 stacked rings, with a smaller 

protein on top of the rings. Examples of this class are Hsp60 and GroEL (Figure 

2.1C), found in the mitochondria of eukaryotes and in prokaryotes respectively. 

Which were used as to encapsulate the iron-based hemins to create an artificial 

enzyme inside the cage.64 The class II chaperonins are more complicated in the 

subunit composition of the cylinder, being hetero- rather than homo-oligomers 

and they usually have a built-in protrusions that functions as a ‘‘lid’’ structure 

(Figure 2.1D).56, 65  
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A member of this second group, is the thermosome Thermoplasma acidophilum 

found in the archaea. The structure has two cavities on its interior and 

approximate diameters of Øinterior = 16 nm or 18 nm, in the fully closed or open 

conformations respectively. They are large enough to accommodate proteins 

of up to 50 kDa.66, 67 This cage has pores of 5.4 nm in diameter in the open 

conformation, which is usefully when applying this protein cage as a 

nanoreactor. Bruns et al. used this cage as a nanoreactor for polymerization. 

Where the cage interior can help define the degree of polymerization and 

polydispersity of a polymer.68 This was initially performed by introducing a 

cysteine on the interior of the capsid, which was utilized to attach a multiamine 

ligand. Which in turn was used to immobilize Cu2+. This was then used as a 

catalyst for atom-transfer radical polymerization (ATRP). A true protein-based 

enzymatic nanoreactor was made by incorporating the enzyme horseradish 

peroxidase by covalently attaching the enzyme to the cysteine.69 This enzyme 

can be used to catalyze ATRP and was used to form poly(ethylene glycol) methyl 

ether acrylate. Similarly to the Cu2+-based system, the resulting polymers had a 

narrower molecular weight distribution compared to the reaction performed in 

the bulk, which is again a clear example of a benefit of a protein cage for 

catalysis. 

 Pyruvate Dehydrogenase multienzyme cages 

Other naturally occurring catalytically functional protein cages are formed from 

pyruvate dehydrogenase multienzyme complexes. They are found in the 

mitochondria of eukaryotes, including in humans (Figure 2.1E) and in Gram-

positive bacteria. They play a central role in cellular metabolism, catalyzing the 

oxidative decarboxylation of pyruvate to acetyl coenzyme A and are used in vivo 

to link glycolysis and the tricarboxylic acid cycle.70  

The pyruvate dehydrogenase (PDH) complexes are generally composed of 

dihydrolipoyl acetyltransferase (E2), a pyruvate decarboxylase (E1), a 

dihydrolipoyl dehydrogenase (E3) and sometimes an E3-binding protein. 

Regulatory kinases and phosphatases are sometimes also present in the 

assembly. In the native PDH complex of Bacillus stearothermophilus, 60 copies 

of E2 self-associate to form an icosahedral assembly. Around the exterior of this 

complex 42-48 copies of a tetrameric E1 and 6-12 copies of a homodimeric E3 
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bind tightly, forming a second protein shell (Figure 2.3).64 The arrangement of 

two concentric cages separated by an annular gap is believed to be of benefit 

due to effective active site shuttling. Although this system has not yet been 

modified to create artificial protein-based nanoreactors, it is still a very 

interesting and unique natural example of a natural nanoreactor, which is also 

of key medical importance in metabolic disorders.71  

Figure 2.3 Dihydrolipoyl acetyltransferase double caged structure from B. stearothermophilus with 

(A) surface representation of Cryo-EM based data E2E3. (B) The same representation with a 

portion of the outer protein shell removed to aid visualization of the inner E2 core. Figure from 64. 

 Vault ribonucleoproteins 

Vault ribonucleoproteins are tube-like structures of about 12 MDa found in 

most eukaryotic cells (Figure 2.1F). It is made from three protein species and an 

RNA component and its structure resembles the vaulted ceiling of a gothic 

cathedral. One of these proteins, the major vault protein, is about 100 kDa and 

constitutes 75% of the vault´s mass. The other two proteins are a telomerase-

associated protein and poly-(adenosine diphosphate ribose) polymerase, which 

is an enzyme, making this a nanoreactor.37 Depending on the organism they are 

between 26-41 nm by 49-73 nm as measured by cryogenic electron microscopy 

(Cryo-EM), but can also be larger.72 However, their exact function is still not 

understood, although they are implicated in the regulation of some cellular 

processes, including transport mechanisms, signal transmissions and immune 

responses.65  

These vaults have also been engineered to target non-native proteins into its 

interior.37, 67 For this aim a targeting domain of the telomerase-associated protein 

was identified, which is capable of binding to the major vault protein. This 

domain was fused to a luciferase and when coexpressed in Sf9 insect cells, this 

enzyme was included into the interior, as verified using Cryo-EM (Figure 2.4).66 
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This study also shows that charged molecules like ATP are slowly transferred 

into the cavity, showing selectivity of the capsid. This study shows that these 

capsids can be used as nanoreactors, which are especially interesting due to 

their uncommon shape.  

 

 

Figure 2.4 Cryo-EM data from vaults expressed in Sf9 insect cells the luciferase. Colors are the 

luciferase with the INT-tag (gold) superimposed on a reconstruction of a vault formed by major 

vault protein alone (blue). Adapted from 66. 

 Protein-based organelles derived from prokaryotes 

For a long time it was believed that bacteria did not have organelles. However, 

since the first discovery of bacterial microcompartments (BMC) in 1956, it was 

shown that protein-based organelles are widespread and found across the 

bacterial kingdom, examples of which are presented in Figure 2.5.73 74 They have 

crucial functions in metabolic pathways, enable growth of bacteria in specific 

niches and can create a metabolic advantage over other organisms. 

Figure 2.5 Cryo-EM based structures of bacterial organelles (A) BMC from Haliangium 

ochraceum,75 (B) Dyp encapsulin from B. linens,76 (C) Encapsulin from M. xanthus,77 (D) Lumazine 

synthase cage from Aquifex aeolicus, called native-AaLS, (E) AaLS-neg and (F) AaLS-13.78 
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 Bacterial microcompartments 

Bacterial microcompartments (BMC) are made from a polyhedral protein shell 

that contains enzymes, which ranges in diameter between Øexterior = 40-600 

nm.2, 3 The protein shell of most BMCs consists of multiple hexamers, pseudo 

hexamers from trimers and pentamers, which are composed of three types of 

protein building blocks, BMC‑H, BMC‑T and BMC‑P (Figure 2.5A).79, 80 The capsid 

typically has pores, as a channel for metabolites to traverse the shell, at the 

central symmetry axis of the hexamers and pseudo hexamers. Because of their 

larger interior volume compared to other protein compartments large cascades 

and multiple copies of enzymes can be encapsulated.81 The encapsulated 

enzymes commonly catalyze sequential reactions of one pathway, often in 

combination with a private pool of cofactors (e.g. NAD+/NADH, coenzyme A 

and ATP). Similar to eukaryotic organelles they function to contain metabolic 

pathways, to reduce crosstalk of metabolites, toxic intermediates and 

inhibitory products. Furthermore, the shell is shown to impose selectivity to 

which molecules can pass in and out of the cage. For example, they allow for 

polar molecules to pass through the shell, while it retains less- or non-polar 

molecules.74 Furthermore, these pores can be modified to change the 

selectivity of the pores.82 This is important for substrate channeling and 

effective catalysis on the desired substrates. 

There are many different BMCs with various functions that are expressed by 

various different bacteria strains. BMCs can be subdivided into two classes. The 

first class are the anabolic carboxysomes, which are involved in carbon (CO2) 

fixation. They encapsulate carbonic anhydrase and ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCO).2, 83 The second class of BMCs are catabolic 

and are called metabolosomes, which metabolize various compounds 

depending on the enzymes encapsulated. These include: propanediol 

dehydratase, for propanediol utilization compartments; ethanol-amine-

ammonialyase, for ethanolamine utilization compartments; and glycyl-radical 

enzyme, for glycyl-radical enzyme microcompartments.80 Furthermore, 

metabolosomes often coencapslute the enzymes aldehyde dehydrogenase, 

alcohol dehydrogenase and phosphotransacylase.3 
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The compartment formation is mediated by a peptide sequence, which also 

directs cargo into the cage upon assembly.84 Since this cargo can be changed, it 

is thus interesting for the creation of artificial nano/microreactors.85 86 This 

approach has been used by several groups to create artificial nanoreactors with 

non-native enzymes, starting with the encapsulation of β-galactosidase.87 Other 

BMCs were created by encapsulating pyruvate decarboxylase and alcohol 

dehydrogenase, which catalyzes the reaction from pyruvate to ethanol, which 

is interesting for biofuel production.88 BMCs have also been utilized for 

polyphosphate accumulation by encapsulation of polyphosphate kinases.89 

Large enzyme aggregates were also encapsulated in BMCs, such as glycerol 

dehydrogenase, dihydroxyacetone kinase, methylglyoxal synthase and 

1,2‑propanediol oxidoreductase for the conversion of glycerol to 

1,2‑propanediol.90 

There is a lot of interest in using these BMC for various purposes, because of 

their function in vivo and the ability to engineer them. Examples where 

carboxysomes can be applied are the improved fixation of the greenhouse gas 

CO2, to help tackle climate change. In another example, carboxysomes were 

expressed in the chloroplasts of plants, with the aim of increasing crop yields.91 

Similarly, the metabolosomes can be used to engineer metabolic pathways in 

bacteria or other organisms.80 This can for example lead to more effective 

renewable biofuel production. So, it is clear that the BMCs have a great 

potential for synthetic biology and beyond. 

 Encapsulins 

Various bacteria strains also have protein-based cages, called encapsulins, 

which are of smaller sizes than previously mentioned BMCs.92, 93 In bacteria, 

they perform various functions, such as iron storage,94 peroxidase catalyzed 

reactions as a stress response, or a combination of functions.93 The encapsulins 

are genetically encoded in bacteria, often in an operon also containing the 

cargo protein with an affinity tag. Subsequently, they self-assemble inside the 

bacteria in the nanocage encapsulating the cargo into monodisperse particles. 

By introducing plasmids containing the operon for the cargo and encapsulin in 

Escherichia coli they can be heterogeneously expressed and produced using 

various protocols.92, 95 Depending of the source of the encapsulin, encapsulins 
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conform to a T = 1 or T = 3 icosahedral structure (Figures 2.5B-C). They are 

formed from either 60 or 180 subunits that create a nanocage, with sizes 

ranging from Øexterior = 20 to 40 nm.92 The structure is generally robust and 

encapsulins are stable at high and low pH and at various salt concentrations.96  

Only a few crystal structures of encapsulins are resolved to date, of which most 

show pore sizes in the protein shell of about 5 Å, which is just large enough for 

small molecules to pass through.92 Encapsulins have icosahedral structure with 

a fold that is homologous to the structure first discovered in the HK97 phage.97 

However, there are also differences between the encapsulin cages from 

different bacteria; next to some size differences, the encapsulin from 

Thermotoga maritima contains externally available cysteines, while several 

other encapsulins do not. Furthermore, in different bacteria the cargo of the 

encapsulin also varies. For example, encapsulins from Brevibacterium linens 

and Rhodococcus jostii naturally contain a dye-decolorizing peroxidase (DyP), 

while encapsulins from T. maritima and Pyrococcus furiosus contain a ferritin-

like protein (FLP).92 Another example is Mycobacterium tuberculosis encapsulin, 

which packages three different enzymes: a DyP, a bacterioferritin (BfrB or FLP) 

and a dihydroneopterin aldolase (FolB). These are all functionally related to 

redox processes and have antioxidant properties, suggesting a role in oxidative 

stress response. 

To direct the cargo into the interior of various encapsulin cages, an affinity 

peptide sequence often attached to the C-termini of the cargo proteins is 

required, except for P. furiosus, where the cargo is fused to the encapsulin 

protein. This tag can bind the interior of the capsid. But, the exact binding 

pocket of this affinity tag and assembly mechanism of encapsulins is still not 

fully understood. When encapsulins are expressed in E. coli, the cargo can be 

altered by genetically removing the sequence for the native cargo and 

introducing a new cargo. This has been applied with B. linens encapsulin where 

fluorescent proteins were introduced. Interestingly, the encapsulin’s cargo can 

result in slightly different structures as shown by Cryo-EM data in Figure 2.6. 

Furthermore, their structures are reported to be dynamic.96 In another 

example, fluorescent proteins were introduced inside encapsulins, but this time 

in T. maritima encapsulin.98  
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Figure 2.6 Cryo-EM based structures of Brevibacterium linens encapsulin with ‘no cargo’ (left), the 

native cargo dye-decolorizing peroxidase in red (middle) and with the modified cargo TFP in green 

(right). The capsid is shown in white-blue. These structures are adapted from 96. 

The first example of using encapsulins with non-native cargo as artificial 

nanoreactors was shown by Odaka et al.99 They did this by using encapsulin 

nanocompartments from Rhodococcus erythropolis N771. They substituted the 

native DypB peroxidase with an eGFP and firefly luciferase fused to the DypB C-

terminus affinity tag and showed that the luciferase was still able to perform 

bioluminescence reactions in the cavity.  

More recently, encapsulins have been applied to create nanoreactors as 

artificial organelles in a eukaryotic cell of Saccharomyces cerevisiae (baker’s 

yeast).100 Here, Silver et al. used the T = 3 encapsulin from Myxococcus xanthus, 

which is known to package three proteins with rubrerythrin/ferritin-like 

domains in its native form and of which the structure is also known (Figure 

2.5C).101 Modified encapsulins were expressed in the yeast cells and shown to 

be able to co-package two split-Venus components (Ven-N and Ven-C: which 

when packed together become fluorescent) with loading yields up to 42%. This 

was further explored by encapsulating the Aro10p enzyme, which is involved in 

tyrosine catabolism. It can be used to generate key intermediates for the 

heterologous production (in yeast) of many valuable medicinal 
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benzylisoquinoline alkaloids of the opioid family.102 It can also be used in the 

activation of prodrugs in the body. The 5 Å pores allow for small molecule 

diffusion and indeed the enzyme showed the expected decarboxylation activity. 

They also showed that the encapsulins could stabilize their cargo and protect it 

from protease degradation, which is again an indication of the benefit these 

protein cages have.  

The same M. xanthus encapsulin was also used to create orthogonal 

compartments in mammalian HEK293T cells by Westmeyer et al.103 Here, they 

showed that only a tag of eight amino acids was required to co-package a 

photoactivatable fluorescent protein mEos4b, two halves of a split mCherry, or 

two halves of a split luciferase in the cage. By using the split proteins they 

verified that the proteins are really co-packaged in one protein cage. Next, they 

loaded the capsids with tyrosinase. This is an enzyme that catalyzes the reaction 

of tyrosine to the photoabsorbing polymer melanin. This could be used for 

multispectral optoacoustic tomography. This melanin is normally toxic, but 

when encapsulated there is almost no observed toxicity. Thus, they effectively 

mimicked the natural cellular melanosome compartments, which are 

membranous compartments of specialized cells. They also encapsulated an 

engineered peroxidase APEX2.103 This enzyme can polymerizes 

diaminobenzidine inside the cage which can be used for cellular electron 

microscopy imaging and proximity labeling. They expanded this system even 

more to encapsulate cystathionine γ-lyase, which was in the presence of L-

cysteine, this enzyme can catalyze a conversion of cadmium acetate in aqueous 

solution into cadmium sulfide (CdS) nanocrystals. These nanocrystals where 

confined in the nanosized interior of the encapsulins and could generate a 

photoluminescence signal under UV.  

Overall, these examples of modified encapsulin cages show that genetically 

controlled compartmentalization have a wide range of biotechnological 

applications that can have implications for mammalian cell engineering and 

other emerging cell therapies. 
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 Lumazine synthase-based cages 

Lumazine synthase is an enzyme involved in the biosynthesis of vitamin B2 and 

is found in bacteria and many other organisms. In some organisms, such as 

fungi, archaea and some eubacteria, lumazine synthase assembles as either 

pentamers or decamers.32 But in several other organisms including some 

bacteria, it can form a T = 1 icosahedral protein cage structure, build up from 

12 pentamer subunits. The cages encapsulate cognate riboflavin synthase, 

forming mini organelles. This can enhance the overall reaction rate of riboflavin 

synthesis at low substrate concentrations.32  

An example is a cage of the lumazine synthase from Aquifex aeolicus (AaLS), 

which can be expressed in E. coli without cargo. This wild-type cage (AaLS-wt, 

with 12 pentamers and Øexterior = 16 nm) can be modified (AaLS-neg with 4 

mutations to Glu, 36 pentamers and Øexterior = 30 nm) and evolved (AaLS-13, 

with seven additional mutations, 72 pentamers and Øexterior = 40 nm) to create 

cages with different negatively charged interiors. The structure of these cages 

has been resolved using Cryo-EM and are shown to have large open pores 

(Figure 2.5D-F).32 Hilvert et al. used this cage to encapsulate a toxic protease 

derived from human immunodeficiency virus (HIV), which resulted in 

significantly reduced toxicity of the enzyme in E. coli. 104 This was done by 

adding a positive charged peptide tag to the enzyme and using directed 

evolution of the container, resulting in AaLS-neg to optimally encapsulate the 

enzyme in the cage. In another approach, they used cationic supercharged 

(+36) fluorescent proteins genetically linked to enzymes to direct them into the 

cage. This was exploited in an attempt to load a variety of enzymes into the 

AaLS-13 protein cage, this included the enzymes: Kemp eliminase, β-lactamase, 

cyclohexylamine oxidase, catalase-peroxidase, NADH oxidase, aldehyde 

dehydrogenase, monoamine oxidase and an artificial retro-aldolase (RA95.5–

8).105 Too positively charged enzymes were impossible to encapsulate, but most 

others were successful and around 45 enzyme copies could be encapsulated 

per capsid. In general, they did show a retention of activity inside the cage, but 

for most of them the Kcal/Km became lower compared to the free enzyme.  

Although encapsulation decreases the enzymatic efficiency, Hilvert et al. 

showed that the specificity for substrates can be regulated by the cages 
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interior.106 They did this by encapsulating modified sequence-specific protease 

from the tobacco etch virus. Evaluation with various peptides with different 

charges, revealed that the negatively charged cage promoted uptake and 

hydrolysis of positively charged peptides and proteins while excluding 

negatively charged competitors. In working towards applications of these 

cages, the authors encapsulated ascorbate peroxidase APEX2, which could be 

used for polymerization of poly 3,3-diaminobenzidine within the capsid.107 In 

another example, they tried to mimic the natural carboxysome compartments 

using lumazine synthase capsids by co-packaging the enzymes ribulose-1,5-

bisphosphate carboxylase/oxygenase (RuBisCO) and carbonic anhydrase using 

two separate fluorescent proteins.108 However, the cages did not enhance the 

efficiency of the enzymatic pathway. This is likely caused by the much more 

open structure of the AaLS-13 cage compared to carboxysomes, which limits 

the intermediate retention. But overall, all the mentioned examples clearly 

indicate the potential of using lumazine synthases capsids as nanoreactors and 

artificial organelles, both in vitro and in vivo. 

 Virus-like particles 

Viruses are widely known to cause diseases and infections. But there is more 

than meets the eye. From the perspective of a chemist or nanotechnologist, are 

less frightening and more tools that can be exploited. The reason is that viruses 

are comprised of only a few building blocks, which self-assemble in highly 

defined nanosized structures. They can form icosahedral, rod-like and many 

other shapes, where the size dimensions of viruses span the nano to the micron 

range.109 This also triggered some pioneering scientists, including Bancroft et 

al., to explore the possibilities of using viruses for nanotechnological 

applications.110  

The discovery of micro and nanosized protein organelles in bacteria further 

strengthened these possibilities.111 The bacterial organelles have protein shells, 

which show remarkable parallels with viruses, both showing icosahedral 

symmetry. This resulted in using viruses to mimic these nanocompartments as 

nanoreactors, with the aim of understanding the effect of confinement and the 
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protein shell on enzymatic reactions. This research opens the possibility of 

applications in industrial catalysis or as drugs.  

A variety of viral capsids have been reported that are able to encapsulate 

protein cargo. These include bacteriophages P22, Qβ and MS2, murine 

polyomavirus, bluetongue virus, lentivirus; simian virus-40 (SV-40) and CCMV.33, 

112-114 However, not all of them are confirmed to have a porous shell, which can 

be used for reactant transport across the protein shell, or are used to pack 

enzymes. Therefore, we only focus on the origin, structure and the utilization 

of five different virus-based examples used for the creation of nanoreactors. 

 

Figure 2.7 Cryo-EM of virus capsids used to create nanoreactors (A) Empty bacteriophage P22 pro-

capsid,115 (B) P22 mature capsid,116 (C) P22 Wiffleball,115 (D) Bacteriophage MS2,117 (E) 

Bacteriophage Qβ118 and (F) Simian Virus 40.119 

  Bacteriophage P22 

The bacteriophage P22 is a T = 7 (semi)icosahedral virus with Øexterior = 56 nm, 

which encapsulates double stranded DNA. In the native form, this capsid has 2 

nm sized pores. It naturally infects Salmonella typhimurium and its VLPs can be 

expressed in E. coli. The virus is comprised of 420 coat proteins and 100 to 300 
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copies of scaffolding proteins (SP).56, 120 The SPs are incorporated on the interior 

of the procapsid through non-covalent association of the coat and C-terminus 

of the SPs, which direct the assembly of the capsid. An interesting property of 

these protein procapsids is that gentle heating at 65°C for 10 minutes causes 

the loss of the SPs and yields an irreversible expansion of the protein capsid to 

Øexterior =  62 nm. An extra transformation can be induced by heating either the 

original procapsid or the expanded structure even further at 75°C for 20 min. 

This causes the formation of a so called ‘wiffleball’, where some subunits are 

released from the 12 5-fold vertices, resulting in a much more open structure 

with 10 nm holes (Figure 2.7A-C).120  

Enzymes are generally loaded into the P22 capsids by genetic fusion of the 

enzyme of interest with the N-terminal truncated SP and co-expressing them 

with the capsid proteins (CPs) in E. Coli. This results in the directed 

encapsulation of a high copy number of proteins, up to 300 per capsid. For 

example, the enzyme alcohol dehydrogenase D (AdhD) from the 

hyperthermophile Pyrococcus furiosus, useful for keton/alcohol reduction and 

oxidation, is encapsulated this way.121 Another enzyme that was encapsulated 

is phosphotriesterase (PTE) from Brevundimonas diminuta, which is useful for 

the breakdown of organophosphates, including chemical warfare agents and 

commercial insecticides. Both of these examples show higher stability of 

encapsulated enzymes towards temperature, proteases and other factors 

compared to the non-encapsulated enzymes, proving the advantages that 

protein cages can offer. In working towards more practical applications for 

protein-based nanoreactors, the enzymes Cas9, CRISPR-associated protein 9 

from Streptococcus pyogenes (SpCas9) and hydrogenase 1 (EcHyd-1), a highly 

active [NiFe]-hydrogenase, were evaluated in the protein shell of P22.122-124 

These heterologous capsids show a promise in eukaryotic genome engineering 

with cell specific delivery and production of hydrogen for a more sustainable 

economy, respectively. In another example the NADH oxidase from Pyrococcus 

furiosus was fused to the capsid protein, resulting in a nanoreactor with 

antimicrobial properties.125 Another enzyme that was encapsulated in P22, by 

Vazquez‑Duhalt et al., was the Cytochrome p450, which can be applied for pro-

drug activation in eukaryotic cells.126-128 
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Douglas et al. showed that the nanoreactors are not only functional as separate 

units, but they can also be used for the fabrication of larger assemblies with 

retention of activity. An example is encapsulated β-glucosidase in a 

macromolecular framework with long range order, made by using a 

combination of generation six poly(amidoamine) dendrimers and cysteine 

modified homotrimeric capsid decoration proteins, which can bind to the P22 

exterior.129 In another example, they again used the dendrimers to form 

ordered face-centered cubic lattice structures, but this time filled with separate 

capsids filled with either ketoisovalerate decarboxylase or 

alcoholdehydrogenase A.130 Here, they showed that the coupled catalytic 

activity in a two-step reaction using these two enzymes was retained in the 

formed structures. 

Not only did Douglas et al. show the encapsulation of one enzyme per capsid, 

they also showed the hybrid co-encapsulation of alcohol dehydrogenase D 

(AdhD) enzyme from P. furiosus and a small molecule rhodium catalyst in 

P22.131 Furthermore, using the SP fusion approach it was possible the co-

encapsulation of an enzymatic cascade in a P22 protein cage, such as the 

enzyme cascade for sugar metabolism of P. furiosus, was shown. This consisted 

of a sequential reaction using the β-glucosidase CelB,132 which performs 

hydrolysis on a wide variety of beta-linked disaccharides; the ATP-dependent 

galactokinase; a phosphotransferase which performs the phosphorylation of 

galactose; and the ADP dependent glucokinase, which catalyzes glucose to 

glucose-6-phosphate.133 These enzymes produce essential intermediates for 

entry into glycolysis, making them of particular interest for biofuel production. 

  Bacteriophage MS2 

The bacteriophage MS2 is a T = 3 icosahedral virus with 180 subunits, Øexterior = 

27 nm which packages single-stranded RNA in its native form (Figure 2.7D). It 

has 32 pores of 1.8 nm at its vertices that allow for reactant exchange with the 

environment. MS2 naturally infects enterobacteria, but VLPs can be made by 

heterogeneous expression in E. coli. MS2 viral capsids can be disassembled by 

using trimethylamine N-oxide as an osmolyte.134, 135 When the osmolyte is 

removed, the CPs can reassemble into its original shape. During the reassembly 

process an enzyme can be loaded into the protein cage when it is negatively 
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charged. This is done for a fluorescent protein and alkaline phosphatase, by 

introducing a negatively charged DNA tag by chemical linkage or a negatively 

charged peptide chain using a genetic approach. The pores that are required 

for the effective substrate and reactant flux can be modified. This was shown 

to give a substrate specific catalytic rate, which is dependent on electrostatic 

interactions from charged substrates and charged pores.134 This shows that the 

pores of this nanoreactor can modulate the transport of small molecules and 

possibly increase the efficiency for a multi-enzyme cascade pathway in the 

protein capsid. 

The capsid of the bacteriophage MS2 can also be filled in vivo using a CnaB2-

based SpyTag/SpyCatcher system.136 The SpyTag was introduced genetically 

into the capsid proteins of MS2 and an enzyme was modified with the 

SpyCatcher. This introduction of the SpyTag mostly did not change the 

icosahedral size and structure, but some tube-like hexagonal bundles were 

formed when a second variant (SpyB) was used. Using this approach, the 

enzymes, pyridoxal phosphate (PLP)-dependent tryptophanase TnaA, flavin 

mononucleotide (FMN) and nicotinamide adenine dinucleotide phosphate 

(NADPH)-dependent monooxygenase FMO, are encapsulated in the MS2 

protein cage in E. coli. These enzymes where then used to synthesize the deep 

blue indigo dye from l-tryptophan. This caged enzyme complex showed an 

increase in yield and stability compared to the non-encapsulated enzymes. This 

exemplifies a truly effective artificial organelle that can be used for the creation 

of new non-native substances from common metabolic components in a cell. 

  Bacteriophage Qβ 

The bacteriophage Qβ is a virus with a diameter of Øexterior = 25 nm and T = 3 

quasi-icosahedral symmetry that naturally infects E. coli (Figure 2.7E). It is made 

from positive sense RNA encapsulated in 178 CPs and a single copy of the 

maturation protein, which replaces one CP dimer in the icosahedral lattice. The 

VLPs can also be made recombinantly with 180 CPs. Finn et al. used this virus 

to encapsulate enzymes: aspartate dipeptidase E, firefly luciferase and a 

thermostable mutant of luciferase.137 They did this by exploiting a high-affinity 

interaction between a specific RNA hairpin structure and the interior-facing 

residues of the CP. To accomplish this, they designed an RNA aptamer which 
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can bind arginine-rich peptide (Rev) derived from HIV-1, which had this hairpin 

structure. The resulting nanoreactors showed clear enzymatic activity. 

  Simian virus 40 

The animal virus, simian virus 40 (SV-40), has a P = 7 icosahedral capsid with 

Øexterior = 45 nm that is known to infect primates and humans (Figure 2.7F).138 It 

consists of DNA encapsulated in 72 pentamers of the major capsid protein VP1 

and the minor coat proteins, VP2 and VP3, which are almost identical and reside 

in the core of the virus. Handa et al. used this virus to encapsulate yeast 

cytosine deaminase (yCD), which is an enzyme that can be used for prodrug-

modification.139 This was done by genetic fusion of the enzyme to the VP2/3 

minor coat proteins and heterogeneously co-expressing it with the VP1 in Sf9 

insect cells using a baculovirus system. Subsequently, these were successfully 

delivered to CV-1 cells with retention of the enzymatic activity.  

  Cowpea chlorotic mottle virus 

The CCMV is a plant virus that infects the black-eyed pea (Vigna unguiculata). 

The wild type virus has an icosahedral T = 3 structure with Øexterior = 28 nm.140 It 

is therefore very similar in size and structure compared to the MS2 and Qβ 

Bacteriophages. In this thesis, CCMV is used to create nanoreactors, therefore 

a separate section (§ 2.8) in devoted to this virus. 

 Other protein compartments 

In the previous sections, various protein-based nanoreactors and organelles 

have been discussed, with special emphasis on the encapsulation of new, non-

native enzymes in protein cages. There are many other protein cages or 

organelles that are not discussed. Examples of other protein-based organelles 

are: proteasomes,35 stressosomes,141 inflammasomes142 and peroxiredoxins 

(Figure 2.8).143 Other cages can also be used for the encapsulation of enzymes, 

like clathrin cages,144 which are involved in endocytosis and inclusion bodies, 

commonly found during the expression of proteins in bacteria.144, 145 

Additionally, many other virus capsids exist of various sizes and geometries 

which can be explored for the fabrication of new nanoreactors.  



Chapter 2 | Protein-based nanoreactors 

29 
 

2 

Other alternative strategies involve more extensive genetic engineering of 

protein nanocages to change their properties for efficient nanoreactor 

production.146 It is also possible to use the recently developed ‘de novo’ protein 

cages, which are artificially designed and constructed cages.147, 148 Examples of 

these cages are tetrahedrons and other origami structures from coiled-coil 

segments,149, 150 the tetrahedral cages based on controlled genetic fusion of 

natural proteins151 and designed enveloped protein nanocages.152 Furthermore, 

a wide variety of protein capsids, viruses and organelles are yet to be 

discovered.54 This means that there are many new candidates available to 

create new nanoreactors, so the field is expected to expand significantly in the 

future. 

 

Figure 2.8 Cryo-EM based structures of various protein cage examples (A) Proteasome from 

bakers’ yeast,153 (B) RsbS stressosome,141 (C) Activated NAIP2/NLRC4 inflammasome,154 (D) Casp-

8 tDED inflammasome filament,155 (E) human peroxiredoxin,156 (F) human clathrin D6 cage.157 

Figures D and E are rods. 

 Cowpea chlorotic mottle virus (CCMV) 

One of the reasons why CCMV is used for this research is because it was the 

first virus that was discovered to have reversible disassembly behavior.140 This 
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reversible disassembly makes it easier to load non-native cargo into the interior 

and thus easily applicable when evaluating a wide range of different enzymes 

and cargos. Furthermore, this reversible disassembly behavior has been 

extensively researched as a model virus to discover the assembly mechanics of 

a virus. Another advantage is the occurrence of different viral morphologies.158 

This enables the use of fine-tuned structures for the creation of nanoreactors 

or other material with nanoscale precision. Differently sized and shaped 

structures are also interesting from the medical point of view, for the delivery 

of a variety of cargos to cells is often shape and size depended.  

 Structure, pH and salt response 

As mentioned before, the native CCMV is a plant virus with a T = 3 structure 

with Øexterior = 28 nm. It consists of four different positive sense RNAs 

encapsulated in three capsids of the same structure, made from 90 

homodimers of the capsid proteins (CP), which form the protein shell with a 

cavity of Øinterior = 18 nm.158 Being a icosahedral structure, it is made from 12 

pentamers and 10(𝑇 − 1) hexamers.39 It can be produced and isolated from 

the cowpea plant in high yields of several mg per g of leaf, but it is also possible 

to produce CCMV-based virus like particles (VLPs) using yeast or E. coli.159 This 

virus has been researched extensively because it can be disassembled into its 

dimers and RNA by increasing the salt concentration above 0.3 M at pH> 6.5.160, 

161 The RNA can be removed by calcium precipitation and the CP-dimers can 

reassemble back to the original T = 3 structure when the pH is lowered to pH 5 

at high salt concentrations. But the CPs can also form in various other 

structures, which are depicted in Figure 2.9. These structures are very 

dependent on the pH and salt concentration. In the presence of a poly anionic 

species at neutral pH and lower ionic strength (< 0.3 M) the CPs can 

alternatively assemble into a variety of different shapes which are, next to the 

buffering conditions, also dependent on the negatively charged cargo. Next to 

these conditions influencing the assembly, dications play a role. At neutral pH 

the absence of dications results in a significantly swollen structure, with a pore 

size change from 1 to 2 nm (Figure 2.10), while in the presence of divalent 

cations it is stabilized.162, 163 The various formed structures include T = 1 

icosahedral structures of 30 homodimers with a diameters of Øexterior = 18 nm 
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and Øinterior = 8 nm; icosahedral swollen T = 1 or pseudo T = 2 consisting of 60 

homodimers with an approximate Øexterior = 24 nm and Øinterior = 14 nm;164 bi- or 

multilayer capsids;165 clusters of the native protein cage163; and rods of various 

lengths often with a diameter of around Ø = 18 nm.166  

 

Figure 2.9 Phase diagrams of CCMV capsid proteins without RNA. (A) A simple phase diagram 

showing four general domains of morphologies in capsid protein assemblies.165, 167 (B) An extended 

phase diagram based on A, with larger spherical aggregates and curved rods of different lengths 

added. Figures adapted from 165, 167. 

 

Figure 2.10 Structures from Cryo-EM of (A) native CCMV T = 3 structure and (B), swollen structure. 

Adapted from 162. 

 Encapsulation of foreign materials in CCMV 

The disassembly and removal of native RNA and reassembly behavior of CCMV 

has been used to encapsulate various, mostly negatively charged, compounds. 

The negative charge on the cargo is mostly used because of the interaction of 

the CP N-terminal region. This region is enriched in positively charged residues, 

which is called the arginine-rich motif (ARM) and points into the capsid 

interior.168 The ARM is naturally used for the packing of its native negatively 
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charged RNA and is thus suitable to exploit for the encapsulation of non-native 

cargo.169 When loading the cargo, negative charges can trigger the assembly of 

the CP at neutral pH and lower salt concentrations into cargo filled VLPs. It can 

also help to direct the cargo inside VLPs at pH 5, although at higher salt 

concentrations a negative charge is not always required to encapsulate cargo 

and statistical encapsulation or an elastin-like polypeptide can be applied.170, 171 

The first examples of cargo to be encapsulated in capsid of CCMV were based 

on DNA and heterogeneous RNA. These CP-nucleic acid assemblies formed 

various interesting structures, which can be used for gene, siRNA, siDNA and 

mRNA delivery (Chapter 5).160, 163, 166 Also different polymers have been 

encapsulated inside CCMV.172 These include, poly styrene sulfonate (PSS), the 

more rigid polymer173 poly(2-methoxy-5-propyloxy sulfonate)-phenyl-ene 

vinylene (MPS-PPV) and the redox active inorganic polymer polyferrocenyl 

silane (PFS). These form stable CCMV-based VLPs of which an increasing length 

causes an increase in the size of the formed capsids, up to even clustered VLPs. 

All of these polymers have a lower pKa and a high charge density, compared to 

the native RNA, leading to the different structures.170, 174 Furthermore, metal 

based structures haven been encapsulated in CCMV.175, 176 An example of this is 

the encapsulation of the negatively-charged metal complex, hexacyanoferrate 

(III). This was reacted with Fe(II) and used to fabricate colorful particles of 

prussian blue inside the capsid.177 Additionally, DNA micelles and paramagnetic 

micelles have been encapsulated, which show potential as contrast agents for 

magnetic resonance imaging (MRI).178, 179 In another example, luminescent Pt(II) 

complex amphiphiles have been encapsulated, which can form supramolecular 

stacks inside the capsid of CCMV resulting in both rod-like and spherical 

shapes.180 Working towards applications, we encapsulated gold nanoparticles, 

using various sizes and ligands.181, 182 This resulted in virus structures of various 

sizes which are dependent on the size of the gold nanoparticles. The protein 

coat helps stabilizing the nanoparticles in buffered conditions so they could be 

used for catalytic applications.183 For the use in (bio) imaging applications, we 

encapsulated carboxyl functionalized, zinc sulfide coated, cadmium core 

quantum dots. The protein coat of CCMV again helps to stabilize the quantum 

dots in buffer and could be used to increase the delivery of quantum dots into 

cells.184 Also, we encapsulated the potential drug tetrasulfonated zinc 
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phthalocyanine (ZnPc) inside the cage of CCMV. Using different conditions this 

also resulted in different spherical structures (Figure 2.11).185 These drug-filled 

VLPs can be used in photo dynamic therapy for the treatment of cancer cells by 

the generation of molecular oxygen upon irradiation. Here, the encapsulation 

of CCMV enhanced the effectiveness of the drug. 186 

 

Figure 2.11 Different icosahedral CCMV structures from Cryo-EM of: (A) Empty VLP T = 3, (B) empty 

VLP pseudo T = 2 or swollen T = 1, (C) ZnPc in blue filled VLP T = 3, (D) ZnPc filled VLP T = 1. Scale 

bar is 10 nm. Adapted from 185 

 CCMV-based nanoreactors by encapsulation of enzymes 

The first reported example of an artificial protein-based organelle or 

nanoreactor, was based on CCMV.187 It was constructed using a statistical 

encapsulation method, where the enzymes were mixed in the solution of CPs 

when the capsid proteins reassemble at pH 5.186 Using this method, horse radish 

peroxidase and Cytochrome p450 could be encapsulated with retention of the 

activity, which can be used for pro-drug activation and assessing drug 

metabolism.187, 188 However, a drawback was the low encapsulation efficiency 

and low stability at neutral conditions. As an improvement, a supramolecular 

method was adopted to direct the encapsulation with higher efficiency. Here, 

coiled coil interactions were used, with one coil attached to the N-terminus of 
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the CP and one on the enzyme. This way the Pseudozyma Antarctica lipase B 

(Pal B), an enzyme relevant in organic synthesis, could be loaded in a controlled 

fashion. But still CCMV-based nanoreactors need extra stabilization to function 

at neutral conditions. This could be solved by using a chimeric expression in E. 

coli with an elastin-like polypeptide attached to the N-terminus, which 

stabilizes the VLPs in the presence of high salt concentration. Using Sortase A 

as a catalyst, the T4 lysozyme has been attached covalently to the N-terminus 

of this modified CP.171 When the CPs assemble, this results in encapsulation of 

the enzyme because the N-terminus is known to point inwards.  

An alternative approach aimed to introduce a negatively charged tags to 

employ the guest enzymes as negatively charged scaffold by linking single 

stranded DNA to the enzyme. This method allows the use of the native and 

commercial enzymes together with the native virus, without the use of genetic 

modification or expression in chimeric host. Although, at a cost of some slight 

reduction in catalytic efficiency.182, 189 This method has been applied to 

encapsulate DNA-heme based peroxidase (DNAzyme), catalase and glucose 

oxidase, which is a fast working enzyme relevant for glucose sensors and cancer 

treatment. The use of DNA in this work is especially elegant, because it allows 

the co-encapsulation of two or more enzymes in one cage. Furthermore, the 

polyanionic chains resemble the native cargo and give the nanoreactor stability 

at physiological conditions and enables CCMV to be used as a true artificial 

organelle.190 Furthermore, our group used CCMV-based nanoreactors, filled 

with enzymes or inorganic catalysts, in thin film assemblies, to create effective 

catalysts for industry or for in vivo applications. 

 Nanoreactor fabrication overview 

This chapter gives an overview of on the different protein-based nanoreactors 

and we also covered how the enzymes were directed into the interior of the 

protein cage for fabrication of the nanoreactors. There are a lot of similarities 

between these methods and they can be roughly summarized into 6 different 

encapsulation approaches: covalent, charge, affinity tag, statistical, 

supramolecular and scaffold assisted (Figure 6.12).  
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Figure 6.12 Schematic overview of different strategies used in the encapsulation of enzymes in 

protein nanocages. Showing the covalent, charge, affinity tag, statistical, supramolecular and 

scaffold assisted assembly of enzyme-based protein nanoreactors. The capsid proteins are shown 

in blue, the enzyme in red, the scaffold proteins in green and the different tages in black. 

In the covalent cargo loading approach, the cargo is linked with a covalent bond 

to the interior facing residues of the capsid protein monomers that form into 

the capsid, e.g. by genetically, chemically or enzymatically fusing them 

together. In the charge-based approach one can direct the enzyme into a 

protein cage when the interior of the protein capsid is charged. It requires an 

oppositely charged cargo that is present during the assembly of the protein 

cages, for example resulting from the enzyme, by fusing a charged fluorescent 

protein or a charged polymer to the enzyme to be encapsulated. The affinity 

strategy is done by fusing a tag to the enzyme that binds with high affinity to 

the interior of the capsids, which can be e.g. a peptide tag or a specific 

nucleotide sequence with hairpins. In the statistical approach, the enzymes are 

added in high concentration to the capsid monomers during capsid assembly. 

A statistical part of the capsids that are formed will contain the cargo. The 

supramolecular approach uses non-covalent interactions for cargo directed 

assembly. For example, using coil-coil interactions or other supramolecular 

affinity tags. Commonly one of the binding partners is fused to the enzyme and 

the other to the capsid protein, after which there is a hybridization step, 

followed by capsid assembly. In the scaffold approach the enzyme is genetically 

fused to a scaffolding protein that is used for the assembly of the protein cage.  
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The just described strategies are not always suitable for all protein cages or 

enzymes to be encapsulated and each method has its advantages and 

disadvantages. For example the scaffold protein method is only useful for larger 

cages that have a scaffold protein. When choosing the fabrication strategy of a 

new protein-based nanoreactor it is therefore important to take the properties 

of the protein cage and the enzyme to be incapsulated into account. 

 Conclusions and outlook 

In this chapter, an overview of protein-based organelles and other natural 

protein cages is provided, together with an explanation on how they can be 

used as enzymatic nanoreactors. The various examples show that 

encapsulation of enzymes in protein cages gives clear benefits over the free 

enzyme. These include: reduced toxicity; substrate specificity; substrate 

channeling; easier enzyme recovery after a catalytic reaction; and increased 

stability. On top of this, the cages are available in various sizes and shapes; can 

be expressed in various heterogeneous systems; can be modified using genetic 

and chemical means; and can be engineered to include various, non-native, 

enzymatic cargos. 

The study on (artificial) nanoreactors helps in gaining more understanding of 

natural protein-based organelles and enables their use for various application. 

For example in industrial catalysis, where the increased stability and substrate 

specificity can enable the use of enzymes in more extreme reaction conditions. 

This can result in lower energy consumption, higher yields and higher purity of 

the products. The nanoreactors also show promise in medicine, where they can 

be used for enzyme delivery as a so-called enzyme therapy. This can be 

especially beneficial for some metabolic disorders where certain enzymes are 

not (sufficiently) expressed. Potentially, they can also produce or degrade a 

drug or metabolite in the cell and can be used for pro-drug activation in the cell 

that is specifically targeted. This can be used for various diseases, including the 

treatment of cancer. But their applications are not limited to these examples. 

Nanoreactors can possibly also be used in the fabrication of functional 

(nanomaterials), sensors, metabolic engineering or various other fields. 
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An increasingly growing research field is devoted to develop protein-based 

nanoreactors, because of their numerous advantages and promising potential 

applications. Despite this, we are not there yet. Significant progress is required 

to further understand the cages; developing more applicable nanoreactors by 

the encapsulation of other enzymes into the protein cages; limiting the cost of 

fabrication; and understanding their effects in various life forms regarding their 

bio-uptake, bio positioning and immunogenicity. Understanding the basis of 

self-assembled protein- based organelles, their structure and function, allows 

for the future production of artificial self-assembles assemblies which are 

tailored to specific purposes. The results reported in the following chapters in 

this thesis on CCMV-based protein cages expand the understanding and are a 

new step in working towards applications of the nanoreactors. 
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C h a p t e r  3  Viral nanoreactors made from CCMV 

In this chapter we focus on the construction of several virus protein cage-based 

nanoreactors containing the enzymes thrombin, luciferase, horseradish 

peroxidase, glucose oxidase, L-asparaginase and β-galactosidase. We 

encapsulate these enzymes in the protein capsid of CCMV by linking either 

polystyrene sulfonate or single stranded DNA to the enzymes. According to size 

exclusion chromatography, electron microscopy and dynamic light scattering 

this resulted in well-defined nanoreactors, which are stable at neutral pH and 

physiological ionic strength. The sizes of the formed protein capsids seem to be 

partly determined by the size of the enzyme cargos. Furthermore, the majority 

of the enzymes retain most of their activity and in the case of β-galactosidase 

an increase in activity for a negatively charged substrate is observed. Cryo-

electron microscopy with 3D-analysis revealed that the nanoreactors are 

constructed from a protein cage with T = 1 icosahedral symmetry. It was also 

revealed that two conformations exist for the capsid, one being more expanded 

than the other, while both show large pores that allow the reactants to diffuse 

across the protein mantle. In the future these nanoreactors can possibly be 

used in pro-drug conversion, as probes and as anti-cancer drugs. 

 

Part of this chapter has been published as: 

Compartmentalized thin films with customized functionality via interfacial cross‐linking of protein cages, 
Advanced Functional Materials, 2018, 28, 1801574 
Assembling enzymatic cascade inside virus-based nanocompartments using dual-tasking nucleic acid tags, 
Journal of the American Chemical Society, 2017, 139 (4), 1512–1519  
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 Introduction  

Nature uses enzymes to catalyze a wide variety of different reactions in cells. 

However, enzymes are also increasingly applied outside the cell. They are used 

in detergents, during industrial synthesis, food preparation and in medicine.1-4 

Big advantages over other (industrial) catalysis are: their high catalytic activity 

at low temperatures; their high substrate and product specificity, especially 

towards stereochemistry; and their amino acid composition, which makes them 

biocompatible, biodegradable and widely available.3, 5 Furthermore, there is 

extensive research devoted to genetically evolving enzymes, to tailor them to 

new or more specific reactions.6 Also, many natural enzymes are yet to be 

discovered and the number of applications and their use is expected to increase 

in the near future. A disadvantage of using enzymes, however, is their limited 

stability.7 Although this can be increased by genetically evolving or designing 

the enzymes, this is a very laborious process. Immobilization approaches can 

also be used to increase this stability,7, 8 as well as their encapsulation in a 

protective shell.  

The encapsulation of enzymes in a protective protein shell to create 

nanoreactors as discussed in the recent literature, was presented in the 

previous chapter. Examples were given where the protein capsids around the 

enzymes prevented the spontaneous denaturation of the enzyme. They 

increased thermal stability, reduced buffer dependent enzyme activity and 

prevented degradation by proteases.9-11 These are not the only benefits, 

because other interesting nano effects can also occur. This is the result of the 

small interior volume of the capsid proteins, which can give a higher effective 

enzyme and substrate concentration compared to the bulk, when a substrate 

diffuses into the protein shell.12 Describing the reaction in Michaelis-Menten 

terms, this can lead to a lower Km. Another supposed benefit occurs when multi-

enzyme complexes are encapsulated. During such colocalization in the capsid, 

substrates can migrate efficiently from one enzyme to another by a 

phenomenon called “channeling”. This is a multistep phenomenon where the 

intermediates do not mix with the bulk solution because of diffusion limitation 

imposed by the capsid.13 This can speed up the reaction, reduce side reactions 

and result in less intermediate products in the bulk compared to free 
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enzymes.13-15 However, experiments show that the capsid also impose a 

(diffusion) barrier to substrates and products, which can lead to an overall 

decrease in reaction rate. Luckily, this diffusion limitation can also be of benefit, 

because the capsid can also increase selectivity towards certain substrates. This 

is evident from the results of several studies, where the charge of the substrate 

is important.16-18 It is especially useful when a mixture of substrates is available, 

for example in biological conditions. Furthermore, the cages are biodegradable, 

biocompatible and can function as non-native organelles. The cages can be 

modified using chemical or genetic means at high ligand densities to tailor them 

towards various applications, without modifying the enzyme.19, 20 For example, 

by using targeting ligands, dyes and other modifications, the resulting cages can 

be used to target specific cell types that require treatment or they can be used 

to create large functional assemblies.21, 22  

In this chapter, we use the capsid of CCMV to create nanoreactors. In working 

towards medical applications, it is important that nanoreactors are stable at 

physiological pH and salt concentrations. However, this remains a problem for 

most of the currently known methods for the creation of CCMV-based 

nanoreactors. Therefore, we developed a charge-based method for the 

encapsulation of enzymes, which is illustrated in Figure 3.1. In this method the 

heterobifunctional linker sulfo-EMCS (N-ε-maleimidocaproyl-

oxysulfosuccinimide ester) was linked to the lysines of an enzyme to introduce 

a maleimide group. This maleimide was then used to attach thiolated negatively 

charged polymers to the enzyme. The used polymers are either single stranded 

DNA (ssDNA) or polystyrene sulfonate (PSS). DNA was used because it is 

biodegradable, it is known to be encapsulated in CCMV and it can be used as a 

dual function in the form of siDNA23 or function as a secondary catalyst in the 

presence of hemin.24 PSS was used because it is biocompatible and has a high 

charge density which creates stable VLPs.25 Besides, this polymer can also be 

used in medicine and is approved for the treatment of hyperkalemia.26 The 

enzymes, with the negatively charged polymers attached, were then 

encapsulated by mixing them with the disassembled free capsids proteins (CP) 

of CCMV. The charged polymers help in the assembly and direct the cargo into 

the interior of the VLP at physiological pH and ionic strength. 
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Figure 3.1 Schematic representation of the enzyme encapsulation process in CCMV to form 

nanoreactors, shown here with the β-gal enzyme (in blue) with thiolated PSS. In the first step, the 

lysines of the enzyme are functionalized with sulfo-EMCS linkers (in red). In the second step, 

thiolated polystyrene sulfonate or ssDNA is attached to the maleimides of the linker (in yellow). In 

parallel, the native CCMV virus (in grey) is disassembled and the RNA (in red) is removed using 

calcium precipitation. In the final step, the now negatively charged protein is encapsulated in the 

CCMV protein shell by mixing with free CP dimers at neutral pH. 

The formed nanoreactors were extensively characterized using various 

methods to show that this approach results in functional catalytic nanoreactors 

with a defined icosahedral cage. Furthermore, we encapsulated a series of 

different enzymes, with different sizes and quaternary shapes to show that the 

method is widely applicable to a variety of useful and commercial enzymes.  

The enzymes used for encapsulation were thrombin (Trb), luciferase (Luc), 

horseradish peroxidase (HRP), glucose oxidase (GOx), L-asparaginase (ASNase) 

and β-galactosidase (β-gal). The small enzyme thrombin, from bovine serum, is 

a monomeric serine protease of 37 kDa. It has a natural function in blood-

coagulation, requiring specific cleavage sites. This enzyme was used to show 

the possibility to encapsulate small enzymes with this method. Glucose oxidase, 

from Aspergillus niger, was used because it is a well-studied homo-dimeric 

enzyme of 160 kDa and catalyzes the conversion of glucose to hydrogen 

peroxide and D-glucono-1,5-lactone. It has potential as an anti-bacterial27 and 

anti-cancer drug28 and can be used for determining glucose concentrations, 

which is useful in sensors for diabetes.27 L-asparaginase  was used in this work 

because of its medical applications.29 We used the ASNase from Escherichia coli, 

which is a homo-tetramer of 136 kDa that naturally catalyzes the formation of 

aspartic acid from asparagine. It is used in medicine to treat acute 
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lymphoblastic leukemia, acute myeloid leukemia, non-Hodgkin's lymphoma 

and several other diseases.29 It can also be used in food manufacturing to 

decrease the concentration of acrylamide, a suspected carcinogen mostly 

found in starchy food products.30 The other three enzymes are mainly 

encapsulated because of their different shapes and because they are commonly 

used as probes during in vitro assays. The monomeric glycoprotein horseradish 

peroxidase (44 kDa) is an enzyme that is often used as a probe for biochemical 

applications, because it can oxidize many different dyes.31 But it also has 

applications as a polymerization catalyst.32 Firefly luciferase from Photinus 

pyralis is a 62 kDa protein that catalyzes a reaction combining ATP, molecular 

oxygen and the heterocyclic compound luciferin to generate light. It is one of 

the most commonly utilized probes for in vitro characterization, for example, to 

monitor gene expression.33 The last probe enzyme used is β-galactosidase from 

E. coli, which is a 464 kDa homo-tetramer that hydrolyses β-galactosides into 

monosaccharides and it is commonly used as an in vivo probe in bacteria, but it 

can also be used for pro-drug activation.4, 34 

In this chapter, we will first discuss the encapsulation and purification of the 

different enzymes, followed by analysis of their size and shapes. Then the 

composition of the particles is determined with SDS-PAGE, while ELISA is used 

to show that the enzymes are really encapsulated into the interior of the capsid. 

At the end of this chapter, the catalytic activity of the different nanoreactors is 

evaluated together with a more detailed structural analysis with Cryo-EM of a 

selection of the constructed protein cage-based nanoreactors.  

 Results and discussion 

 Encapsulation of enzymes using DNA and PSS  

To perform the encapsulation, the different commercial enzymes were 

dissolved in PBS and incubated with an excess of sulfo-EMCS linker. The 

unreacted sulfo-EMCS was subsequently removed using ZEBAspin desalting 

columns. The linker-functionalized enzymes were then mixed with an excess of 

21 nucleotide (nt) thiol-ssDNA (SH-ssDNA) or 20 kDa HS-PSS, which were 

reduced before addition. The unbound SH-ssDNA could be removed using spin 

filtration. The SH-PSS was removed by a double purification step with size 
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exclusion chromatography (SEC) on a superose 6 column. Here, a λ = 260/280 

nm absorbance ratio higher than one confirmed the attachment of the 

polymers. The purification of the CCMV, the removal of its native RNA and the 

isolation of the capsid protein (CP) were carried out according to literature 

procedures.35 The CP was mixed in a 180 times molar excess with the negatively 

charged enzyme at physiological pH and salt concentration to induce the 

assembly. After overnight incubation the formed nanoreactors were purified 

using SEC (Figure 3.2) while monitoring the absorbance at λ = 280, 260 and 403 

nm (for the Heme in HRP). Correctly formed nanoreactors should show a size 

increase, which would make them elute at lower elution volumes. The 

nanoreactors were collected from the peak corresponding to an elution 

between V = 10 and 12 mL. The CP elutes around V = 19 mL and the modified 

enzymes have an elution volume between V = 14 (β-gal) and 20 mL (thrombin), 

depending on their size. The negatively charged polymers were essential for the 

VLP assembly, because CP on its own did not show a size increase (Figure 3.2D). 

 

Figure 3.2 Representative size exclusion chromatograms in assembly buffer (pH 7.2) of the 

assembly mixture of CP with: (A) Glucose oxidase-ssDNA, (B) β-galactosidase-ssDNA, (C) 

Luciferase-PSS and (D) only CP.  
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 Size of the particles 

The isolated fractions eluting at V = 12 mL from the SEC, which contained the 

nanoreactors were analyzed using both transmission electron microscopy 

(TEM) and dynamic light scattering (DLS), in order to determine the average 

diameter of the formed nanoreactors. The TEM images of the various 

nanoreactors are shown in Figure 3.3 and 3.4. The representative distributions 

of the ssDNA and PSS based nanoreactors with DLS are shown in Figure 3.5 and 

the results are summarized in Table 3.1. 

Table 3.1 Average diameters as measured by TEM and DLS of the different nanoreactors. The 

enzymes were encapsulated into the CCMV protein capsid using either the ssDNA or the PSS 

polymer as a scoffolding tag. 

Nanoreactor 

Enzyme 

MW enzyme 

(kDa) 

Ø DLS 

ssDNA(nm) 

Ø TEM 

ssDNA(nm)   

Ø DLS 

PSS(nm) 

Ø TEM 

PSS(nm)  

Thrombin 37    17 ± 1 16 ± 1   

Horseradish 

peroxidase 

44 18 ± 1 18 ± 2 18 ± 1 18 ± 2 

Luciferase 62 19 ± 2 19 ± 2 19 ± 1 18 ± 2 

L-asparaginase 136 20 ± 2 20 ± 2 19 ± 2 19 ± 3 

Glucose oxidase 160 20 ± 2 22 ± 2   

Β-galactosidase 464 23 ± 1 24 ± 2 22 ± 1 23 ± 2 

The measured sizes for the nanoreactors are in the range of 16-22nm, which 

correspond to the values reported for T = 1 CCMV-based icosahedral 

structures.36, 37 However, the β-gal-CCMV samples were larger and correspond 

more to the reported swollen T = 1 or pseudo T = 2 CCMV structures.37, 38 The 

clearly larger size for the β-gal can be explained by the size of the enzyme. A 

size of Ø = 23 to 24 nm can be expected because the enzyme has a maximum 

length of 12 nm, which is modified with polymer and the average thickness of 

the protein cage is about 5 nm. Furthermore, T = 2 particles are known to 

accommodate 12 nm nanoparticles, while T = 1 particles can only accommodate 

8 nm particles.36, 39 The data, especially from the DNA based assembly approach, 

show that there is some correlation between the cargo size and their resulting 
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encapsulated particles. Cargo dependent VLPs have been reported before for 

CCMV when gold, RNA or other polymers were encapsulated. But, this always 

included larger discrete steps, accompanied with a change in icosahedral 

structure from T = 1, to T = 2, to T = 3, to clusters and not the small size increase 

reported here.36, 39, 40 The assembly and characterization of the structures was 

performed at neutral pH, which could explain these results. At neutral pH, the 

CP-CP interactions were less prominent, while the cargo-CP are similar to the 

interactions at pH 5.38 This leads to a cargo driven assembly, which can explain 

the size dependence. Futher studies are needed to verify this hypothesis. 

 

Figure 3.3 Transmission electron microscopy images with uranyl acetate staining of ssDNA 

functionalized enzymes encapsulated in the capsid of CCMV: (A) Thrombin, (B) Horseradish 

peroxidase, (C) Luciferase, (D) Glucose oxidase, (E) L-asparaginase and (F) β-galactosidase.  
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Figure 3.4 Transmission electron microscopy images with uranyl acetate staining of PSS 

functionalized enzymes encapsulated in the capsid of CCMV: (A) Horseradish peroxidase, (B) 

Luciferase, (C) L-asparaginase and (D) β-galactosidase.  

 

Figure 3.5 Average size distribution based on dynamic light scattering of representative 

nanoreactors. (A) ssDNA functionalized Glucose oxidase encapsulated in the capsid of CCMV and 

(B) PSS functionalized L-asparaginase in the capsid of CCMV.  
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 SDS-PAGE 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis 

was applied to determine the composition of the particles and to prove that the 

particles consist of the enzymes and CP (Figure 3.6). Indeed bands appear on 

the gel corresponding to the molecular weight of Trb, HRP, Luc, ASNase 

monomer, GOx monomer and the β-gal monomer respectively, corresponding 

to the analyzed nanoreactors. These were visualized together with a protein 

band around 20 kDa, seen in all samples, corresponding to the CP monomer. 

The CP concentration is much higher as seen from the intensity of this band. 

This is as expected because in a T = 1 confirmation 30 CP dimers are used to 

encapsulate only one or a few enzymes. It is also seen that the DNA or PSS 

polymers only minimally changed the migration of the enzyme because of their 

negative charge. But overall, the SDS-PAGE data confirms that the spherical 

particles indeed contain their intended enzyme and CP. 

Densitometry was applied to determine the encapsulation efficiency and the 

enzyme concentrations. To this aim, the known enzyme and CP reference 

concentrations we also assessed with the SDS-PAGE. Here the intensities of the 

bands where correlated with the bands of the same electrophoretic mobility 

from the nanoreactors. These results showed that on average one enzyme is 

encapsulated in each capsid for the ssDNA-modified enzymes, assuming T = 1 

conformation. But, for the PSS modified enzyme, a lower encapsulation 

efficiency was determined; jus over half of the capsids was filled with enzyme. 

This efficiency is likely lower due to some residual PSS from the enzyme-PSS 

complexes that could not be completely removed. The encapsulation efficiency 

and enzyme concentration were additionally confirmed by using UV-vis 

analysis. For this, the absorbance was monitored at λ = 260, 280 and 647 nm, 

with 403 nm for HRP. This was done for samples were an ATTO 647N modified 

CP was used for encapsulation, to discriminate for CP adsorption contribution.  
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Figure 3.6 SDS-PAGE images of different gels to analyze the different enzymes encapsulated in the 

capsid of CCMV. The reference protein ladder is given in lane 1 for all gels. (A) Trb-ssDNA-CCMV in 

lane 2, (B) HRP-PSS-CCMV in lane 2, (C) Luc-ssDNA-CCMV in lane 2, (D) ASNase-PSS-CCMV in lane 

2, (E) GOx-ssDNA-CCMV in lane 2, (F) β-gal-PSS-CCMV in lane 2, β-gal in lane 3, β-gal-PSS in lane 4 

and, CP in lane 5. (G) shows the protein ladder molecular weights in kDa.  

 Enzyme-linked immunosorbent assay 

To verify if the used enzymes were fully encapsulated during the formation of 

the nanoreactor, an enzyme-linked immunosorbent assay (ELISA) with primary 

antibodies for the enzymes was performed. As representative samples, the PSS-

based samples from β-gal and ASNase were analyzed (Figure 3.7). The 

encapsulation of ssDNA based structures was previously verified24 and is 

therefore not included in this section.  

From the assay results it is clear that the reference enzyme standards showed 

an increased signal that is concentration-dependent. The native CCMV virus, CP 

and the negative control with only the antibodies had approximately the same 

signal intensity as the blank background. This indicates that the primary 

antibody, which targets the enzymes, binds specifically. The data showed that 

the EMCS-linker modification of enzymes has minimal influence on the binding 

of the antibody and therefore on the results of the assay. For the PSS 

modification there is, however, some influence on the assay. In the β-gal-PSS 

case, a larger error margin and a decreased absorbance compared to the native 

enzyme is observed. This is likely the result of the PSS blocking the primary 

antibody from binding ASNase, thus reducing the signal. When analyzing the 

nanoreactors, both encapsulated enzymes in CCMV show no signal increase 
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compared to the background. This confirms that the nanoreactors do contain 

the enzyme inside the capsid. Furthermore, when the β-gal enzyme structures 

are treated with a cell lysis buffer, containing surfactants, the ELISA signal goes 

up. This shows that the VLP structure can disassemble again when the protein-

protein interactions are disrupted. Overall, the results suggest that the samples 

are stable under physiological conditions and that the enzymes are 

encapsulated within the cage opposed to free in solution or bound on the 

exterior of the capsid. 

 

Figure 3.7 ELISA results with a peroxidase readout using absorbance of ABTS at λ = 410 nm at 

neutral pH of: (A) L-asparaginase standards and 5 nM and 1 nM of the different ASNase constructs, 

(B) β-galactosidase standards and 1 pM of the β-gal constructs are used. Showing standard 

deviation of n = 3. 

 Catalysis 

To test if the modification and the encapsulation in a protein capsid influences 

the enzymes, the kinetic activity of the nanoreactors was evaluated. We started 

with an in-depth analysis of β-gal-PSS-CCMV, for which we used different 

substrates over a range of substrate concentrations (Figure 3.8). The data was 

analyzed using the initial rate and Michaelis-Menten kinetics to acquire the Km 

and Kcat constants. All the reported numbers are an average of three 

experimetns from the same batch of modified and encapsulated β-gal (Table 

3.2). The kinetic values correspond with the literature data for these 

conditions.41, 42 However, with the modified enzymes, we encountered a 

significant batch to batch variation, likely caused by the EMCS and PSS 

functionalization steps. This can also be seen in the results, where the 

modification of the enzyme lowers the Kcat, compared with the unmodified 

enzyme. This effect has also been observed before in literature.43, 44 The effect 
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of the capsid on the reaction is very dependent on the used substrate. The first 

case is the small and neutral ortho-Nitrophenyl-β-galactoside (ONPG) substrate 

(Figure 3.8A). The reaction is fast and the capsid seems to reduce the activity 

only slightly. This can be explained by diffusion limitation from the small 

substrate cross the capsid using pores at these high reaction rates.37 The second 

case (Figure 3.8B), is that of the 4-methylumbelliferyl-β-D-glucuronide (MUG) 

substrate. Here, the activity of the β-gal-CCMV nanoreactor is higher than the 

encapsulated β-gal-PSS. We explain this by the negative charge from the 

glucuronic acid residue on the substrate. The interior of the capsid is positively 

charged and is known to slightly enhance the catalysis of a negatively charged 

substrate.16 The third case is the slightly larger and neutral Fluorescein Di-D-

Galactopyranoside (FDG) substrate (Figure 3.8C). This substrate needs to be 

hydrolyzed twice to become the fluorescently active fluorescein.45 The results 

for this case reveal that the Km of the β-gal-CCMV is significantly lower 

compared with the free enzymes. This can be explained by a higher effective 

concentration inside the capsid. After the first hydrolysis, the substrate is still 

close to the enzyme because of the diffusion limitation imposed by the capsid. 

The FDG is also a slightly larger substrate, which can make it harder for the 

substrate to get into the capsid, explaining the reduced Kcat. 

Table 3.2. Kinetic data summary of the different β-galactosidase constructs with three different 

substrates. Results are an average of at least three measurements. Showing the Kcat (turnover 

number) and Km (Michaelis-Menten constant), calculated from the Michaelis-Menten fit of the 

data presented in Figure 3.8. 

  ONPG MUG FDG 

β-gal Kcat (s-1) 567 ± 61 167 ± 8 10 ± 1 

 Km (mM) 0.56 ± 0.10 0.17 ± 0.02 0.56 ± 0.02 

β-gal-PSS Kcat (s-1) 486 ± 58 75 ± 3 5.8 ± 0.8 

 Km (mM) 0.49 ± 0.08 0.13 ± 0.01 0.18 ± 0.05 

β-gal-CCMV Kcat (s-1) 367 ± 50 150 ± 8 3.0 ± 0.1 

 Km (mM) 0.32 ± 0.07 0.30 ± 0.03 0.068 ± 0.004 
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Figure 3.8 Kinetic evaluation of different enzyme constructs with different substrates (average of 

at least n = 3), with respective Michaelis-Menten fit. The initial rate is plotted against the substrate 

concentration. For β-gal at 1 nM enzyme with the substrates: (A) ONPG, (B) MUG and (C) FDG. (D) 

For HRP at 2 nM enzyme and 10 μM H2O2 with ABTS substrate. 

The HRP based nanoreactors and non-encapsulated enzymes were studied 

using varying amounts of the substrate 2,2'-azino-bis(3-ethylbenzothiazoline-6-

sulphonic acid) (ABTS). The catalytic activity in the presence of 10 mM H2O2 was 

monitored by UV-vis over time, following the characteristic ABTS radical cation 

absorption (Figure 3.8D). HRP, HRP-PSS and CCMV-HRP all follow Michaelis-

Menten kinetics with Kcat of 627 ± 84 s-1, 318 ± 24 s-1 and 195 ± 11 s-1 with a Km 

of 10.6 ± 1.9 mM, 7.0 ± 0.8 mM and 6.4 ± 0.6 mM, respectively. Similarly, to the 

other enzymes, HRP showed a decrease in reaction rate after PSS modification. 

The reaction rate was again further reduced after encapsulation, which can be 

ascribed to diffusion limited accessibility of the substrate to the enzyme in the 

protein cage. This HRP enzyme and other peroxidases were also used to assay 

the GOx based structures. These results are described in the thesis of M. 

Brasch46 and are therefore not discussed here.  
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Thrombin based structures were evaluated using varying concentrations of a 

bis-(tosyl-Gly-Pro-Arg) Rhodamine 110 substrate. There is a large decrease in 

Kcat in going from Trb (Kcat 14 s-1, Km 0.9 mM) to Trb -ssDNA (Kcat 0.07 s-1, Km 0.04 

mM) and Trb-CCMV (Kcat 0.09 s-1 and Km 0.07 mM). This can be explained by the 

inactivation of the enzyme by the modification. Because it is a small enzyme, a 

relatively high number of charge modifications is required to impose enough 

negative charge for effective encapsulation. Furthermore, the substrate used in 

this essay is relatively large and probably sterically hindered from reaching the 

active site of the enzyme due to the ssDNA. However, there is minimal 

difference between the encapsulated and non-encapsulated thrombin-ssDNA. 

The activity of Luc was assayed using a Promega firefly luciferase luminescence 

kit. The activity was monitored from the luminescent counts when adding a 

fixed concentration of enzyme. However, a big problem with this enzyme was 

that after linking of the EMCS the activity dropped to about 0.8% of the free 

enzyme. Subsequent modification of PSS or ssDNA resulted in even lower 

activity at 0.5% and 0.2%, respectively. Encapsulation also gave an additional 

threefold decrease in activity. The encapsulation method employed in this 

chapter is therefore deemed unsuitable for this enzyme.  

ASNase is specific in the catalytic conversion of its small molecule substrate L-

asparagine to L-aspartate and we used nuclear magnetic resonance (NMR) to 

monitor the kinetics. We first confirmed that L-asparagine does not convert to 

L-aspartate in D2O in the absence of ASNase. By peak integration (Fig. 3.9) the 

activity of the enzyme-constructs was monitored upon the addition of 10 mM 

L-asparagine to various concentrations (1 nM to 1 µM) of ASNase. The average 

turnover number (Kcat) of the free ASNase was determined to be 42 ± 6 s-1 under 

the set conditions (Figure 3.9A). Once the ASNase was modified by the PSS 

polymer, the measured Kcat decreases to 3.5 ± 0.1 s-1. This was similar to what 

was observed before and is likely caused by a loss of tertiary structure.44 When 

this construct was encapsulated in CCMV VLPs, a turnover number of 5.2 ± 0.3 

s-1 was measured (Figure 3.9B). This was lower than the native ASNase, but 

showed increased activity compared to that of non-encapsulated ASNase-PSS. 

These differences in activity might be caused by stabilization of the enzyme by 
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the capsid, as seen previously for other VLP systems,10 but can also be caused 

by a different local pH.47 

 

Figure 3.9 NMR spectra showing the conversion of l-asparagine to l-aspartate as catalyzed by (A) 

native ASNase and (B) ASNase encapsulated in CCMV. The peak at 3.75 ppm indicated some 

residual buffer, which was present to maintain the stability of CCMV in D2O. 

  Cryo-EM reconstruction of GOx-ssDNA-CCMV  

To show that the CCMV-based nanoreactors assemble with T = 1 icosahedral 

symmetry, we analyzed the GOx-ssDNA-loaded CCMV-like particles with cryo-

electron microscopy (Cryo-EM). From these microscopy images their native 

three-dimensional reconstruction was calculated (3DR) (Figure 3.10). The used 

GOx-CCMV contained particles with spherical and elongated profiles, as well as 

irregular assemblies (Figure 3.10A, inset). Two-dimensional classification of 

these particles, followed by a three-dimensional classification using Relion 

software, resulted in two sizes of icosahedral capsids with T = 1 architecture. 

Whereas class I capsids were 214 Å in diameter (Figure 3.10B), class II capsids 

were 226 Å (Figure 3.10C). 
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Figure 3.10 Three-dimensional Cryo-EM reconstructions of GOx-ssDNA loaded CCMV capsids. (A) 

Cryo-electron micrograph of GOx-ssDNA loaded CCMV capsids. Black arrows indicate elongated 

particles and red arrowheads indicate irregular particles. Two-dimensional class averages were 

derived from 15,481 particle images (inset). (B) Surface-shaded representation of the outer 

surface of the class I T = 1 capsid (Ø = 21.4 nm) viewed along a two-, three- and fivefold axis of 

icosahedral symmetry (top to bottom). Models of the class I T = 1 capsid, with the front half of the 

cargo and protein shell removed (right). Protein shell is white, cargo is yellow. Arrows indicate a 

two-fold axis of icosahedral symmetry. (C) Surface-shaded representations of the outer surface of 

the class II T = 1 capsid (Ø = 22.6 nm), which is visualized as in B. This figure is published in 48. 



Chapter 3 | Viral nanoreactors made from CCMV   

64 
 

    3 

Capsids I and II made up 50% of the total particles in the sample (70% class I, 

30% class II). Both capsids were built of 12 pentamers, with different 

compacting levels. The two particle sizes might be related to dynamic swelling 

of the T = 3 CCMV native capsid,49 as there is a size difference of 5% involving a 

~7 Å outward radial expansion. In both T = 1 capsids, the pentamers of the 

capsid were strongly connected to the underlying GOx-ssDNA cargo, while still 

showing the capsid surface pores. In class I capsids, the pentamers barely left 

any space between their lateral contacts, while those of class II capsids were 

clearly separated and left large pores, especially at the icosahedral two-fold 

axes (Figure 3.10B-C, arrows). This data is a clear indication that the formed 

particles are defined icosahedral structures and not randomly absorbed CP 

proteins on the charged enzymes. It is expected that the other nanoreactors 

have a similar structure. 

Docking of the known structure of the CP dimer50 into the Cryo-EM density 

maps of GOx-ssDNA-loaded T = 1 VLP showed major structural differences of 

the two classes (Figure 3.11A-B). Connecting densities between pentamers and 

cargo were mediated by residues 42-50 of the CP N-terminal region (Figure 

3.11C, dark blue), although the preceding region (residues 27-41) could also be 

involved (Figure 3.11C, pink). The CP C-terminal ends were responsible for CP 

dimer assembly in class I CCMV T = 1 capsids (Figure 3.11A, arrows; Figure 

3.11D). The hinge angle formed between CP dimers in GOx-ssDNA-loaded T = 1 

class I capsids was ~60° (Figure 3.11D). This angle resembles the angels found 

at the quasi-twofold axes of the swollen T = 3 CCMV capsid50  and in other CP 

dimers such as the phthalocyanine-loaded T = 1 VLP.37  

The outward expansion of the class II capsid resulted in the loss of or a reduction 

in dimeric contacts (Figure 3.11B, arrows). This indicates that these interactions 

contribute much less to class II capsid stability than to that of class I capsids. 

Assuming the same building block is involved, the class II capsids are based on 

pentamers bound weakly by the CP C-terminal ends (Figure 3.11E), which 

adhere strongly to the polyanionic cargo. 
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Figure 3.11 Pseudo-atomic model of GOx-ssDNA-CCMV capsids. (A) T = 1 class I capsid viewed 

down a threefold axis from outside, with docked CP atomic coordinates. A pentamer is depicted 

in dark blue. Arrows indicate three dimeric contacts. (B) Class II T = 1 capsid viewed down a 

threefold axis from outside (as in A). (C) Pentamer contacts with the cargo mediated by residues 

42-50 in the N-terminal region (dark blue, bottom view). The N-terminal region residues 27-41 

might also contribute to cargo-pentamer contacts (pink). (D) CP dimers in class I and (E) CP dimers 

in class II T = 1 capsids (E). Side view (top), top view (bottom). The hinge dihedral angle is indicated. 

CP monomers in the class II dimer are 6.5 Å further apart than class I dimers (N-terminal 27-32 

region is omitted). This figure has been published in 48. 

After imposing icosahedral symmetry, packed cargo in class I and II capsids was 

observed as a hollow sphere with numerous connections to the T = 1 capsid 

inner surface. Based on the atomic model of GOx (PDB 1GAL), several copies of 

GOx could be encapsulated in the capsid. However, our biochemical analyses 

indicated the presence of a GOx dimer only. This discrepancy is probably due to 

the chemical modification of accessible lysine residues of GOx that are 

covalently bound to ssDNA. The cargo-capsid connections observed in the 3D 

Cryo-EM maps probably represent the interaction of the ARM region with 

negatively-charged DNA strands. GOx-ssDNA packaging resulted in a slightly 

disordered icosahedral capsid (also reflected in a limited map resolution), but 



Chapter 3 | Viral nanoreactors made from CCMV   

66 
 

    3 

this cargo enabled structural polymorphism with weak CP interactions in the 

dimer. It is likely that both T = 1 capsids coexist in dynamic equilibrium, probably 

enabled because the CP-ssDNA interactions are more flexible (or less well-

defined) than the native CP-ssRNA interactions at the studied condition. This 

results in a sort of ‘breathing’ effect, where the open structure could potentially 

increase the flux of larger substrates into the capsid cavity during kinetic 

reactions of this nanoreactor. To our knowledge, this is the first demonstration 

of the formation of a T = 1 CCMV-like structure templated by a biological soft 

material that also displays an extreme capsid swelling. 

 Cryo-EM reconstruction of ASNase-PSS-CCMV  

To verify that the CCMV-based nanoreactors constructed around PSS equiped 

enzymes also assemble into icosahedral particles, we adittionally analyzed 

ASNase-PSS loaded CCMV-like particles with Cryo-EM. The raw Cryo-EM images 

are shown in Figure 3.12A. After superpositioning of 674,541 particle images 

Figure 3.12B was constructed. This was used to resolve the three-dimensional 

structure after imposing icosahedral symmetry (Figure 3.12C-D). The particles 

have an average Øexternal = 20 nm and Øinternal = 13 nm. They clearly show a T = 1 

architecture, with only pentamers present in the structure and likely consisting 

of 30 CP dimers.51 This size range was expected based on the size of VLPs filled 

with PSS polymers of similar length.25 The autorefined images show that there 

is cargo inside the cavity of the virus (Figure 3.12C), which is resolved as a semi-

spherical structure. This is the result of imposing the icosahedral symmetry, 

which is not useful to resolve the tetrameric ASNase cargo. Furthermore, the 

PSS polymers are expected to be randomly distributed in the cavity and are 

therefore not visualized. After processing these images further and neglecting 

the cargo from the images, a resolution improvement of 5.58 Å is achieved 

(Figure 3.12D). This clearly shows the open structure of the capsid, which allows 

for the transport of the reactants in the enzymatic reaction. 

The 3D images presented here of the ASNase-PSS filled CCMV capsids are 

preliminary data and the analysis is still ongoing. The particles seem to be quite 

heterogeneous, so another round of sub-classification is needed to improve the 

model and increase the resolution. When this is done, we can proceed with the 

docking of the known structure of the CP dimer and the ASNase tetramer, 
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similar to Figure 3.11. But overall, the results on the analysis of the ASNase-PSS 

filled CCMV virus like particles shows that PSS can also be used to form well 

defined icosahedral particles and nanoreactors.  

 

Figure 3.12 Three-dimensional Cryo-EM reconstructions of ASNase-PSS-loaded CCMV capsids. (A) 

A representative Cryo-EM micrograph is shown. (B) Shows the central section image of the 

superimposed images. (C) Autorefined 3D reconstruction of the nanoreactors filled particles. The 

left row shows surface-shaded representation of the T = 1 capsid viewed along a two-, three- and 

fivefold axis of icosahedral symmetry (top to bottom). The right shows models of the capsid, with 

the front half of the protein shell removed. The capsid is shown in blue and the cargo in orange. 

(D) 3D models of the same T = 1 capsid at 5.58 Å resolution after processing with the cargo 

removed from the image. Visualized the same as in C. 



Chapter 3 | Viral nanoreactors made from CCMV   

68 
 

    3 

 Conclusions and outlook 

In this chapter we report a method of encapsulation that utilizes a charge-based 

approach. This can be used to encapsulate a wide range of enzymes inside the 

CCMV protein cage at physiological conditions. The method allows the direct 

use of commercial enzymes and the native virus, without the need for genetic 

modification or expression in chimeric hosts. The only cost is some slight 

reduction in catalytic efficiency for most of the enzymes. However, not all 

enzymes are suitable for this approach as exemplified by the large decrease in 

activity during the encapsulation process of the smaller enzymes luciferase and 

thrombin. Nanoreactors based on β-gal were evaluated in more depth and 

showed that the kinetics changes upon encapsulation. This change depends on 

the used substrate, which has a higher respective activity when a negatively 

charged substrate is used. Interestingly, we also showed that an increased size 

of the enzyme cargo resulted in VLPs with a larger average diameter. We 

resolved the icosahedral structure of the GOx nanoreactor and proved this was 

a T = 1 type structure, with either an open or closed conformation. 

The correct formation and analysis of well-defined virus-based nanoreactor 

particles in this chapter is a first step towards various applications. As a 

continuation of this, the nanoreactors described in this chapter are used by our 

group further studies. The GOx based nanoreactor was used for cascade 

reactions in a protein cage to investigate the substrate channeling effect, as also 

seen in bacterial compartments and is described by Brasch et al.24 The HRP 

nanoreactors were used in thin film assemblies to create functional catalytic 

sheets, which is described by Liu et al.21 The β-gal and ASNase based 

nanoreactors are further described in the next chapter of this thesis, to show 

their applications as anti-cancer drugs or as artificial organelles. However, 

before broad application of these nanoreactors, more research is required to 

their cost effectiveness, to reduce their decreasing activity after polymer 

functionalization and on their substrate selectivity towards more relevant 

compounds. On the other hand, we know that the discussed examples are not 

the limit of application of these nanoreactors. Other enzymes can also be 

encapsulated in the protein capsids using this method. This can lead to their 

widespread application in industry, medicine or other areas.  
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 Materials and methods 

Materials 

Buffers were prepared using double deionized water from a Millipore system. 

The fluorescent ATTO-647N-N-Hydroxysuccinimide (NHS) ester was purchased 

from ATTO-TEC. The β-glow kit was purchased from Promega and contained a 

cell lysis buffer. All other chemicals were purchased from Sigma Aldrich unless 

stated otherwise. The purification and characterization of the CCMV, the 

removal of its RNA and the isolation of the CP were carried out according to 

literature procedures.52 All reactions were carried out at room temperature and 

proteins and assemblies were stored at 4°C. 

Analysis 

SEC was performed using GE Healthcare FPLC Äkta purifier 900 combined with 

fraction collector Frac-950. Samples were purified over a preparative column 

superose 6 10/100 GL (GE Healthcare) with a 24 mL bed volume. TEM was 

performed on a FEG-TEM (Phillips CM 30) operated at 300 kV acceleration 

voltages. 5 μL of the sample was applied onto Formvar‐carbon coated copper 

grids. After 1 min, the excess of liquid was drained using a filter paper. Uranyl 

acetate (5 μL, 1% w/v) was added and the excess of liquid was drained after 20 

sec. The grid was dried for 30 min at room temperature. Images were analyzed 

using ImageJ. UV-vis spectra were recorded on a Varian Cary 300 UV-vis 

spectrometer. Tecan i-control infinite 200 PRO microplate reader was used for 

readout of the luminescent, fluorescent and absorbance kinetic measurements. 

Dynamic light scattering was performed using a Nanotrac wave W3043 from 

Microtrac. Data was extracted using the company’s software, the solution 

viscosity and refractive index of water of 1.54 was used.  
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Preparation of negatively charged enzymes 

HS-PSS of 20kDa was a kind gift from S.J. Maassen and was prepared by ATRP 

from sodium 4-styrenesulfonate monomers and a Bis[2-

(2′bromoisobutyryloxy)ethyl]disulfide initiator in a water/methanol mixture, 

with Cu(I)Br and a 2,2’-bipyridine ligand. Purified using flash column 

chromatography and THP precipitation and analyzed using NMR. The SH-ssDNA 

(5'-SH-(CH2)6-GGGTAGGGCGGGTTGGGTTTT-3') oligonucleotide sequence was 

synthesized by Eurofins MWG Operon. The disulfide-based polymer (PSS-SS-PSS 

or DNA-S-S-DNA) was dissolved in PBS pH 7.5 containing 2 mM DL-Dithiothreitol 

(DTT). The solution was incubated for 3 h to reduce any disulfide groups to thiol 

groups. The excess of DTT was removed by exchanging the solution 5 times 

against PBS buffer using Amicon Ultra centrifugal filters (3K MWCO). To prepare 

a cross-linker modified enzyme, a PBS solution of protein (2 μM) and sulfo-

EMCS (40 μM, ThermoFisher scientific), was incubated for 30 min. The excess 

of sulfo-EMCS was removed using ZEBA 7k MWCO columns from ThermoFisher 

scientific, which was pre-incubated with PBS. Modified protein (2 μM) was 

mixed with the thiolated-polymers (400 μM) in a 9:1 (v/v) ratio and incubated 

for 1 h (or stored at 4 °C overnight). The excess of polymer was removed with 

SEC using a Tris-HCl buffer (5 mM, NaCl (10 mM), KCl (1 mM), MgCl2 (0.5 mM), 

DTT (1 mM), pH 7.2) at a flow of 0.5 mL/min. The fraction around 14 mL was 

collected for β-gal, around 16 mL for GOx and ASNase and between 17 and 18 

mL for Luc, HRP and thrombin. This was concentrated with Amicon Ultra 

centrifugal filters (10K MWCO) and reinjected in the SEC, collected and again 

concentrated. To determine the concentration, number of PSS or DNA chains 

on each enzyme and their corresponding 260/280 nm ratio UV-vis analysis was 

used. ε280 β-gal = 1,128,600 M-1cm-1, ε260 PSS = 309,000 M-1cm-1 , ε260 DNA = 201,500 

M-1cm-1,  ε280 luciferase = 39,560 M-1cm-1, ε403 HRP = 100,000, ε280 Gox = 267,000 M-1cm-

1 CF280 DNA = 0.53, CF260 β-gal = 0.55, CF260 luciferase = 0.7 and CF280 PSS = 0.08 are used. 

Preparation of fluorescent CCMV  

ATTO 647N-NHS ester was dissolved in dry DMSO and mixed in a 0.003 (w/w) 

ratio with CCMV in 10 mM PBS pH 7.4. The unreacted dye was removed by 

dialysis with PBS with 2x refresh. The degree of labeling (DOL) was determined 

by the 260 and 644 nm absorption of the CCMV and dye respectively. ε646 dye 

= 150,000 cm-1M-1, with correction factor 0.04 at 260 nm (CF260 dye) and ε260 
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CCMV = 5.87 mL/mg*cm were used as input for the Lambert-Beer formula. The 

weight of CP is 20,313 Da and is about 75% of the total mass of the virus. Thus, 

the degree of labelling is around 0.10 dyes/CP. This is optimized to have 

maximum fluorescence in experiments and minimal hindrance during dis- and 

reassembly of the viral proteins. Upon addition of this dye no aggregation was 

observed. 

Encapsulation of negatively charged proteins in virus-like particles  

To isolate the capsid protein, CCMV with and without ATTO 647N dye was 

dialyzed against protein isolation buffer: Tris-HCl (50 mM, 0.5 M CaCl2, pH 7.5), 

with 2x refresh, followed by overnight precipitation of RNA at 14,100 G. The 

dimeric CPs were recovered and dialyzed to assembly buffer (Tris-HCl (250 

mM), NaCl (500 mM), KCl (50 mM), MgCl2 (25 mM), DTT (5 mM) pH 7.2) with 3x 

refresh. The concentration and dyes/CP was again determined with UV-vis 

using ε280 CP =24,075 cm-1M-1, ε647 dye=150,000 cm-1M-1. CF260 dye=0.03 CF280 

dye=0.03 and CF260 CP=0.62. Only samples with 280/260 > 1.6 were used for 

experiments. In order to encapsulate the enzyme into VLPs, the negatively 

charged enzyme and CP (500 μM) were mixed in a 4:1 (v/v) ratio and incubated 

for 2 h at 4°C. These were then purified by size-exclusion chromatography (SEC). 

The elution buffer was the 5x diluted assembly buffer (Tris-HCl (50 mM), NaCl 

(100 mM), KCl (10mM), MgCl2 (5 mM) DTT (0.5 mM) pH 7.2) at a flow rate of 

0.5 mL/min. The enzyme loaded VLPs were eluted at 11 mL, concentrated using 

100 kDa MWCO filters at 3000 G. The concentration and composition of all the 

samples was determined by UV-vis analysis, using the 260, 280, 503 and 647 

nm absorbance as previously described24 and further verified using SDS-PAGE 

densitometry on precast stain free gels 4-15% from Bio-Rad, with known 

concentrations of the enzyme and capsid protein. A Bio-Rad protein precision 

plus ladder was used. The SDS-PAGE was run on 200 V for 30 min with a boiled 

10 µl sample mixed with 10 µL gel loading dye (Bio-Rad) with 10% β-

mercaptoethanol. SDS-PAGE data was analyzed using image lab software (Bio-

Rad). Samples were stored at 4°C and used for analysis. 

ELISA 

The enzyme-linked immunosorbent assay for β-Gal was performed using the β-

Gal ELISA kit from Roche on the different enzyme constructs according to the 
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specific instruction of the kit and is visualized in Figure 3.13. 1 pM of enzyme 

construct was added to each well. For the ELISA of ASNase the different enzyme 

constructs were incubated at a concentration of 1 and 5 nM with high binding 

ELISA plates overnight, followed by 3x washing with 1x PBS (pH 7) and blocking 

of the unreacted groups of the plate with 10% bovine serum albumin. The plate 

was incubated with 10,000x diluted Rabbit IgG antibody for ASNase from 

Abcam, washed and a Rabbit IgG Elisa kit from Abcam was used according to 

the protocol of that kit. The results were measured at λ = 450 nm on a Tecan i-

control infinite 200 Pro as an endpoint measurement.  

 

Figure 3.13 Scheme of the ELISA procedure for β-gal: (1) β-gal-antibody coated multiwell-plate, (2) 

β-gal sample, (3) β-gal-antibody with digoxigenin, (4) anti-digoxigenin with horseradish peroxidase 

and (5) the ABTS substrate. 

Dynamic light scattering 

We performed DLS using a Nanotrac wave W3043 from Micro-trac. Data were 

extracted using the company’s software. The solution viscosity and refractive 

index of water was used with a refractive index of 1.54 for the sample. 

Kinetic analysis 

The kinetic evaluation of all the enzyme constructs were performed at least 

three times and using the assembly buffer (pH 7.2 50 mM Tris-HCl, 100 mM 

NaCl, 10 mM KCl, 5 mM MgCl2). For the β-gal constructs the kinetics of ONPG, 

MUG and FDG substrates were determined at a final enzyme concentration of 

1 nM and 1 mM substrate in a 2 to 1 series dilution. Just before the 

measurement 50 µL of substrate was add to 50 µL of enzyme construct in a 96 

well plate. The initial rate of the reaction for each substrate concentration was 

determined on a plate reader. For ONPG substrate the λ = 405 nm absorbance, 

for MUG substrate the λ ex = 375 nm, λ em = 450 nm fluorescence and for FDG 

substrate λ ex = 488 nm, λ em = 540 nm fluorescence was monitored. The 

concentration was determined using reference standards. For kinetic 
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evaluation of the HRP enzyme the same method was applied but now using 50 

µl of 4 nM enzyme and 10 mM H2O2 into 96 well plates. UV-vis absorbance of 

ABTS+ (ε410nm = 36,000 M-1 cm-1) was monitored at λ = 405 nm on the plate 

reader immediately after adding 50 µL of ABTS substrates at various 

concentrations. The kinetics of the GOx based structures were assayed using a 

kit from Megazyme, which included secondary enzymes in excess that utilized 

the products of the GOx to reduce NADPH (ε340nm = 6,300 M-1 cm-1), resulting in 

a changing UV-vis that could be monitored at λ = 340 nm. Various 

concentrations of glucose were monitored for this assay. The luciferase 

constructs were measured using a plate reader in white 96 plates using a dual 

Glo kit from promega which contains luciferin in and optimized buffer 

composition. Thrombin based structures were evaluated once using varying 

concentrations of the bis-(tosyl-Gly-Pro-Arg) Rhodamine 110 substrate. The 

initial rate of catalytic cleavage was monitored at λex = 498 nm; λem= 520 nm. All 

the experimental data were corrected for background absorbance (using a 

blanco with only substrate as a reference) and the concentration of the formed 

substrate was determined using product standards, before plotting 

concentration (µM) vs. time (min) curves. From which the initial rate (v) was 

determined (µM/min). These rates were plotted over the substrate 

concentration and fitted with Michaelis-Menten using Origin software. 

Alternatively, only the maximum rate was determent from the slope, when high 

substrate concentrations were used. 

NMR 

To measure activity of encapsulated ASNase proton nuclear magnetic 

resonance (NMR) spectroscopy was applied. ASNase and the complexes were 

dissolved and diluted in D2O with 0.05% wt. 3-(trimethylsilyl)propionic-2,2,3,3-

d4-acid, sodium salt (TSP). Residual H2O and buffer constituents were removed 

using ZEBASpin columns with an MWCO of 7 kDa for two consecutive times. L-

asparagine was added and analysis of L-asparagine depletion and l-aspartate 

formation was performed with NMR over time. All NMR experiments were 

carried out in a Bruker Avance II 600 MHz spectrometer (14.1 T) provided with 

a 5 mm triple-nucleus (TXI) probe head with z-gradients coil with maximum 

gradient strength of 50 G/cm-1. Chemical shifts are reported in ppm and 

referenced to TSP. 1H-NMR water suppression pulse sequence with excitation 
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sculpting and gradients from Bruker pulse program library was applied. The 

following NMR acquisition parameters were applied: 64 scans, 1 s delay time 

and 1.7 s of acquisition time. The NMR spectra of L-asparagine and l-aspartate 

showed different chemical shifts. The L-asparagine has a doublet at around 4.1 

ppm and around 2.9 ppm. In the case of l-aspartate these were shifted to 3.9 

ppm and 2.6 ppm. The peaks were integrated to determine the relative 

substrate depletion and product formation. Using a known amount of substrate 

and monitoring over time, gave the rate. 

Cryo-electron microscopy with 3D reconstruction  

The Cryo-EM images and analysis steps where performed in Madrid by the 

Castón group. The general workflow of the analysis and processing is shown in 

Figure 3.14. For Cryo-EM analysis, the enzyme-loaded VLP (5 µL) were applied 

to one side of Quantifoil R 2/2 holey grids, blotted and plunged into liquid 

ethane in a Leica EM CPC cryofixation unit. The grids were analyzed in a Tecnai 

G2 electron microscope equipped with a field emission gun operating at 200 kV 

and images were recorded under low-dose conditions with a FEI Eagle CCD at a 

detector magnification of 69,444x (2.16 Å/pixel sampling rate) for GOX-ssDNA-

CCMV and 73,000x, 1.42 Å/pixel for the ASNase-PSS-CCMV, defocus range 4.2 

to 0.7 μm. Image processing operations were performed using Xmipp28 and  

Relion29 and graphic representations were produced with UCSF Chimera.30 The 

Xmipp automatic picking routine was used to select 15,481 particles and 

defocus was determined with CTFfind.31 Images were 2D-classified using the 

appropriate Relion routine and 7,932 isometric particles were selected for GOX-

ssDNA-CCMV. The structure of phthalocyanine-loaded CCMV T = 1 capsid18 was 

filtered out to 30 Å and the cargo density was masked. This map (on GOx-ssDNA 

paricles) was used as an initial model for 3D classification of spherical particles, 

using Relion to select 5,572 (class I) and 2,318 (class II) particles; these data sets 

were used to obtain the final 3DRs using the Relion autorefinement routine. 

Resolution was assessed by gold standard FSC between two independently 

processed half datasets.  Applying a correlation limit of 0.5 (0.3), the resolution 

for class I and II 3D maps was 22.7 (22.2) and 25.6 (21.3) Å, respectively. The 

Chimera fitting tool was used to dock the atomic structure of a whole pentamer 

from the X-ray structure of CCMV17 (PDB entry 1CWP) into the Cryo-EM maps.  
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Figure 3.14 Scheme of the general workflow of the single particle analysis procedure. Referring to 

the figures in the text then: Figure 3.10B-C and Figure 3.12C are from the refinement stage, Figure 

3.12D is from the post-processing stage and Figure 3.11 is the approximation of the final 3D 

structure. 
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C h a p t e r  4  Viral nanoreactors in the cell 

In this chapter we use the virus-based artificial organelles described in Chapter 

3 for cellular evaluation. This is a first step towards using the nanoreactors for 

the future treatment of cancer, various enzyme deficiency diseases and their 

use as ‘on site’ drug producers. We use two different CCMV-based 

nanoreactors and apply them to cancer cells to test their intracellular and 

extracellular functions. To evaluate the intracellular function, the β-

galactosidase (β-gal) based nanoreactor was used. This was done by monitoring 

the uptake, activity and stability of these particles in HeLa cancer cells. The 

virus-like particles show an increased intracellular enzymatic activity compared 

to non-encapsulated β-gal. Further tests with a protease substrate show that 

the virus shell protects the protein cargo when entering the cell. This can 

explain the enhanced activity. For the extracellular function, the L-asparaginase 

(ASNase) based nanoreactor was used. This is done by adding the nanoreactors 

in the medium of acute lymphoblastic leukemia (ALL) cells. ASNase can induce 

cell death with these cancer cells by depleting extracellular L-asparagine, a vital 

amino acid that ALL cells cannot produce themselves. The encapsulated enzyme 

appears to be effective at low pM concentrations, where they appear to 

function better than the native enzyme. The results from these two cases show 

that CCMV-based nanoreactors are useful for the delivery and protection of 

enzymes, with clear potential for medical use.  
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 Introduction  

The development of medicine has given us many small molecule drugs for 

various diseases. However, most drugs often have severe side effects. For 

example, during the treatment of cancer, the anti-cancer drugs affect many 

other fast growing tissues. There are also diseases that are hard to treat using 

conventional small molecule drugs. These include metabolic diseases, which 

are often caused by a poorly functioning or missing enzyme. The problem here 

is that the missing metabolites are hard to deliver in a controlled, continuous 

manner on the required sites in the human body.1  

An approach to solve these problems is using enzyme (replacement) therapy, 

where an enzyme is administered to the patient.2, 3 The enzymes can be used 

to replenish the missing enzyme; degrade unwanted metabolites or toxins and 

can be used to produce a drug or cleave a pro-drug on site.3-6 

Enzymes, however, need protection and proper targeting in the form of carriers 

when delivered to the body. Without this, the enzymes get degraded rapidly or 

do not reach the site of action.7 It would be ideal if these carriers remain as a 

protective coating around the enzymes when they are on the site of action. 

Here, they can continuously protect the enzyme from proteases, resulting in 

prolonged activity. This is effectively the administration of artificial organelles.8 

Several synthetic organelles are reported in literature and studied in the 

environment of eukaryotic cells. They are based on synthetic systems such as 

liposomes,9 polymeric carriers,10 inorganic nanoparticles11 and others.7, 12 

Natural building blocks have also been used for this purpose, such as DNA 

origami cages,13 apoferretin cages14 and encapsulins.15 These have clear 

advantages over the synthetic systems by being fully biodegradable, 

biocompatible and being highly monodisperse cages in the nanometer range. 

However, these systems have a low native transfection efficiency in cells, a high 

cost of production or are usually made with genetic engineering.16 Viral cages 

are designed by nature to enter efficiently into various organisms and cells. 

Furthermore, they are available in various shapes and sizes and they can be 

produced on larger scale.17-19 Viral cages are extensively used to create 

synthetic organelle-mimics or nanoreactors and are thus already well 

characterized, as described in Chapter 2.20, 21 The viral nanoreactors are also 
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great model systems to gain understanding about protein-based organelles. 

They are, for example, found in prokaryotes, which are made from a similar 

protein shell and are believed to be of viral evolutionary origin.22 

Until now, only two examples were reported where virus-based artificial 

organelles are used in the cellar environment. One is based on the mammalian 

simian virus 40 and one on the bacteriophage p22.23, 24 However, they are only 

characterized by showing that they are active inside the cell, with minimal 

quantification of the relative effect of the viral protein shell upon the cellular 

behavior. Additionally, a concern with using these viral particles, especially 

from mammalian origin, is that there is still some danger of having ‘active’ virus 

in the mixture, which can potentially replicate inside the human body and thus 

cause a disease instead of curing one. 

Therefore, in this research we use an artificial organelle based on the cowpea 

chlorotic mottle virus (CCMV). This is a plant virus, which avoids the dangers 

associated with other viruses because they are not capable of replication inside 

the mammalian cell.25 Another benefit of using this virus over other viruses is 

its reversible disassembly behavior that can be utilized to package a variety of 

cargos. Furthermore, CCMV is a well-studied, porous and safe virus with 

minimal adverse effects when applied in vivo.20, 26  The virus can also be easily 

modified both chemically and genetically.19 This can be used to, for example, 

create a multivalent platform for targeting specific cell lines or enhancing blood 

circulation time.27  

 

Figure 4.1 Schematic presentation of the nanoreactors and catalytic reactions. Showing (A) a 

nanoreactor filled with β-gal and (B) a nanoreactor filled with ASNase on the right. Both are 

homotetrameric enzymes. β-gal is shown in blue. ASNase in orange, the PSS polymers in yellow 

and the CCMV protein capsid in grey. 
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In this chapter, we use two different CCMV-based nanoreactors, previously 

described in Chapter 3, for two different cases (Figure 4.1). In the first case, we 

use the β-galactosidase nanoreactor (β-gal-CCMV) to quantify the effect the 

virus capsid has on the uptake and catalytic efficiency of the enzyme in the cell. 

For this, we use HeLa cells, which are derived from cervical cancer. β-gal is used 

here, because it is a model enzyme for which several probes are available to 

monitor the activity and uptake of enzymes in cells.28, 29 Additionally, the 

enzyme can be used for pro-drug activation in the cell.30, 31 This is followed by 

the evaluation of an encapsulated protease substrate to show the intracellular 

stability of the nanoreactors. In the second case, the nanoreactor based on L-

asparaginase (ASNase-CCMV) is used to show the activity of the virus-based 

nanoreactors outside the cell with medical relevance.32 This enzyme can be 

used for the treatment of several different diseases. Here we evaluate ASNase 

as a treatment for acute lymphoblastic leukemia (ALL), a type of cancer that is 

predominant in children.33, 34 Contrary to most other cells in the human body, 

ALL cells have reduced levels of asparagine synthetase, reducing their l-

asparagine levels.35, 36 The main uptake of L-asparagine is via the extracellular 

route. Therefore, intravenous injection of ASNase, which depletes L-asparagine 

in the blood, can treat ALL. This therapy can thus selectively kill ALL cells, but 

non-ALL cells remain alive because they can convert L-aspartate to L-asparagine 

through asparagine synthetase.37 However, for current treatments low 

bioavailability, immunogenicity and toxicity remain challenges.38, 39 By 

encapsulating the enzyme in protein cages, we hope to tackle these challenges. 

By evaluating these two cases, we show the promise of CCMV-based 

nanoreactors in medicine, which can be fine-tuned for specific diseases, simply 

by changing the encapsulated enzyme. 

 Results and discussion 

 Intracellular kinetics of β-gal-CCMV 

To evaluate the intracellular activity of the β-gal nanoreactor, we incubated 

HeLa cells for 4 h with 10 nM of the native enzyme, the PSS modified enzyme 

and the nanoreactor. The cells were washed twice with buffer. Then, 1 mM of 

the Fluorescein Di-D-Galactopyranoside (FDG) substrate was loaded into the 
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cells in presence of chloroquine.29 The cells where analyzed using confocal 

fluorescent microscopy (Figure 4.2A). The results show that the substrate is 

mainly converted inside the cell, as seen from the emergence of the green 

fluorescent (fluorescein) product. But, only when they were pre-incubated with 

the β-gal derivatives. This proofs that the enzymes are still active and mainly 

located inside the cell. It should be noted that the results also show some clear 

green background. This is likely also the result of the fluorescein product, which 

can diffuse out of the cell, which is previously reported in literature.40  

To quantify the results we evaluated the different β-gal constructs using flow 

cytometry (Figure 4.2B). The cells were pre-selected based on the forward 

scatter, side scatter and the use of propidium iodide as a viability stain. The 

results show no significant toxicity resulting from the particles and an uptake 

efficiency of about 97 ± 0.2% for the virus-like particles. Furthermore, there was 

a clear difference in activity of the particles, which seems to be depended on 

the modification of the β-gal enzyme. The β-gal-CCMV is the most active, 

followed by the free enzyme and β-gal-PSS. This is different from the cell-free 

kinetic measurements in Chapter 2, where the unmodified enzyme had the 

highest activity for this substrate, followed by the PSS modified and finally the 

encapsulated enzyme. The same concentration of enzymes was used for all the 

flow cytometry measurements so, taking the lower substrate specificity into 

account, this indicates that the activity increase for the encapsulated enzyme is 

even larger. Indicating that the CCMV-cage is beneficial for intracellular activity.  

To confirm the results from the flow cytometer and to determine the kinetics 

of the intracellular enzyme reaction plate reader, assays were employed. 

During addition of the FDG substrate, the previously found enhanced activity of 

encapsulated β-gal was confirmed (Figure 4.2C). The assays furthermore 

provided information on the short-term kinetics of the reaction in the cells, 

because there were clear differences in reaction rate. To evaluate longer 

reaction times and see if the results are substrate dependent, we used a 

combined luciferase-β-gal assay at different time points in the course of 24 h 

(Figure 4.2D). The results pointed to a prolonged retention of activity for the   

β-gal-CCMV complex. This indicates some protection by the protein cage, but it 

is not conclusive to what extend the capsid imposed protection of the cargo. 
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Figure 4.2 Evaluation of β-gal derivatives in HeLa cells after 4 h incubation. (A) Life cell confocal 

microscopy with phase contrast and in green the fluorescein product of FDG cells, imaged at same 

settings, showing (clockwise) the cells with no enzyme, β-gal, β-gal-CCMV and β-gal-PSS added.  

(B) Flow cytometry intensity plot of Fluorescein production, n = 3, preselected based on scattering 

and viability. (C) Plate reader assay, fluorescein fluorescence measured over time. (D) Luminescent 

endpoint assay after 4 and 24 h of n = 3 with standard deviation, using the Beta-Glo assay system 

from promega. (E) Reaction scheme of the β-gal catalyzed conversion of FDG to fluorescein used 

in the experiments of A, B and C. (F) The two-step reaction used for the results shown in D of 6-O-

β-galactopyranosyl-luciferin catalyzed by β-gal to Luciferin, which is then catalyzed by Luciferase 

in the presence of ATP and O2 to Oxyluciferin and light.  
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 Cellular uptake of β-gal-CCMV 

To discover the reason for the higher in-cell activity of the nanoreactor 

compared to the free enzyme, we labelled β-gal with an Alexa Fluor 488 dye. 

This labeled enzyme was used for the encapsulation process as described in 

Chapter 3, resulting in nanoreactors. Again, the cells were incubated with these 

labelled enzyme constructs at the same dosage and analyzed with flow 

cytometry (Figure 4.3A). The results show that there is no enhanced uptake for 

the encapsulated enzyme; it even seems that the free β-gal has the highest 

cellular uptake. Contrary to our observations, it is often reported that VLPs from 

plant viruses, including CCMV, have enhanced delivery of nucleic acid based 

cargo in human cells.16, 41 It therefore appears that the delivery efficiency is 

different for the nanoreactors compared to VLPs with nucleic acid cargo. This 

difference is likely caused by the high uptake of HeLa cells and the natural 

function of (negatively charged) membranes to retain their nucleic acid cargo 

and protect themselves from foreign nucleic acid materials. Furthermore, the 

negative charge of the polymer and the net negative charge of the external viral 

coat can also impose an electrostatic barrier, leading to their reduced uptake.42  

 

Figure 4.3 Alexa Fluor 488 functionalized β-gal derivatives after 4 h incubation with HeLa cells, (A) 

flow cytometry intensity plot of Alexa Fluor 488 showing the uptake efficiency of β-gal, n = 3 with 

standard deviation, (B) Confocal microscopy with β-gal in green (Alexa Fluor 488), CP in red (ATTO 

647N) and the cell membrane in blue (WGA CF 405M), colocalization in yellow. 

The uptake, does not explain the enhanced activity of the nanoreactor in the 

cell. This is especially clear when the fluorescent results are compensated for 

the uptake and FDG activity; compared to the signal of β-gal the β-gal-CCMV 

activity is 620 ± 40 % and for β-gal-PSS 220 ± 30 %. Not only the protein capsid, 
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but also the PSS modification results in a higher relative activity per enzyme in 

the cell. This indicates that not the total uptake, but the protection or uptake 

route are responsible for the higher intracellular activity. This was evaluated 

further using confocal microscopy (Figure 4.3B). The results show that the β-

gal-CCMV particles are taken up by the cell (membrane in blue) and that the 

capsid (red) and β-gal (green) seem to co-localize (yellow spots). We quantified 

this using the Pearson correlation and we found a strong positive correlation 

for the CP and β-gal of 0.8 ± 0.1. This can indicate that the β-gal-CCMV does not 

completely disassemble or at least co-localizes in the same organelles. This 

could indicate that the capsid remains, at least partly, around the enzyme, 

which helps in protecting the enzyme. In that way the protein cage-based 

nanoreactors does function as an artificial organelle in the interior of the cell. 

 Stability of CCMV-based nanoreactors in the cell 

To further evaluate the protective function of the CCMV protein cage, we 

employed the same encapsulation strategy on a different commercial protein: 

ovalbumin that is heavily labeled on the lysines with fluorescent Bodipy FL dyes. 

These dyes have a very small stokes shift and due to the heavy labeling these 

dyes are almost quantitively self-quenched.43 Under the influence of proteases 

present in the cell, the ovalbumin protein is cleaved and dyes are released and 

consequently became fluorescent (Figure 4.4A). Therefore, it functions as a 

probe to measure the protection by the protein shell as a function of the 

fluorescent signal. These constructs are again evaluated, similarly to the 

nanoreactors in Chapter 3, with SEC, TEM and DLS (Figure 4.4B). They form 

similar spherical particles, which are slightly smaller than the β-gal-CCMV with 

a diameter of 19 ± 3 nm. This, similar to the results described in Chapter 3, 

probably originates from the smaller size of the protein, which can be 

encapsulated in the thermodynamically stable T = 1 capsid.44 Cellular evaluation 

using flow cytometry (Figure 4.4C) shows that a significant part of the free 

ovalbumin-probe is cleaved. The modification of the PSS functionalized 

ovalbumin-probe also shows clear degradation, although less than the non-PSS-

functionalized protein, pointing to possible protective behavior of the polymer. 

It also explains why the β-gal-PSS sample shows higher activity when the signal 

is compensated for uptake efficiency and FDG activity in the cellular 
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experiments described in § 4.2.2. Interestingly, the probe degradation is 

minimal in the case of the encapsulated ovalbumin and is almost equal to the 

fluorescent signal from the untreated cells. Since the uptake efficiency for these 

particles and the β-gal particles (Figure 4.4D) is the same, the results clearly 

indicate that the protein cage significantly protects its cargo in the cell, leading 

to the higher apparent activity.  

To evaluate this further, future work needs to be focused on evaluation of the 

uptake pathway and positioning of these and other CCMV-based particles in the 

cell. This is discussed in more detail in Chapter 6. Next to that, other medically 

relevant enzymes can be encapsulated in these cages to work towards the 

treatment of various enzyme deficiency diseases. 

 

Figure 4.4 Ovalbumin labeled with a quenched Bodipy FL functioning as a substrate for 

degradation. (A) Schematic image of dye release and fluorescent signal increase upon protease 

cleavage. (B) TEM of the encapsulated ovalbumin. (C) Flow cytometry intensity results of 

ovalbumin derivatives incubated with HeLa cells to monitor the degradation. (D) Flow cytometry 

intensity results of the ATTO 647N labeled protein capsids to monitor the uptake. 
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 Extracellular activity of encapsulated ASNase  

Now that we know that the nanoreactors can function well inside a cell, we also 

wanted to show their activity outside the cell. Towards this goal, the ASNase 

based nanoreactor was used to evaluate the extracellular activity in vitro. We 

studied the efficacy of encapsulated ASNase in inducing cell death in ALL cells 

over 72 h and compared it with the efficacy of non-encapsulated ASNase and 

ASNase-PSS (Figure 4.5). We found that ASNase is effective in killing ALL cells 

when added to the medium in the pM concentration range. Increasing the 

concentration over 25 pM does not affect cell viability (P < 0.001), although not 

all cells die (24 h samples, Figure 4.5A). Depletion of L-asparagine does not 

instantly kill all the ALL cells, but probably triggers a cell death mechanism that 

takes time. Thus, sustained L-asparagine reduction is required. ASNase-CCMV 

induces cell death in ALL cells in a similar way compared with native ASNase 

(Figure 4.5B). At the lowest concentration, ASNase-CCMV shows an even higher 

activity compared with that of native ASNase (Figure 4.5B, zoom) (P < 0.001). 

This suggests that the ASNase-CCMV does consist of active tetramers and that 

the encapsulation imposes an improvement in activity over the free enzyme.  

That the ASNase-CCMV functions better than the unmodified enzyme is 

unexpected because the nanoreactor had an eight times lower activity 

compared with the unmodified enzyme in the NMR results presented in 

Chapter 3, Figure 3.9. This increased cell killing efficiency for the nanoreactor 

cannot be explained by toxicity resulting from the CCMV CP, because the data 

(Figure 4.5) show that the CCMV-subunits without the enzyme are not toxic at 

the used concentrations and the effect is therefore only the result of the 

ASNase. A possible reason for this observation is the increased stability of the 

enzyme in the protein nanocage. This was also shown with the β-gal 

nanoreactor at the beginning of this chapter. The culture medium can affect 

free proteins and therefore the ASNase can be degraded by both proteases that 

are present in the culture medium or by the binding of medium components to 

the enzyme. This can disrupt the protein folding or block the active site, e.g. by 

inhibitors.45, 46 As intended, the protein cages can form a protective shell and 

thus prevent the inactivation of the ASNase, which was also discussed in 

literature for an unstable enzyme in a bacteriophage.47  
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The uptake of the encapsulated particles in the cells can also explain the 

increase in induced ALL cell death effectivity. The activity of ASNase on the 

inside of cells can cause faster depletion of L-asparagine compared to ASNase 

on the outside, because they function ‘on site’. However, the ALL cells are not 

likely to take up nanoparticles48, 49 and therefore the exact reasons for the 

increased activity require further research. Overall, this research shows the 

possible benefit in using ASNase nanoreactors for the treatment of ALL. 

Furthermore, it shows that there is a clear benefit of encapsulating enzymes in 

protein cages and that they can be used for extracellular treatment.  

 

Figure 4.5 (A) ALL cell viability, based on flow cytometry analysis with PI after treatment with 

several ASNase constructs at different enzyme concentrations and time points. Showing standard 

deviation of n = 3. CP is used as a reference of which the same amount was added to the medium 

as the ASNase-CCMV sample. (B) Zoom-in on the 0-15 pM enzyme range of Figure A.  
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 Conclusions and outlook 

Both the intracellular and the extracellular activity of CCMV-based 

nanoreactors were evaluated with two different cancer cell lines. For the 

intracellular evaluation, the β-gal based nanoreactors show a high uptake 

efficiency in HeLa cells and a higher kinetic activity in the cell compared to the 

free enzyme. Furthermore, it is proven that the protein cage reduces the 

degradation of the cargo and consequently provides effective protection. The 

extracellular activity was evaluated using the ASNase based nanoreactor. Here, 

the in vitro activity of ASNase-CCMV to kill ALL cells seems to be improved 

compared to the native enzyme. With these results we show that the 

encapsulation of ASNase in protein nanocages holds great potential for 

improving the standard treatment of ALL.  

Future work can be focused on how the virus-based nanoreactors are taken up 

into cells, their intracellular fate and on the in vivo behavior. It is also interesting 

to modify the capsid proteins with cell specific probes and immune evasive 

ligands. There is also the possibility to encapsulate other medically relevant 

enzymes in the capsids, which can be used for the treatment of other diseases. 

Overall, the results presented in this chapter indicate that these particles are 

good candidates to be used in future enzyme therapies. 
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 Materials and methods 

Materials 

Buffers were prepared using double deionized water from a Millipore system. 

The fluorescent ATTO-647N-N-Hydroxysuccinimide (NHS) ester was purchased 

from ATTO-TEC. The β-glow kit was purchased from Promega and contained a 

cell lysis buffer. All other chemicals were purchased from Sigma Aldrich unless 

stated otherwise. The purification and characterization of the CCMV, the 
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removal of its RNA and the isolation of the CP were carried out according to 

literature procedures. All reactions were carried out at room temperature. 

Proteins and assemblies were stored at 4°C. 

Cell studies for intracellular evaluation  

HeLa cells were cultured in DMEM with 10% FBS and penstrep at 37°C and 5% 

CO2. All the mentioned data were performed with at least n = 3. 

Confocal microscopy 

Fluorescent confocal microscopy was performed on either a Nikon confocal A1 

microscope or on an OPERA automated high content, spinning disk confocal 

imager (PerkinElmer). 5000 cells per well were seeded on a 96 well plate. After 

overnight attachment, the cells were incubated with 10 nM of the different 

enzyme constructs for 4 h. Afterwards, the cells were washed with HEPES 

buffer. For the colocalization, the cells were incubated after washing with 1 

ng/mL WGA CF405M for 30 min and subsequently washed and imaged. For the 

activity assay, 4% FBS and chloroquine diphosphate (300 μM) was added to the 

HEPES. About 20 min before the measurement, 10 µM of FDG was added to the 

samples. Samples were imaged using a λ = 405, 488 and 640 nm laser. The 

Pearson coefficients were determined using ImageJ, using cell-by-cell intensity 

plot profiles of the separate colored images, from which the Pearson coefficient 

was calculated from at least 20 different traces. 

Flow cytometry 

For flow cytometry experiments the cells were seeded in TC coated 12 well 

plates at 105 cells/well. After overnight attachment, the cells were incubated 

for 4 h at 37°C with 10 nM of each enzyme. The samples were washed, treated 

with trypsin and suspended in HEPES buffer with 4% FBS. During the kinetic 

analysis chloroquine diphosphate (300 μM) was added to the buffer to reduce 

background. For the FDG enzyme assay the protocol of the lacz kit from 

ThermoFisher Scientific is used. FDG (Fluorescein Di-D-Galactopyranoside) was 

used as a substrate and loaded using a thermal shock. Propidium iodide (PI) was 

used as a live death stain. Furthermore, 1 μM Calcein Violet AM (ThermoFisher 

scientific) was used as a viability stain. Structures of the used compounds are 

given in Figure 4.6. The cells were analyzed in triplo, in 3 separate experiments 

on a FACS ARIA II, a 375 nm laser with a 450/40 filter was used for the calcein 
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violet, 488 nm with 530/30 filter for the fluorescein product of the substrate, 

488 nm with 616/23 filter for the PI and the 633 nm laser with 660/20 filter for 

the ATTO 647N labeled CCMV. Data were analyzed after selecting for the 

correct forward and side scatter range and using the viability stains. Then, the 

data is processed and normalized using flowing software and Origin. Average 

fluorescent intensities were used to determine the activity. 

 

Figure 4.6 The compounds and their descriptions used during flow cytometry measurements. 

β-gal-488 and Bodipy FL-Ovalbumin encapsulation 

β-gal functionalized with the Alexa Fluor 488 (β-gal-488), was prepared by 

reacting 2 μM β-gal with a 20 times molar excess of Alexa Fluor 488 succinimidyl 

ester (ThermoFisher scientific) in PBS for 1 h. The unreacted dye was removed 

using ZEBAspin desalting columns with an MWCO (ThermoFisher scientific) of 

40 kDa. The β-gal-488 and the commercial Bodipy FL-Ovalbumin (ThermoFisher 

scientific) were functionalized using PSS-SH, encapsulated in the capsid with 

CCMV and characterized (SEC, DLS, TEM, UV-vis and SDS-PAGE) using the 

methods described in Chapter 3. The procedure is visualized in Figure 4.7. The 

concentration, number of PSS chains on the protein and their corresponding 

260/280 nm ratio were determined using UV vis. ε280 β-gal = 1,128,600 M-1cm-1, 

ε503 Bodipy FL= 68,000 M-1cm-1, ε280 ovalbumin = 30,590 M-1cm-1, ε260 PSS = 309,000 M-

1cm-1 with CF280 Bodipy = 0.04, CF260 β-gal =0.55 and CF280 PSS = 0.08 were used. The 

analysis with flow cytometry was performed as described in § 4.5.5, but no FDG 

was loaded onto the samples. Furthermore the 488 nm laser with 530/30 filter 

was used to monitor the Alexa Fluor or Bodipy FL.  
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Figure 4.7 Schematic representation of the encapsulation of Bodipy FL-Ovalbumin. In the first step, 

the lysines of the Bodipy FL(green)-ovalbumin (purple) are functionalized with sulfo-EMCS linkers 

(red), in the second step thiolated PSS (yellow) is attached to the maleimides of the linker. In the 

final step, the now negatively charged protein is encapsulated in the CCMV protein shell (grey) by 

mixing with free CP dimers (grey) at neutral pH. 

Analysis over time 

To determine the FDG activity over time, the cells were treated as described in 

the confocal microscopy section, without the WGA staining. Directly after the 

addition of FDG to the HeLa cells, the kinetics were measured in non-lysed cells 

over time using a 488/10 nm excitation and 530/20 emission on a Tecan i-

control plate reader. As an additional verification, with a different substrate, a 

luminescent assay was performed, using the Beta-Glo assay system from 

promega. Cells were cultured in a white TC-coated 96 well plate at 5000 

cells/well overnight. The endpoint activity of β-galactosidase in HeLa cells after 

4 and 24 h of β-gal incubation was determined by first washing the cells 3x with 

PBS and subsequently adding the luciferase and 6-O-β-galactopyranosyl-

luciferin substrate in a lysis buffer to the cells. After 10 min of incubation, 

luminescence was measured using the Tecan plate reader. The results are 

processed by subtracting the background and an avarage was made from 3 

separate experiments.  

Extracellular activity of encapsulated ASNase 

To determine the in vitro activity of ASNase (encapsulated, PSS functionalized 

or native), the human ALL cell line SUP-B15 (ACTT) were cultured according to 

the ACTT-CRL 1929 protocol. We used Iscove’s Modified Dulbecco’s Medium 

(IMDM), which contained 4 mM l-glutamine, 4.5 g/L glucose and 1.5 g/L 

NaH2CO3 which was supplemented with 20% (v/v) fetal bovine serum (FBS), 100 

U streptomycin and 0.1 mg penicillin. Cells were seeded at 100,000 cells per 

well in a Greiner 96 well plate. To the medium of these cells the ASNase was 
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added in various formulations and concentrations in a 1:10 (v/v) ratio. Cells 

were cultured at 37°C, 5% CO2 for 24, 48 and 72 h, after which the samples were 

centrifuged at 125 G for 5 min. The cell pellets were resuspended in PBS. With 

a FACS ARIA II (BD Biosciences), 10,000 counts per sample were analyzed. Just 

prior to the measurement, propidium iodide was added to each sample to 

differentiate between alive and dead cells using the 488 nm laser and 616/23 

filter, on which the cell viability percentages were based. 

Statistics  

The statistical analysis was performed using R 3.4.3 software. An univariant 

ANOVA derived linear model was used to determine the statistical differences 

between different concentrations within one treatment. Using a t-test with 

pooled standard deviations, the significance between treatments was 

calculated. 
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C h a p t e r  5  Viral nanostructures created with DNA  

Understanding the assembly pathway of viruses can contribute to the 

development of new antiviral drugs and new virus-based materials. In this 

chapter we investigate how the capsid proteins (CP) of CCMV assemble around 

DNA into well-defined structures at neutral pH. The minimal length of nucleic 

acids that is required for viral assembly is determined, by mixing the CPs with 

different lengths of short single-stranded DNA (ssDNA). The results show that 

the efficiency and speed of the assembly into spherical particles increases with 

increasing length of oligonucleotides. We continue the assembly studies, by 

using longer single stranded DNA and double stranded DNA of different lengths 

as a template for CP assembly. Depending on the type of DNA used, we are able 

to create spherical structures of various diameters and rods of various lengths, 

when magnesium ions are added to the assembly buffer. Three-dimensional 

analysis of the ssDNA based structures shows a mixture of icosahedral 

structures and one slightly elongated non-icosahedral structure. The results 

presented in this chapter improve the understanding of the encapsulation of 

foreign cargo into viral capsids, which can be beneficial for the development of 

new materials with applications in medicine and nanotechnology.  

 

Part of this chapter (§ 5.2.1) was carried out in collaboration with dr. S.J. Maassen and is published as:  

Oligonucleotide Length‐Dependent Formation of Virus‐Like Particles, Chemistry Eur.J. 2018, 24, 7456 –7463 
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 Introduction 

The previous chapters of this thesis focused on creating CCMV based 

nanoreactors and their study their interaction with the cellular environment. 

To obtain further insight in the latter, it is important to know how the capsid 

assembles, how it packages its cargo into various shapes and how the particles 

are taken up by cells. For example, it is of great help to know the number of 

charges needed for encapsulation, as minimal modification of enzymes with 

negative charges will result in higher activity of the nanoreactors. When using 

CCMV based nanostructures for medical applications, it is valuable to know 

what kind of shape enters the cell in the most efficient way. This chapter 

focuses on further understanding the assembly behavior of the CCMV based 

virus-like particles (VLPs). We investigate how many charges are required to 

induce encapsulation and study the controlled formation of different CCMV-

based architectures using DNA scaffolds. In Chapter 6 we will evaluate the 

structures, shown in this chapter, in cells to determine their uptake pathway 

and cellular positioning. 

CCMV is a model virus to study viral assembly, because it shows controllable 

disassembly and reassembly behavior. Next to this, it is a simple icosahedral 

virus with minimal safety issues.1-3 To understand the natural assembly of the 

virus, it is important to look at the nucleic acid cargo. It was previously shown 

that it is possible for CCMV to package non-native RNAs into its capsid.4 This 

was expanded by Gelbart et al. who showed that CCMV forms different shapes 

and sizes when assembling around various lengths of RNA. The shapes of the 

resulting VLPs, range from a Ø = 23 nm for 120 nucleotide (nt), to the native Ø 

= 28 nm for a 3000 nt strand. When the RNA is longer than 6400 nt, they start 

forming dimers, trimers and higher orderd clusters of the 28 nm capsids.5 The 

mentioned encapsulations, were only studied at acidic pH. This is because they 

claim that the CCMV-CPs only form well-defined, stable capsids at acidic pH, 

while it forms only undefined pre-capsids at neutral pH. This can be explained 

by stronger CP-CP interactions at lower pH, which consist of a combination of 

hydrophobic attractions and electrostatic repulsions. This repulsion is stronger 

when the acidic residue on Glu81 (pKa 6.5) in the CP is deprotonated at high 
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pH, thus decreasing the CP-CP strength. This is also evident from the swelling 

of the native CCMV at neutral pH in the absence of divalent salts.5-7 

There are, however, examples where CCMV-CPs form well-defined VLPs at 

neutral pH,8-10 such as the results presented in Chapters 3 and 4 of this thesis. 

These observations are an indication that not only CP-CP interactions play a role 

in the assembly process, but also CP-cargo interactions that result from 

electrostatic attractions between the negatively charged cargo and the 

positively charged arginine rich motive (ARM) on the N-terminus of CCMV. This 

interaction depends strongly on the ionic strength of the solution and the 

charge ratio of the CP and cargo, but is independent of pH.11, 12 The combination 

of CP-CP and CP-cargo interactions drive the assembly, making the assembly 

more efficient at acidic pH and less efficient at neutral pH.13 Therefore, a 

specific range of conditions is required for successful VLP formation.14, 15 

In this study we perform our experiments at neutral pH, where the CP-cargo 

interactions seem to be dominant. This allows us to explore the assembly 

mechanism at cargo directed assembly, which helps in determining the minimal 

number of charges needed to induce the virus assembly. Also, these conditions 

could allow the creation of different virus protein-based structures. It was 

previously reported that under these conditions rod-like VLPs are formed when 

CP assembles around double stranded DNA (dsDNA), because of the higher 

persistence length of the cargo.16 In another example CPs can be used to 

encapsulate DNA-origami structures, clearly showing the different shapes that 

can be encapsulated by this virus protein.17 

To determine the minimal number of charges required for assembly, single 

stranded DNA (ssDNA) was used because of its increased stability over RNA 

while having similar characteristics. The ssDNA was synthesized in a sequence 

which cannot form stable hairpins or self-dimers at room temperature. This was 

designed to reduce the possibility of favorable interactions with themselves or 

the proteins, resulting from their secondary structure or sequence.18-20 

Understanding the minimal requirements for assembly may increase our 

understanding of virus assembly at neutral pH in general.  
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In this chapter, we continue this DNA-based approach to create different sizes 

and shapes of CCMV-based VLPs. Here, different lengths of ssDNA were used to 

create spherical particles of different sizes and different lengths of dsDNA were 

used to create rods. In literature, the formed rods are very long and 

polydisperse, which are independent the length on the cargo. We aimed to 

make the length of the rods dependent on the length of the dsDNA by 

optimizing the assembly conditions. Next to this, the structure of the VLPs at 

neutral pH scaffoled by DNA is not completely understood, therefore the 

formed structures were characterized using multiple techniques including Cyro-

EM. 

Apart from helping to develop better nano-reactors, the results can be used for 

the encapsulation of DNA or RNA. This may be of great interest for antisense 

oligo DNA, mRNA, gene and small interfering RNA (siRNA) or DNA (siDNA) 

delivery to cells. Additionally, it can be used to improve encapsulation of other 

foreign cargo into viral capsids to develop new materials with applications in, 

for example, medicine and nanotechnology.  

 Results and discussion 

 Minimal ssDNA length required for assembly 

To gain more insight into the assembly of viruses, we sought to find the ssDNA 

size range that is required to induce assembly of capsid proteins. To investigate 

this CCMV CP (1 mg/mL) was mixed with various lengths of ssDNA (0.17 

mg/mL), starting from 10 up to 40 nt in assembly buffer (pH 7.2, 50 mM Tris-

HCl, 50 mM NaCl, 10 mM KCl and 5 mM MgCl2). Followed by analysis after one 

week of incubation. 

We started our analysis with size exclusion chromatography (SEC) of all the 

different ssDNA + CP samples, in order to visualize the (intermediate) states of 

the assembly. The results show clear ssDNA length dependent elution profiles 

and the most interesting representative SEC traces are shown in Figure 5.1A-C. 

Figure 5.1A shows the elution profiles of 13 nt and 14 nt ssDNA mixed with the 

CP. The 13 nt trace is representative for the assembly of CP with all the shorter 

lengths of ssDNA (10-12 nt). The figure shows a peak at an elution volume of    
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V = 17 mL corresponding to free CP and a peak at V = 18.5 mL corresponding to 

free ssDNA, indicating that the two compounds have little to no stable 

interaction on the timescale of an SEC measurement. A transition is seen in 

samples with longer ssDNA lengths, starting from a ssDNA length of 14 nt up to 

17 nt (Figure 5.1A-B). At the V =17 mL CP elution volume an increased λ = 260 

nm absorption and a widening of the peak to smaller elution volumes is 

observed. This suggests co-elution of the CP and some of the ssDNA with an 

increased size compared to free CP or ssDNA individually, pointing to the 

formation of “pre-capsids” or assembly intermediates, in which CP and ssDNA 

associate without forming full VLPs.  

From the mixtures of CP with an ssDNA length of 18 nt or longer, another 

transition can be observed: a VLP peak occurs, with an elution volume of V = 

11-12 mL. Initially particles were formed with very low efficiency, however 

ssDNA encapsulation was found to become more efficient upon increasing the 

ssDNA length (Figure 5.1B-C). 

The VLP fractions were isolated and analyzed using transmission electron 

microscopy (TEM) and Dynamic light scattering (DLS), shown in Figure 5.1D and 

E. Both TEM and DLS showed particle sizes between Ø = 18 and 24 nm. These 

findings were further confirmed using small-angle X-ray scattering (SAXS) 

experiments, which revealed the existence of highly structured assemblies of Ø 

= 24 ± 1 nm. These diameters match with the size of psuedo T = 2 icosahedral 

symmetry structures previously observed for CCMV capsids.23  
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Figure 5.1 SEC traces of CCMV CP mixed with ssDNA of (A) 13 and 14 nucleotides, (B) 17 and 18 

nucleotides and (C) 18 and 26 nucleotides. (D) TEM and (E) DLS analysis of the particles formed by 

CP and ssDNA of 25 nucleotides eluting around 11 mL from the SEC column. This figure has been 

published in 22. 
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To better understand the assembly behavior, we further analyzed the 

absorptions used to detect the SEC outflow. By plotting the λ = 280 nm / 260 

ratio of the CP peak at V = 17 mL against the ssDNA length we discovered two 

trends (Figure 5.2A). First, with ssDNA ranging from 10-16 nucleotides, the ratio 

strongly decreases, which suggests that more of the ssDNA is co-eluding with 

the CP. The second trend is observed for ssDNA ranging from 16-26 nucleotides, 

where the ratio is almost stable. This is an indication that each “pre-capsid” 

contains a similar amount of DNA. The slight increase in the ratio is due to the 

maturation of pre-capsids into VLPs as the ssDNA becomes longer. 

We continued our analysis to visualize the assembly efficiency, which we 

defined as the relative amount of encapsulated DNA versus free DNA. This is 

done by plotting the 260 absorbance ratio of the VLP (V = 11-12 mL) and DNA 

peak (V = 18.5 mL) for the ssDNA samples at various lengths (Figure 5.2B). 

Where we assume that the CP contribution to the λ = 260 nm signal has only a 

minor influence on this analysis. As indicated before, the VLPs were observed 

starting from an ssDNA length of 18 nt. For 18-20 nucleotides, the efficiency is 

low and is almost constant. From a length of 20 nucleotides onwards the 

encapsulation efficiency increases linearly with the number of nucleotides. 

 

Figure 5.2 (A) Ratio of the 280 nm and 260 nm absorption at the CP peak of the SEC trace (17 mL). 

(B) Encapsulation efficiency at different number of nucleotides per strand of ssDNA, based on the 

ratio of 260 nm absorption of the VLP peak (11-12 mL) and the ssDNA peak (18-20 mL) in the SEC 

elution profile. This figure has been published in 22. 
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To verify the SEC results, we employed agarose gel electrophoresis (AGE) on the 

same, unpurified, samples of CP mixed with various lengths of ssDNA. When 

the gel is stained for DNA with SYBR safe (Figure 5.3A) it shows two bands for 

each of the ssDNA-CP mixtures, starting from 18 nt. One band corresponds to 

the free ssDNA while the other band has significantly lower gel mobility. This is 

most likely caused by encapsulation of the ssDNA in the virus shell, which has a 

larger structure with lower mobility. To confirm the presence of protein, the 

same gels were afterwards stained with a coomassie protein stain (Figure 5.3B). 

This staining again reveals two bands: one at the same position as the slowest 

DNA band and one that runs even slower (if at all). The same position of the 

protein band and the DNA band confirms that the lower mobility is caused by 

DNA-protein interaction. The slower migration of the other protein band is 

similar to the CP reference and contains no DNA. Migration of the CP most likely 

originates from the net negative charge of CP at the pH used.11 ssDNA shorter 

than 18 nt strands show a similar trend as the free CP and DNA. This suggests 

little to no interaction between the protein and the ssDNA and therefore no 

assembly. Both the SEC and the gel show the same results, confirming that the 

transition of non-assembly to assembly is at 18 nt ssDNA under the conditions 

employed.  

 

Figure 5.3 Agarose gel electrophoresis on a 1% gel for the analysis of various lengths of ssDNAs 

mixed with CP after one week of assembly. Bands on the gel were first visualized with (A) SYBR 

safe DNA stain, which is followed by visualization with (B) coomassie protein stain. Lanes from left 

to right showing the assemblies of CP mixed with ssDNA of a length of: (1) 40 nt, (2) 26 nt, (3) 25 

nt, (4) 23 nt, (5) 22 nt, (6) 21 nt, (7) 20 nt, (8) 19 nt, (9) 18 nt, (10) 17 nt, (11) 16 nt, (12) 10 nt and 

(13) showing the 50 bp ladder without CP. This figure has been published in 22. 
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To further verify that the observed assembly contains CP we performed SDS-

PAGE (Figure 5.4A) on the samples. The results show that most of the CP was 

intact at the time the assembly was observed, with a band corresponding to a 

molecular weight of 20 kDa. A faint band at approximately 18 kDa was also 

observed, corresponding to truncated CP which has lost its ARM on the N-

terminus (N’-MSTVGTGKLTRAQRRAAARKNKRNTR~). In contrast, when the 

unassembled CP was analyzed the majority of the CPs were truncated. This 

indicates that the formation of a capsid stabilizes the protein.  

To exclude particle formation induced by the small fraction of CP missing its N-

terminus a sample containing only CP was analyzed using SEC (Figure 5.4B). No 

particles were observed in this trace suggesting that the interaction with the 

ssDNA was indeed required for particle formation.  

Figure 5.4 (A) SDS-PAGE. Lanes from left to right showing: (1) CP + ssDNA of 26 nt, (2) CP + ssDNA 

of 40 nt, (3) 50 µM CP, (4) 10 µM CP, (5) 5 µM CP, (6) 1 µM and (7) precision plus protein ladder. 

(B) SEC elution profile of unassembled capsid protein dimers. All the samples were 2 months old. 

This figure has been published in 22. 

Until now, all the presented AGE, TEM and SEC results were obtained one week 

after mixing the CP and ssDNA. However, further study of the assemblies using 

AGE (Figure 5.5), after 3 weeks, pointed to a time dependence of the CP-ssDNA 

interaction and assembly. In contrast to Figure 5.3A, in which a second band 

becomes apparent starting from 18 nucleotides, in Figure 5.5A this second band 

appears at 14 nucleotides. TEM analysis of the sample after 3 weeks, containing 

14 nucleotide ssDNA, proved the presence of spherical particles in this sample 

(Figure 5.6). For the sample containing 13 nucleotide ssDNA no particles could 

be detected using TEM, in accordance with the data obtained from AGE.  
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Figure 5.5 Agarose gel electrophoresis on a 1% gel for the analysis of various lengths of ssDNAs 

mixed with CP after 3 weeks of incubation. Bands on the gel were first visualized with (A) SYBR safe 

DNA stain, which is followed by visualization with (B) coomassie protein stain. Top lanes from left 

to right showing the assemblies of CP mixed with ssDNA of a length of: (1) 20 nt, (2) 19 nt, (3) 18 

nt, (4) 17 nt, (5) 16 nt, (6) 15 nt, (7) 14 nt, (8) 13 nt, (9) 10 nt and (10) without DNA. Bottom lanes 

from left to right showing (1) the 2-log DNA ladder and assemblies of CP mixed with ssDNA of a 

length of: (2) 20 nt, (3) 40 nt, (4) 27 nt, (5) 26 nt, (6) 25 nt, (7) 24 nt, (8) 23 nt, (9) 22 nt and (10) 

21 nt. This figure has been published in 22. 

 

Figure 5.6 TEM image of particles formed by CP and ssDNA of 14 nucleotides. 
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Several models exist that explain the assembly of CCMV and other viruses 

around RNA in literature,14, 24, 25 but these do not include the time dependent 

transition states found in this work when CCMV assembles in the presence of 

short nucleic acid strands at neutral pH. To expand the current models, 

incorporating the data described above, we propose an extended model of 

CCMV CP assembly around oligonucleotides (Figure 5.7). The proposed model, 

factors influencing viral assembly and a more in-depth explanation of models 

for viral assembly are outside the scope of this thesis and can be found 

elsewere.21, 22 

Figure 5.7 Schematic assembly of CP dimers (in grey) around short ssDNA (orange). Showing initial 

CP-Cargo binding (1), proximity binding of two or more CP dimers (2), formation of pre-capsid 

intermediates (3) and formation of full VLPs (4). 

Overall, the results presented in this paragraph show that, given enough time, 

VLP formation starts to occur from an ssDNA length of 14 nucleotides. This is 

the minimal length of a charged species that is required to induce 

encapsulation, under the neutral pH conditions used here. This can lead to a 

better understanding of virus and virus-like particle assembly in general and 

help design virus based materials. 

 DNA to create different nanostructures with CCMV-CP 

After showing that CP can encapsulate short ssDNA strands at neutral pH, we 

continued to use the same assembly approach to create various shapes of 

CCMV-based VLPs. We hypothesized that the length of the DNA can determine 

the size of the formed particles, similarly to the RNA encapsulation previously 

reported in literature.12, 26 Furthermore, it is reported in literature that dsDNA 

mixed with CP can form rods due to its higher persistence length compared to 

ssDNA (3 and 50 nm respectively at the used conditions).27, 28 The length of the 

reported protein rods was shown to be independent from the used DNA length 

and it only depended on the mass ratio. We first explored the effect of MgCl2 

during the assembly on the lengths of the formed rod-like structures scaffolded 
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by dsDNA. MgCl2 is known to increase the CP-CP interactions by complexing 

with the acidic residues of Glu81,29 29 leading to more tightly packed capsids 

with more curvature. This could make it easier for the VLP to form an ‘end cap’ 

upon dsDNA scaffolding, potentially increasing control of the VLP length. 

 

Figure 5.8 Schematic of the used approach to create different viral nanostructures (not to scale). 

After removal of the native RNA the disassembled CPs are mixed with different lengths of ssDNA 

or dsDNA to create spherical or rod-like virus-like particles. The 3D shape of the CCMV rod-like 

structures is not known, so an artistic impresion is shown. 

The overall assembly approach is shown in Figure 5.8. Different lengths of 

purified dsDNA from polymerase chain reaction (PCR), commercial sonicated 

ssDNA from salmon (average 700 nt), 62 nt ssDNA (Eurofins), M13MP18 ssDNA 

plasmid (circular, 6407 nt) and dsDNA from calf thymus were mixed separately 

with the free CP dimers in assembly buffer. A DNA to CP mass ratio of 1 to 6 

was used for the encapsulation of the ssDNA. This ‘golden ratio’ was also 

reported in literature for the encapsulation of RNA. For dsDNA a ratio of 1 to 4 

ratio was used during the encapsulation. The buffer composition and ratios 

were optimized to have the highest yield of particles and the best defined rods. 

After overnight incubation at 4°C the assemblies were analyzed on a 1% agarose 

gel (Figure 5.9). 
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Figure 5.9 Agarose gel electrophoresis on a 1% gel for the analysis of various lengths of ssDNAs 

mixed with or without CP after 1 week of assembly in assembly buffer. Bands on the gel were first 

visualized with (A) SYBR safe DNA stain, which is followed by visualization with (B) coomassie 

protein stain. Top lanes from left to right showing (1) 50 bp DNA ladder, the dsDNAs of a length 

of: (2) 50bp, (3) 50bp + CP, (4) 100bp, (5) 100bp + CP, (6) 150bp, (7) 150bp + CP, (8) 200bp, (9) 

200bp + CP, (10) 300bp, (11) 300bp +  CP, (12) 500bp, (13) 500bp +  CP and (14) CP without any 

DNA. Bottom lanes from left to right showing (1) 50 bp DNA ladder, the dsDNAs of a length of: (2) 

1000bp, (3) 1000bp + CP, the ssDNA of (4) 62 nt, (5) 62 nt + CP, (6) sonicated salmon ssDNA (~700 

nt), (7) sonicated salmon ssDNA (~700 nt)+ CP, (8) calf thymus dsDNA, (9) calf thymus dsDNA + CP, 

(10) M13MP18 circular plasmid ssDNA (6407 nt), (11) M13MP18 circular plasmid ssDNA (6407 nt) 

+  CP, (12) CP without any DNA, (13) empty and (14) native CCMV. 
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The agarose gel shows (Figure 5.9A) that when CP is added to the DNA, the DNA 

migrates less far into the gel compared to the samples without CP. The lower 

mobility of the mixtures in the gel indicates a size increase, which can be 

expected during VLP formation. This is especially clear for the mixtures 

containing dsDNA, which migrate only slightly into the gel. Interestingly, the 

ssDNA samples (62 nt, salmon ssDNA and the M13MP18 ssDNA plasmid) had 

only a minor mobility shift and could penetrate much further into the gel. The 

native virus could migrate further into the gel. All these ssDNA samples were 

expected to form spherical VLPs. Apparently, these supposed spherical 

structures show different migration behavior compared to the samples that 

have an expected rod-like shape, i.e. that are composed of CP and dsDNA. 

When comparing Figure 5.9A with Figure 5.9B it can be seen that there is 

colocalization of proteins with the DNA, indicating that the decrease in 

electrophoretic mobility is caused by the formation of DNA-CP complexes. 

Next, the various assemblies were analyzed using TEM (Figure 5.10, the 

spherical structures). As expected, nicely formed spherical VLPs could be 

observed for the ssDNA mixed with the CP. The average exterior diameters of 

the particles where Ø = 28 ± 1 nm, 24 ± 3 nm and 21 ± 2 nm for the native (RNA 

filled) CCMV, salmon ssDNA (700 nt average) and 62 nt ssDNA respectively. 

Interestingly, short 50 bp dsDNA mixed with CP, also resulted in spherical 

structures with Ø = 25 nm ± 3 nm. This is likely caused by the short length of the 

DNA, which is about 17 nm in a fully stretched conformation. The interior 

diameter of the native T = 3 capsid is close to 18 nm, so the DNA can ‘fit’ inside 

the native capsid and in that way induced the formation of spherical structures. 

The particles with the ssDNA scaffolds were purified using SEC and additionally 

characterized in solution with DLS (Figure 5.11). These results confirmed the 

formation of structures with an average diameter of Ø =27 ± 1 nm, 25 ± 2 nm 

and 20 ± 1 nm respectively, which is similar to the sizes measured with the TEM. 
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Figure 5.10 TEM images of spherical particles formed by scaffolds: (A) native CCMV, (B) 62 nt + CP, 

(C) salmon ssDNA (700 nt) + CP and (D) 50 bp ddDNA + CP. (E) Histograms of the size distribution 

of spherical particles based on the TEM data. 

 

Figure 5.11 DLS size distribution results from (A) native CCMV, (B) salmon ssDNA (700 nt) + CP and 

(C) 62 nt ssDNA + CP after purification with SEC. 
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Representative samples of the rod-like structures that contained encapsulated 

dsDNA were also analyzed using TEM. We started by the analysis of the rods 

formed without Mg2+ (Figure 5.12). Elongated rods with lengths exceeding 5 µm 

and with a diameter of about 18 nm were observed. After optimization of the 

buffering conditions and upon the addition of Mg2+, we acquired well packed 

rods with reduced lengths, upto 1 µm (Figure 5.13). For all measured samples 

the diameters of the rods remain approximately 18 nm. We observed some 

polydispersity in the lengths of the rods, of which the average size seemed to 

depend on the length of dsDNA template used. Interestingly, we also observed 

some spherical structures with diameters ranging from 17 to 23 nm.  

   

Figure 5.12 TEM images of 500 bp + CP rods assembled without Mg2+ at different magnifications. 

The VLPs with 100 bp dsDNA cargo have an average length of 90 nm and the 

particles appear oval. The VLPs with 200 bp dsDNA cargo, are already distinctly 

rod-like with an average length of 120 nm. The CP encasing 500 bp dsDNA 

formed rods with an average length of 180 nm, while the 1000 bp dsDNA mixed 

with CP assembles into rods with an average length of 300 nm and consequently 

high aspect ratios. There is an apparent correlation between the fully stretched 

length of the dsDNA scaffolds and the formed rod-like CP protein assemblies. 

dsDNA of 100 bp, 200 bp, 500 bp and 1000 bp has a theoretical length of 34 nm, 

68 nm, 170 nm and 340 nm, respectively. Including the thickness of the CP end 

caps (± 5 nm), the predicted length of rod shaped VLPs is about 44, 78, 180 and 

350 nm, which only slighty deviates from the lengths measured by TEM (Figure 

5.13). The results of this section indicate that the assembly can indeed be 

controlled by the length of the dsDNA cargo, when the correct assembly 

conditions are used. This is beneficial in the creation of defined virus protein 

based structures, for example in the fabrication of electronic nanowires. 
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Figure 5.13 TEM images of rod-like assemblies in the presence of rods assembled with Mg2+. (A) 

100 bp + CP, (B) 200 bp + CP, (C) 500 bp + CP and (D) 1000 bp + CP, (E) Size distribution of rod-like 

assemblies based on TEM data. 

The emergence of micron sized tube structures has been observed in 

literature.16, 30 Here the formation of the tubes is attributed to the dsDNA being 

packaged staggered parallel to the tube axis, rather than coiled. Several strands 

of DNA could be packaged within the 10 nm diameter lumen of the tube to form 

salt bridges with the CP. The 18 nm diameter for CCMV-based rod-like 

structures, that were observed in these results,16 is in line with our results. The 

diameter of 18 nm is likely the result of the thermodynamically stable T = 1 type 

conformation of the CCMV capsid. The occurrence of the spherical particles in 
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the samples has not been reported before in literature for dsDNA based 

assembly. A possible explanation is that the uranyl-acetate staining acidifies the 

solution. This can lead to increased CP-CP interaction and thus to the formation 

of spherical particles.30 Another explanation is that the spherical particles are 

the result of the addition of Mg2+ to the solution. However, also in the Mg2+ free 

sample some spherical structures are observed (Figure 5.12C), although to a 

lesser degree. To separate the structures based on geometry, we attempted 

several purification methods. These included SEC, sucrose gradient 

ultracentrifugation and cesium chloride ultracentrifugation. However, these 

proved to be unsuccessful. A mayor problem was the relatively low stability of 

the rod-like structures towards high centrifugation forces, as it resulted in an 

increased number of spherical particles.  

 Cryo-EM analysis of the different viral structures 

The DNA and CCMV-CP assemblies were characterized by Cryo-EM and a 3D 

analysis. This was done to verify that the formed VLPs are well-defined and to 

show if the dry-state and the uranyl acetate staining have an influence on the 

particle morphology during the TEM analysis. We started with analysis of the 

60 nt ssDNA mixed with CP assembly, of which the results are shown in Figure 

5.14A. In total, 505,787 particles were analyzed in which 3 different 

morphologies were observed (Figure 5.14B). They were classified as spherical 

particles (15%), smaller spherical particles (51%) and elongated particles (27%). 

The rest of the particles were distorted or had other shapes and are not used 

for further analysis. From these results the native three-dimensional model was 

reconstructed (3DR). Two-dimensional classification followed by a three-

dimensional classification using Relion software for the larger spherical and the 

elongated particles resulted in three different sub-classes with slightly different 

conformations (Figures 5.15A and 5.16A). These were processed and the 

resulting structures from different orientations are visualized in Figures 5.15B-

C and 5.16B-C.  
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Figure 5.14 Cryo-EM of 60nt ssDNA loaded CCMV capsids. (A) Raw Cryo-electron micrographs at 

1.42 Å/pixel. The particles that could be categorized in three shapes (B): the top rows show the 

smaller spherical VLPs of about 26 nm, the middle rows show elongated particles and the lower 

rows show spherical particles of about 32 nm. 

The larger spherical capsids show T = 3 an icosahedral structure, which is native 

to CCMV (Figure 5.15). It has the classical ‘football’ shape, consisting of a regular 

arrangement of hexamers and pentamers. The pentamers are positioned at the 

corners of the icosahedron and the hexamers at the vertices. This larger T = 3 

particle is present in the sample as 3 different sub-classes (I-III) constituting 

21%, 60% and 19% of the analyzed particles respectively. These particles have 

an average Øexternal = 32 nm and Øinternal = 24 nm, which is resolved at a semi 

atomic resolution of (5.5 Å). This structure can be superimposed with the CP 

dimers revealing that 90 dimers are required to build this structure. This size is 

somewhat larger than the native and swollen structure of the native CCMV as 

discussed in Chapter 2,31 despite the presence of stabilizing Mg2+ ions in the 

buffer. The ssDNA cargo is shown as a concentric ring inside the capsid, 

confirming that the ssDNA is encapsulated, due to the electrostatic interaction 

of the negatively charged DNA and the positively charged ARM of the CPs. 

Interestingly, class III shows more binding to the capsid. Under the conditions 

used the binding of the ssDNA to the ARM is likely strong enough to form the 

native T = 3 capsids, but not strong enough to form a dense packed capsid, 

resulting in the found ‘extra swollen’ T = 3 capsids.  
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Figure 5.15 Cryo-EM based three-dimensional reconstructions of the largest T = 3 spherical 

structures found in the sample with 60nt ssDNA loaded CCMV capsids. (A) Shows the central 

section image of the superimposed images sub categorized in 3 different sub-classes I-III. (B) The 

outer surface-shaded representation the class III T = 3 icosahedral capsid viewed along a two-, 

three- and fivefold axis of icosahedral symmetry (top to bottom) and the right row shows models 

of the same class, with the front half of the protein shell removed. The capsid is shown in blue and 

the ssDNA cargo in orange. (C) The outer surface-shaded representation (left) and with the front 

half of the protein shell removed (right) of the class I T = 3 capsid at 5.5 Å resolution after 

processing with the cargo removed from the image.  

In the processing of the particles with the elongated shape, also three different 

subclasses were indentified, classes: I-III with 47%, 26% and 27% of the total 

particles in these classes respectively (Figure 5.16). After resolving the structure 

at a resolution of 6.5 Å we see that the particles consist of pentamers and 

hexamers, surrounding the ssDNA cargo. The average Øexternal height = 30 nm, 

width = 28 nm and Øinternal height = 23 nm and width = 20 nm. These structures 

do not follow icosahedral symmetry. With normal icosahedral symmetry 

according to Caspar and Klug the T = 3 structure would look like the just 

discussed larger spherical particles with a 2 fold, 3 fold and 5 fold symmetry 

axis, with the pentamers at the corners and hexamers on the vertices.32 The 
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bottom two figures of 5.16B-C show similarity with this T = 3 structure. That of 

a capsid protein pentamer surrounded with 5 pentamers (in a regular 

pentagonal pyramid shape) with hexamers in between (on the vertices), which 

we will call ‘T3caps’. But instead of continuing in an icosahedral structure, it 

seems that two of these T3caps are attached to each other using a row of 

hexamers. Such a highly symmetrical shape is most closely, but not fully 

described by a geometrical structure called a ‘regular elongated pentagonal 

bipyramid’, which is one of the Johnson solids (J16).33 This structure has more 

CP dimers than the pseudo T = 2 and less than the T = 3 structure and likely 

consists of 75 CP dimers. To aid the visualization of the differences between the 

particles Figure 5.17 is added, with the pentamers colored. The pentamers of 

each of the T3caps are in a different color.  

 

Figure 5.16 Cryo-EM based three-dimensional reconstructions of the elongated nonicosahedral 

structures found in the sample with 60nt ssDNA loaded CCMV capsids. Showing the visualized as 

in 5.15, but instead of showing the 2 and 3 fold symmetry axis it shows the 5 fold axis, the 180° 

rotated structure and the 90° rotated structure (bottom to top). 
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It is possible that the found conformation is the result of the weak binding of 

the ssDNA and CP at physiological conditions, that it is an intermediate state in 

the assembly, or something completely different. Some elongated pentagonal 

bipyramid shapes have been observed or suggested in literature for nematic 

liquid crystals and nanorods.34-36 But, this unanticipated structure with 

pentamers and hexamers is, to our knowledge, a new protein assembly 

conformation. The structure of the ‘new particles’ we are calling ‘T3 macaron’, 

because it is a derivative of T = 3 icosahedral particles with a shape that 

resembles the French macaron cookies (Figure 5.18). These macarons look 

similar because they are made from two round and fluffy cookies (the 

pentagonal pyramids) with a soft fulling in between (the row of hexamers).  

 

Figure 5.17 The top row shows the three-dimensional outer surface-shaded representation Cryo-

EM reconstructions of 60 nt ssDNA-loaded CCMV capsids categorized in three shapes. With red 

and yellow dots on the pentamers for visualization. The bottom row shows the simplified 

geometrical shapes of the particles. (A) The icosahedral T = 3 VLPs, (B) The new regular elongated 

pentagonal bipyramid of the T3 Macarons and (C) the smaller pseudo T = 2 icosahedral particles. 

 

 



Chapter 5 | Viral nanostructures created with DNA   

 

119 
 

5 

The other, smaller spherical particles, which are the main component of this 

heterogeneous sample, are still undergoing further classification and 

processing. The first results (Figure 3.17C) show a structure that is resolved at 

a resolution of 10 Å which has an average Øexternal = 26 nm and Øinternal = 20 nm. 

The shape resembles that of the T = 1 or pseudo T = 2 icosahedral architecture 

previously encountered in the ZnPc filled VLPs. Here the pentamers reside on 

the corners of the icosahedron and no hexamers are present. This structure 

likely consist of 60 CP dimers.  

 

Figure 5.18 Pictures of structures that have a similarity with the found CCMV-viral structures, (A) 

a football which is similar to the T = 3 icosahedral structure and (B) Macarons which are similar to 

the new ‘T3 Macaron’ structure.  

Overall, the first results on the analysis of the 60 nt ssDNA + CP sample show 

that the assembly is very heterogeneous. This is likely caused by weak 

multivalent interactions of the short DNA chain with the CPs. Furthermore, the 

Cryo-EM reveals larger structures than observerd with DLS and negative 

staining TEM meaning that the dry state of the TEM does influence the particle 

size. We do prove that the CPs assemble around the ssDNA and that they form 

well-defined structures, of which one is unprecedented. 

 Conclusions and outlook  

In this chapter different lengths of ssDNA and dsDNA were used to gain insight 

in the assembly of CCMV-CPs and to create virus-like structures of various 

shapes and sizes at physiological conditions. Under the conditions used in this 

thesis, formation of spherical VLPs started to occur from an ssDNA length of 14 

nucleotides and full assembly could take a month. From a length of 20 

nucleotides onwards we observed a linear increase in the encapsulation 
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efficiency and a faster assembly. The structure of 60 nt ssDNA VLPs was 

resolved with Cryo-EM. This revealed a mixture of VLPs and contained, next to 

the pseudo T = 2 and T = 3 icosahedral particles, also unprecedented non-

icosahedral particles. Further increasing the length to around 700 nt resulted in 

slightly larger VLPs. For the dsDNA encapsulation, the addition of the 

magnesium ions to the assembly buffer reduced the length of the formed rod-

like structures and resulted in lengths corresponding to the length of the 

stretched dsDNA template. 

The results presented in this chapter are especially relevant for the 

encapsulation of various materials and can help in the design of better viral-

hybrid materials, for the creation of new nanoreactors and in gene delivery. 

Also the slow assembly with the short ssDNA template can be used to resolve 

the transition states in viral assembly. This can in turn lead to better 

understanding of virus and virus-like particle assembly in general, which can 

lead to new anti-viral drug development. 

Future work on the assembly is required to confirm our suggested pathway, to 

study the influence of the law of mass action on the system and to determine 

the kinetics of the various equilibria. For the various nanostructures better 

purification methods are required for better separation of the different sizes of 

(non)icosahedral and rod-like structures. Also further 3D structural analysis 

with Cryo-EM on the various assemblies can help resolve the actual structures. 

Despite some sample inhomogeneity, the next chapter is devoted to using 

several of the formed DNA and CCMV-CP based nanostructures in cellular 

evaluation to discover their shape dependent cellular uptake.  
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 Materials and methods 

Materials 

Chemicals were purchased from Sigma-Aldrich unless stated otherwise and 

were used without further purification. The single stranded DNA 5'-

GTAGATGGAACCCGAGAAGGCTGTGCGTGGAGTCAATGGA-3' with decreasing 

length (from 3‘ to 5’ direction), singe stranded polyadenosine oligonucleotide 

sequences and forward and reverse primers for Taq polymerase PCR of the 

different double stranded DNA lengths, were synthesized by Eurofins genomics. 

Milli-Q water has been obtained by ultrafiltration (Millipore Adv. A10, 18 MΩ 

cm at 25°C). The purification and characterization of the CCMV, the removal of 

its RNA and the isolation of the CP were carried out according to literature 

procedures.37  

Polymerase chain reaction 

PCR was performed on a primus 25 PCR (peqlab).  Standard conditions for 

taqPolymerase (New England Biolabs) were used consisting of standard 

taqpolymerase buffer, 500 μM dNTPs (New England Biolabs), 0.2 μM primers 

and 100 pg pET15-b plasmid DNA as a template (Novagen). We performed 40 

cycles that switched between 95°C, 50°C and 68°C, at an interval of 30 seconds 

each. The DNA was purified by exchanging the solution 5 times against MilliQ 

using Amicon Ultra centrifugal filters (3K MWCO) and using precipitation in ice-

cold ethanol. Analysis with a ThermoFisher Scientific NanoDrop 1000 

Spectrophotometer gave the purity and concentration. The length of the 

products was verified using AGE. 

Encapsulation of different lengths of ssDNA 

CCMV CP in 5x assembly buffer (pH 7.2, 250 mM Tris-HCl buffer containing 250 

mM NaCl, 50 mM KCl and 25 mM MgCl2) was diluted to a concentration of 7.5 

mg/mL. The ssDNA of varying lengths of 5-30, 40, 60 nt, sonicated salmon 

ssDNA (average 700 nt from Sigma Aldrich) and M13MP18 ssDNA plasmind 

(New England biolabs) were dissolved in Milli-Q water to a concentration of 1 

mg/mL. For the encapsulation, CCMV-CP and ssDNA were mixed in a 6:1 mass 

ratio of CP to ssDNA and a 4:1 (v/v) ratio of Milli-Q to buffer by adding more 

Milli-Q, yielding a 1x assembly buffer solution containing 50 mM Tris-HCl, 50 

mM NaCl, 10 mM KCl and 5 mM MgCl2 with a pH of 7.2. This was subsequently 
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incubated for at 1 to 3 weeks for the short ssDNA and at least overnight for 

ssDNA > 40nt at 4°C before analysis and purification.  

Agarose Gel electrophoresis (AGE) 

A 1% agarose gel in TAE buffer with either 1x SYBR safe or SYBR Gold 

(ThermoFisher) was loaded with 5 μL unpurified sample mixed with 2 μL gel 

loading dye and run for 1 hour at 100 V. The gel was imaged using a Gel Doc™ 

EZ on a UV tray (Bio-Rad). The gel was then shortly destained in Milli-Q, 

followed by 12 hour incubation with Bio-Safe Coomassie G-250 stain (Bio-Rad). 

Excess dye was removed by destaining overnight in Milli-Q. It was again imaged 

on a Gel Doc™ EZ, this time on a wide field tray, for determination of protein 

content. 

Encapsulation of different lengths of dsDNA  

Double stranded DNA made from PCR with lengths of 50, 100, 200, 500 and 

1000 bp was encapsulated using the same method as the ssDNA samples, only 

having a DNA to CP mass ratio of 1 to 4. For this encapsulation procedure 

various buffer compositions were tested to optimize the rod formation process. 

These included pH 7.2 buffers based on Phosphate, 2-(N-

morpholino)ethanesulfonic acid (MES), Tris(hydroxymehyl)aminomethane 

(TRIS) and citric acid buffers, containing various concentrations of salt and 

MgCl2. The earlier mentioned 5x assembly buffer was the most optimal for the 

assembly.  

Size-exclusion Chromatography (SEC) 

Analysis and purification of the spherical VLPs was performed by SEC using a 

Superose 6 10/100 GL column on a FPLC-system (GE), eluting at 0.5 mL/min 

with 1x assembly buffer. Absorption was monitored at λ = 260 nm and 280 nm. 

Dynamic light scattering (DLS) 

The size distribution of VLPs in assembly buffer pH 7.2 was measured with 

dynamic light scattering (DLS) using a Microtrac Nanotrac Wave W3043. 

Viscosity and refractive index of water and the refractive index of native CCMV 

(1.54) were used. 
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Transmission electron microscopy (TEM) 

Samples (5 μL) were applied onto Formvar‐carbon coated grids. After 1 min, the 

excess of liquid was drained using filter paper. Uranyl acetate (5 μL, 1% w/v) 

was added and the excess of liquid was drained after 15 sec and dried for 30 

min at room temperature. The samples were examined on a FEG-TEM (Phillips 

CM 30) operated at 300 kV acceleration voltages. The size distribution was 

measured with ImageJ. 

SDS-PAGE 

10 μL of sample was mixed with 9 μL of sample buffer and 1 μL 2-

mercaptoethanol. The mixture was heated at 99 °C for 5 minutes to denature 

the protein, after which the mixture was used to fill the wells of 4-15% stain 

free pre-cast poly acryl amide gels (BioRad). Precision Plus Protein™ Unstained 

Protein Standard was added in a separate well. Electrophoreses was conducted 

at 100 V for 5 min followed by 200 V for approximately 20 minutes. Gels where 

activated with UV for 5 min on a stain-free enabled UV transilluminator and 

imaged with a Gel Doc™ EZ system with Image Lab software (Bio-Rad). Using 5 

different concentrations of CP as reference, the CP content of the purified 

samples was determined.  

Small-angle x-ray scattering (SAXS) 

Small-angle x-ray scattering experiments were performed at the B21 beam line 

of the Diamond Light Source Synchrotron (Harwell, UK). Samples were loaded 

into the 96-well plate which was placed in an EMBL BioSAXS robot. An 

automatic sample changer injected 25 μL aliquots of solution into a quartz 

capillary with a radius of 1.6 mm. This capillary was enclosed in a vacuum 

chamber. When the sample was present at the right position in the capillary 60 

frames of 1 second were collected. Bm 21 has a fixed energy of 12.4 KeV and 

the sample to detector distance was 4.01 m, resulting in a q-range of 0.0039 < 

q < 0.40 Å-1. The collected SAXS data were processed (radial averaged, 

background subtracted and converted to absolute units), using the program 

SCÅTTER. This program was also used to perform a Guinier analysis and to 

obtain the pair distance distribution function, yielding the radius of gyration and 

the P(r), respectively. We used Excel for fitting the form factor of a 

homogeneous sphere to the scattering curves.  
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Ionic strength calculation 

To show that the assembly of the CPs is not the result of a changing ionic 

strength, we performed a calculation of the ionic strength in solution. Formula 

(1) calculates the total ionic strength for each of the different lengths of ssDNA. 

For example, the total ionic strengths of the solutions with 10 nt and 30 nt 

ssDNA are 0.101057 and 0.107211 respectively. It was clear that the main 

contribution on the ionic strength comes from the buffer and not from the 

added DNA under the used conditions.  

(1)  𝐼 = 0.5 ∗ ∑ 𝐶𝑖 ∗ 𝑧𝑖
2𝑛

𝑖
 

Here ‘C’ is the concentration of each ion species and ‘z’ is the charge of the 

compound in solution, e.g. 2+ for Mg2+ and 1 charge for each nucleotide.  

 
 

Figure 5.19 Cryo-EM based three-dimensional reconstruction of the class III T = 3 icosahedral 60 

nt ssDNA loaded CCMV capsid of Figure 5.15 with the CP crystalstructure fitted. Viewed along the 

fivefold axis of icosahedral symmetry. 
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Cryo-EM with 3D particle reconstruction 

The procedure of the Cryo-EM reconstruction has been shown previously in 

Chapter 3. For Cryo-EM analysis, 5 µL of the VLPs were applied to one side of 

Quantifoil R 2/2 holey grids, blotted and plunged into liquid ethane in a Leica 

EM CPC cryofixation unit. The grids were analyzed in a Tecnai G2 electron 

microscope equipped with a field emission gun operating at 200 kV and images 

were recorded under low-dose conditions with a FEI Eagle CCD at a detector 

magnification of 73,000X (1.42 Å/pixel sampling rate). Image processing 

operations were performed using Xmipp28 and  Relion29 and graphic 

representations were produced with UCSF Chimera.30 The Xmipp automatic 

picking routine was used to select particles and defocus was determined with 

CTFfind.31 Images were 2D-classified using the appropriate Relion routine and 

isometric particles were selected. The Chimera fitting tool was used to dock the 

structure of CP to the 3D model of the 60 nt filled T = 3 capsids (Figure 5.19). 
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C h a p t e r  6  Uptake of viral nanostructures in the cell  

In this chapter the cellar uptake route and intracellular positioning of CCMV-

based nanostructures with different size and shape is described, in order to 

increase the understanding of trends in viral uptake. Flow cytometry analysis 

together with chemical inhibitors for different uptake routes are applied to 

RAW264.7, HeLa and HEK 293 cells to monitor the uptake of the different viral 

nanostructures. Different uptake routes are observed for CCMV and CCMV-

based nanostructures, depending on the shape of the viral particle and on the 

used cell type. The uptake mechanism in Hela cells is investigated into more 

detail and it is discovered that the largest inhibition is achieved when clathrin-

mediated endocytosis is inhibited. This route is verified using confocal 

microscopy, which showed that the structures go into the endosomes. In this 

chapter we also shortly describe an in vivo evaluation in zebra fish embryos. 

This shows a clear uptake of the virus in neutrophils, which indicates that CCMV 

particles are removed from the blood stream by the immune system. The 

chapter ends with a brief exploration of the potential applications of our CCMV-

based nanostructures for nucleic acid therapies. To this aim we successfully 

encapsulate a DNA plasmid and incubate it with J774.2 macrophages. This 

results in the expression of the fluorescent protein mCherry, which indicates a 

successful transfection. The results presented in this chapter increase 

understanding of viral shape dependent uptake into cells, which help in the 

design of new virus-based structures with applications in medicine. 
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 Introduction 

The uptake of viruses is an essential part in the virus replication life cycle.1 

Evaluation of this viral uptake, the uptake route and their positioning inside 

cells is important, because increased understanding can help in the 

development of new treatments for viral diseases.2 Furthermore, the improved 

knowledge of virus uptake can be used in the creation and design of optimal 

virus-based nanostructures for medical applications. After all, the main purpose 

of a viral protein shell is to act as a delivery vehicle for their nucleic acid 

genome. They can therefore be exploited to deliver non-native cargos, like 

drugs, genes and enzymes to cells, for the treatment of various diseases.3, 4  

In general, each virus and its cellular uptake is evaluated separately, because of 

the unique geometrical structure, exterior (epitopes), host cell and uptake 

route.5 A relevant example of this is the cowpea mottle virus (CPMV), which is 

a Ø = 24 nm, T = 1 virus and infects the same plant as the closely related CCMV, 

the virus extensively discussed in this thesis.6 CPMV has been used as a drug 

delivery vehicle,7 contrast or imaging agent,8, 9 and it was shown to induce an 

immune response that helps to treat cancer.10 The CPMV cell entry and 

endocytosis mechanism have been evaluated and showed some uptake in 

human cells, mainly following caveolae-mediated endocytosis, but also other 

routes are followed.6 Just like most other viruses, however, CPMV always has a 

monodisperse spherical structure of the same size, which means that a study 

on shape dependent virus uptake in cells is impossible. 

Because of the structural robustness of most viruses it is challenging to study 

‘nature’s rules’ on the shape depended uptake of virus-based (or other) 

nanoparticles.11 Until now this is mainly evaluated using quantumdots, gold 

nanoparticles and polymers.12, 13 The results of these examples show that the 

internalization pathway and intracellular trafficking is influenced by size,14 

surface charge,15 shape,16 surface properties,17 rigidity18 and composition of 

nanoparticles.19 For direct comparison it is important that all of these properties 

are studied as constant variables. For example, reports with nanostructures 

made from gold or hydrogels indicate that high-aspect-ratio materials, in the 

form of nanorods of filaments, are taken up more quickly by cells than low-

aspect-ratio materials, in the form of nanospheres or short nanorods20, 21 
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whereas other research, with nanostructures made from silica or protein 

coated gold, suggested the opposite.22-24 

However, to the best of our knowledge, only one virus has been used to 

evaluate the shape dependence of a virus: the tobacco mosaic virus (TMV). This 

rod-like virus can be produced in various aspect ratios by using synthetic RNA 

templates or by sonication of the native virus,25, 26 while also spherical 

structures are accesible. These different morphologies are evaluated in vitro to 

determine their uptake mechanism and in vivo to determine their 

biodistribution. The in vitro results show that the uptake pathway of the rods is 

clearly influenced by the aspect ratio used, when keeping the surface properties 

constant.25 For example, in HeLa cells high aspect ratio rods utilize a caveolae-

mediated or microtubule transport pathway, while low aspect-ratio rods are 

internalized using clathrin mediated endocytosis. This is, however, also 

influenced by the cell type used for the evaluation. From the in vivo evaluation 

it is concluded that the distribution of PEGylated nanorods with the lowest 

aspect ratio achieve the most efficient passive tumor homing behavior.26 This is 

because these particles can diffuse most easily through dense tumor tissue. In 

contrast, RGD-labeled particles with a medium aspect ratio are more efficient 

at tumor targeting, because a balance between infusibility and ligand–receptor 

interactions is required. 

The capsid proteins of CCMV are excellent candidates to study shape 

dependent cellular uptake, since the some protein can assemble into various 

shapes, as shown in Chapters 2 and 5. Contrary to the rod-shaped TMV this 

plant virus has a native spherical structure. During the assembly CCMV-CPs 

retain their native tertiary structure and orientation towards the solution, as 

e.g. seen in the Cryo-EM date presented in Chapter 5.  

The capsid proteins of CCMV can be used for this work because they can 

assemble into various shapes, as shown in Chapters 2 and 5. Similarly to TMV 

this is also a plant virus, but instead of being a native rod-like virus, this is a virus 

with a native spherical structure. Furthermore, the same CCMV-CP can 

assemble around nucleic acids, into various nanostructures, while the CPs 

retain their native tertiary structure and orientation towards the solution. As 
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seen in the cryo-data of Chapter 5. Making this an excellent candidate for use 

in a study on the shape dependent uptake of viruses. 

First, the uptake route of the native CCMV by endocytosis in various cell lines is 

studied using inhibitors for (specific) uptake routes. We then continued with 

the evaluation of the uptake route by using the CCMV based nanostructures 

that were described in Chapter 5. The spherical VLPs filled with ssDNA of 60 nt, 

700 nt and native RNA (having an average diameter of Ø = 20, 24 and 28 nm 

respectively), together with the rod-like particles formed by dsDNA scaffolding 

with 100 bp, 200 bp, 500 and 1000 bp (with an average length of 90 nm, 120 

nm, 180 nm and 300 nm respectively) are used. In this way, the cellular uptake 

of the virus-based nanostructures is confirmed and the intracellular positioning 

is evaluated. Finally, initial data on the in vivo distribution of CCMV in zebra fish 

and the application of these VLPs for gene delivery are shortly discussed in this 

chapter. 

 Results and discussion 

 Cellular uptake route of native CCMV in different cell lines 

To evaluate the cellular uptake route of (nano)particles several well-studied 

inhibitors are available that can block certain pathways. The background on the 

different uptake mechanisms and the mode of action of the blocking agents are 

extensively discussed by Donaldson et al.27 In our research Cytochalasin D is 

used to block phagocytosis and macropynositosis; Fillipin III and Nystatin are 

used to specifically block caveolin dependent endocytosis; Dynasore to both 

block caveolin and clathrin dependent endocytosis; Chlorpromazine is applied 

to specifically block clathrin dependent endocytosis; and hypertonic sucrose 

solution is applied to the cells to unspecifically block all uptake routes. To 

monitor if the inhibitors function properly we used fluorescently labeled 

polystyrene with a diameter of 1 µm as a positive control for phagocytosis, 10 

kDa dextran for macropynositosis, cholera toxin for caveolin dependent 

endocytosis and transferrin for clathrin dependent endocytosis. The used 

inhibitors and positive controls and their function are depicted in Figure 6.1.  
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Figure 6.1 Schematic representation of some of the different uptake routes into cells. Showing the 

chemical inhibitors, the pathway(s) they block and the positive controls used. 

Different cells have different functions, which results in different dominant 

uptake pathways. Therefore, it is relevant to evaluate different cell lines to 

monitor the uptake route of CCMV into cells. One aim of this thesis is to explore 

the possibilities of the medical use of CCMV-based nanostructures, with specific 

focus on nanoreactors. Chapter 4 showed the promise of using CCMV-based 

nanoreactors in the treatment of cancer, but the exact advantage of the CCMV-

capsid, was not fully understood. Therefore the HeLa cell line is chosen as the 

first cell for evaluation.28 For proper function in vivo, it is important for the 

particles to have long circulation times in the blood. A major hurdle in this case 

is the immune system, which is capable of degrading proteins and especially 

viral protein-based structures. Therefore, an immune cell line is evaluated in 

the form of Raw 264.7 cells. As a third cell line Human Embryonic Kidney cells 

(HEK 293) are used, of which various uptake experiments are described.29 Each 

cell type reacts differently to the inhibitors, so cell specific concentrations are 

optimized with the various positive controls for the selected uptake routes. The 

optimal concentrations are shown in Table 6.1. Figure 6.2 shows the results of 

the uptake experiments of ATTO 647N labeled CCMV in the different cell-lines. 
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Table 6.1 The inhibitors, functions and concentrations used for the internalization experiments. 

Inhibitor  Inhibited uptake  Concentration used (µM) 
HeLa  RAW264.7 HEK 293 

Sucrose Unspecific 225*103 135*103 135*103 

Nystatin caveolin dependent 
endocytosis 

20 20 20 

Filipin III caveolin dependent 
endocytosis 

3 3 3 

Dynasore caveolin and clathrin 
dependent endocytosis 

100 50 50 

Chlorpromazine clathrin dependent 
endocytosis 

10 10 10 

Cytochalasin D phagocytosis and 
macropynositosis 

4 40 4 

 

The absolute uptake of the native CCMV in different cells-lines is visualized in 

Figure 6.2A. This shows no significant uptake between the RAW 264.7 and HeLa 

cells but a significantly lower (P<0.01) uptake for HEK 293 cells. This is expected, 

because macrophages and certain cancer cells, with Hela as a prominent 

example, are known to have high uptake compared to the HEK cells.28 The 

effects of the different inhibitors on the uptake of CCMV into these different 

cell lines is shown in Figures 6.2B-D. In all of the used cell lines, the filipin III, 

dynasore, chlorpromazine and cytochalasin D show significant inhibition 

(P<0.01) of the CCMV uptake, except for cytochalasin D in the HEK293 cells. 

Furthermore, there are no significant differences observed between the 

different uptake routes. This indicates that CCMV can use multiple uptake routs 

and occurs through caveolae-mediated endocytosis, clathrin-mediated 

endocytosis and micropinocytosis. It is also observed that there is no significant 

inhibition for nystatin, while there is inhibition observed for filipin III. This is 

unexpected because they both inhibit caveolin dependent endocytosis as 

confirmed by similar inhibition of the positive control cholera toxin. These 

inhibitors both inhibit by changing the properties of cholesterol-rich membrane 

domains, but each in a different way.30 The results apparently indicate that 

CCMV, uses caveolin mediated endocytosis that is nystatin independent, which 

is also previously observed for the endocytosis of other viral structures.31  
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Figure 6.2 Uptake of the native CCMV with an ATTO 647N fluorescent dye after 4 h incubation in 

different cells lines. Uptake and standard deviation was determined using the average fluorescent 

intensity of the life cells= as measured with flow cytometry, with n = 9. (A) Absolute comparison 

of CCMV uptake for each cell-line. (B-D) show the uptake after pre-incubated with various uptake 

inhibitors. The uptake was normalized with CCMV without inhibitor set at 100%. (B) Raw264.7 

macrophages, (C) HeLa cancer cells and (D) HEK293 kidney cells. *significant inhibition compared 

with uninhibited CCMV (P<0.05).  

There are some differences in the uptake of CCMV between the different cell-

lines. In RAW264.7 cells (Figure 6.2B) cytochalasin D shows significantly more 

(P<0.05) inhibition compared to chlorpromazine. While in HeLa cells (Figure 

6.2C) chlorpromazine does show significantly more (P<0.05) inhibition 

compared to cytochalasin D. In HEK293 (Figure 6.2D) we measured no 

significant difference between either of the effective blocking agents. This 

would suggest that there is indeed a difference in uptake mechanisms in 

different cell lines. It also shows that in RAW264.7 cells the CCMV mainly uses 
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macropinocytosis/phagocytosis and in Hela cells the CCMV primarily use clathrin 

-mediated endocytosis. The higher uptake inhibition in RAW264.7 cells with 

cytochalasin D is expected, because it is a macrophage, which is known to use 

phagocytosis for internalization of pathogens.32 Interestingly, the results show 

that chlorpromazine is most effective in inhibition CCMV. This is different from 

the closely related CPMV, which used caveolin mediated endocytosis as the 

most prominent uptake route in HeLa cells.6 But they are similar in the sense 

that they both can utilize multiple routes to get into the cells. 

 Shape depended cellular uptake in HeLa cells 

After showing the uptake route of the native CCMV in different cell-lines, we 

continued to monitor the uptake of the different nanostructures made from the 

CCMV-CP with different forms of DNA. For this we used the HeLa cells because 

this cell-line is a relevant model system for cancer treatment. All nanostructures 

had the same degree of labeling on their capsid proteins, which are then used 

for assembly into the different structures, so their fluorescent intensity can be 

compared during uptake. The average fluorescence results of their uptake as 

monitored using flow cytometry are shown in Figure 6.3. 

 

Figure 6.3 Uptake of different nanostructures of the protein capsid of CCMV in HeLa cells after       4 

h incubation. Showing the mean of intensity and standard deviation, as measured by flow 

cytometry (n = 3), of the ATTO 647N dye attached to (CP) the free proteins, (62 nt + CP - CCMV) 

spherical structures and (100 bp - 1000 bp + CP) rod-like structures.  
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The results presented in Figure 6.3 show that most of the different CCMV-CP 

based nanostructures have similar intensity during the flow cytometry 

measurements, indicated by a similar absolute uptake. Of the different 

structures, the T = 1 structure has the highest uptake (P<0.05) and the T = 2 

structure the lowest uptake (P<0.05) compared to the rest of the structures. As 

a next step, we determined the uptake route of the various nanostructures by 

evaluating the uptake in the presence of the different inhibitors (Figures 6.4 

and 6.5). 

 

Figure 6.4 Uptake in percentage of different spherical CCMV-based nanostructures with specific 

and nonspecific uptake inhibitors in HeLa cells. Results and standard deviation from intensity 

average of 3 measurements from flow cytometry after 4 hour incubation. Only viable cells are used 

for analysis. The nanostructures without inhibitor were normalized to 100% uptake.  (A) Free CP 

dimers, (B) VLPs resulting from 62 nt ssDNA mixed with CP with Ø = 21 nm, (C) VLPs resulting from 

ssDNA of approximately 700 nt mixed with CP with Ø = 24 nm and (D) native CCMV with Ø = 28 

nm. *significant inhibition compared to CCMV (P<0.05).  
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Figure 6.5 Uptake in percentage of different rod-like CCMV-based nanostructures with specific and 

nonspecific uptake inhibitors in HeLa cells. Results and standard deviation from intensity average 

of 3 measurements from flow cytometry after 4 hour incubation. Only viable cells are used for 

analysis. The nanostructures without inhibitor were normalized to 100% uptake. The rod-like 

structures analyzed were: (A) dsDNA of 100 bp mixed with CP, (B) dsDNA of 200 bp mixed with CP 

with average length of 120 nm, (C) dsDNA of 500 bp mixed with CP with average length of 180 nm 

and (D) dsDNA of 1000 bp mixed with CP with average length of 300 nm. *significant inhibition 

compared to CCMV (P<0.05).  

The results show that the uptake of all the different nanostructures and free CP 

are significantly (P<0.01) reduced by chlorpromazine. This inhibition has a 

similar degree of inhibition compared to the sucrose as a general inhibitor. 

Furthermore, for all nanostructures, except for 100 bp + CP (Figure 6.5A), the 

reduction of the uptake by chlorpromazine was significantly lower (P<0.05) with 

respect to the filipin III, nystatin and cytochalasin D inhibitors. This indicates 
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that clathrin-mediated endocytosis is the main uptake route that is utilized for 

all different nanostructures to get into HeLa cells. However, the uptake was not 

completely eliminated. This, together with the inhibition observed with for 

other inhibitors, means that there are multiple pathways possible. 

There also seems to be a trend for the dynasore, which inhibits both caveolin 

and clathrin dependent endocytosis and shows inhibition of the uptake for all 

structures (P<0.05), except for the 100 bp and 700 nt + CP structures. However, 

for this inhibitor no significant lower inhibition was observed compared to the 

other inhibitors. An interesting difference in the uptake, between the spherical 

and rod-like structures is the filipin III inhibition. For all the spherical structures 

including CP there is an inhibition (P<0.050), while most the rod-like structures, 

except for the 1000 bp + CP, gave no significant inhibition. This gives some 

indication that the shape determines if there some caveolin mediated 

endocytosis for the particles. Similar to the previous results, the nystatin 

inhibitor did not function for all the nanostructures. Confirming that the uptake 

of CCMV-proteins occurs via nystatin independent, caveolin mediated 

endocytosis. The results show that the larger rods (500 bp and 1000 bp) and the 

largest spherical particle (native CCMV) are inhibited (P<0.05) more by 

cytochalasin D than the smaller spherical structures and rods (62 nt, 700 nt,   

100 bp and 200 bp). This was expected, because micropinocytosis is in literature 

mostly observed for large particles.33 However, also the dimeric CPs are 

inhibited by cytochalasin D. Upon analysis of these samples we observed that 

the free CPs partially aggregate in the medium and would eventually precipitate 

out of the medium. This was not observed for the other CCMV-based 

nanostructures, which we confirmed by analyzing two representative 

nanostructures with TEM after 4 hours incubation in the medium (Figure 6.6). 

This aggregation could lead to larger structures, which can explain the 

enhanced sensitivity towards cytochalasin D. 
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Figure 6.6 TEM images after 4 hour incubation in DMEM, showing the spherical structures of (A) 

native CCMV and (B) 700 nt ssDNA + CP assemblies. Fetal bovine serum proteins are visible as 

white spots and in the background. 

All the described data in this section was performed with the ATTO 647N dye. 

However, exterior modification of particles can influence the uptake. We took 

this already into account by labelling on average only 1 in 20 of the CPs. But to 

further investigate the influence of the dye we performed all experiments also 

with an Alexafluor 647 dye, which was also coupled to the exterior lysines of 

the virus. The results are not presented here, but they did show a same trend 

for the different inhibitors. These results showed clear (P<0.01) uptake 

inhibition using chlorpromazine, which had an even larger significant uptake 

inhibition compared to the other specific inhibitors (P<0.01). The confirmed 

that clathrin-mediated endocytosis is the main uptake route for all for all the 

used nanostructures. However, most of the other specific inhibitors, showed 

less inhibition in the case of the Alexafluor 647 compared to the ATTO 647N 

dye. In order to completely exclude the influence of the dye modification of the 

CCMV CP-based particles, further studies – for example internal labelling – are 

needed. To this aim, we delevelloped a new nucleic acid based viral probe, 

which is discussed in Chapter 7. On top of this we have encapsulated quantum 

dots inside CCMV, which has been published as 34. 

For all the structures studied it seems that clathrin-mediated endocytosis is the 

primary route for uptake. Furthermore, it seems that there are multiple uptake 

routes possible in parallel, which show some shape dependence. This is 
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different from previous works with CPMV and different geometries of TMV.6, 26 

The difference in uptake can be explained by the protein chemistry on the 

exterior of the used viruses. Comparison between the TMV and CCMV studies 

indicate the trends in shape dependent virus uptake are very dependent on the 

type of virus used and, so far, no general trend applicable for all virus structures 

is observed.   

 Intracellular positioning of CCMV-based nanostructures 

The results from the previous section indicate that clathrin-endocytosis is the 

mostly used uptake route of the nanostructures in HeLa cells. To verify if 

endocytosis is used for uptake and not random uptake or membrane adhesion, 

we analyzed the cells with fluorescent confocal microscopy. To this aim we 

stained the organelles with BacMam 2.0 CellLight reagents. We started with the 

early endosomes to monitor the uptake. The BacMam-early endosome uses a 

gene transvection encoding for a Rab5a protein fused to a tagRFP, which is 

delivered to the cells using the baculovirus insect virus. Rab5a is a natural 

enzyme which localizes in the early endosomes.35 The results are depicted in 

Figure 6.7. These show that there is colocalization of the capsid proteins of the 

CCMV-based nanostructures with the early endosomes in the cells, as indicated 

by overlapping orange spots. All structures, except for the CP, show a moderate 

Pearson correlation with an average of 0.6 ± 0.2 for the RFP and the capsid 

proteins with ATTO 647N dyes. This confirms that the uptake of the particles is 

indeed mediated by endocytosis.   

We observed an avarage negative Pearson correlation (-0.3 ± 0.2) with the DAPI 

blue staining in healthy looking cells for all the nanostructures. Which indicates 

that the CPs do not get into the nucleus, but this does not mean that the DNA 

can (See also § 6.2.5). Interestingly, all the nanostructures show a wide 

distribution of fluorescent spots in the cell, except for the free CP dimers. These 

show more clustered fluorescence, which is indicative for aggregation in the cell 

medium, leading to a low correlation of 0.1 ± 0.3 with the endosomes. 

Literature reports state that free CPs are less stable in their dimeric shape 

compared to our assembled shape, which is in correspondence with our 

observations with cells. This aggregation behavior was also observed in the 

previous section and further explains the higher inhibition by cytochalasin D.  
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Figure 6.7 Fluorescent confocal Images of paraformaldehyde fixated Hela cells, after 4h incubation 

with different CCMV-based nanostructures. The nucleus (DAPI) is stained in blue; early endosomes 

are stained in yellow (tagRFP-bacMam 2.0); and CPs are stained in red (ATTO 647N). Showing: (A) 

free CPdimers, (B) 62 nt + CP, (C) 700 nt + CP, (D) Negative control, (E) 100 bp + CP, (F), 200 bp+CP, 

(G) 500 bp + CP and (1000 bp + CP)  

We continued with the native CCMV to determine in which organelles the plant 

viral particles end up after 4 hours. To this aim we again used the BacMam 2.0 

CellLight system to color the organelles (Figure 6.8). The late endosomes are 

visualized using Rab7a linked to tagRFP; the lysosomes by lamp1 (lysosomal 

associated membrane protein 1) fused to a tagRFP; the mitochondria by emGFP 

linked to a mitochondria residing enzyme (E1 alpha pyruvate dehydrogenase); 
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and the Golgi apparatus by emGFP linked to a Golgi resident enzyme (N-

acetylgalactosaminyltransferase).  

The results are quantified using the Pearson coefficient, which show a weak 

positive correleation for the colocalization of the CCMV proteins in the 

mithochondria (0.2 ± 0.1), a low correlation for the Golgi (0.35 ± 0.2), a medium 

to strong correlation with the lysosomes and membrane (both 0.6 ± 0.2) and a 

strong correlation in the early and late endosomes (0.7 ± 0.2 and 0.75 ± 0.1 

respectively). The results compare closely to studies with the closely related 

CPMV.6 They reported some minor colocalization in the Golgi, which we also 

observed. There is furthermore a clear colocalization of the CCMV in the 

endosomes, again confirming the endocytosis pathway. But there is also some 

red of the CPs shown to attach to the cells exterior, on the membrane, which 

indicates that not all virus particles are fully endocytosis. There is also some 

localization in the lysosomes. This correlation is not as high as with the 

endosomes, so likely some of the viruses escape the lysosomes. This can explain 

our results in Chapter 4, because the escaped VLPs will likely not get degraded.  

 

Figure 6.8 Fluorescent confocal Images of paraformaldehyde fixated Hela cells, with stained 

organelles, after 4 h incubation with CCMV. The nucleus (DAPI) is stained in blue; CCMV-CPs are 

stained in red (ATTO 647N); (A) the early endosomes are stained in yellow (tagRFP-bacMam 2.0); 

(B) late endosomes in yellow (tagRFP-bacMam 2.0); (C) lysosomes in yellow (tagRFP-bacMam 2.0); 

(D) mitochondria in green (emGFP-bacMam 2.0); (E) Golgi in green (emGFP-bacMam 2.0); and the 

cell membrane in blue (CF405S labeled Wheat Germ Agglutinin). 
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 In vivo uptake of CCMV by immune cells 

After showing the uptake of CCMV-based nanostructures in vitro, we continued 

with a short in vivo evaluation of native CCMV. CCMV has been used before in 

literature for in vivo experiments. These were performed in mouse models and 

there was a wide biodistribution, with rapid clearance and no measurable 

toxicity.36 In this work we used Zebrafish embryos (Danio rerio) because of their 

transparency and their availability with different fluorescent makers for various 

cell types.37 In this preliminary study we were interested in the uptake of the 

virus by the immune system and we investigated neutrophils, the most 

abundant type of white blood cells,38 which expressed a GFP protein. The 

results of this screening conducted at the Wageningen University & Research 

(WUR) are shown in Figure 6.8. Also, a second study was conducted on the 

biodistribution of the CCMV-based T = 3, T = 1 and CP VLPs in Zebrafish in 

cooperation with Leiden University (LU). Here, the endocytosis of the particles 

by liver sinusoidal endothelial cells was screened. These results can be found in 

a publication by Campbell et al.39 

The results from the in vivo distribution studies in Zebrafish of CCMV show that 

the virus is circulated through the body of the fish. This is visualized in the trunk 

region by the CCMV (in red) localized in the veins (Figures 6.9A-B). A large part 

of the fluorescent CCMV particles occur free in the veins, but also a part is 

colocalized with green cells, as indicated with the white arrows. These are the 

neutrophils which likely indicate that the viruses where phagocytosed by these 

immune cells. This colocalization of CCMV in the neutrophils is also observed in 

the duct of cuvier region, again indicated by the white arrows. A difference in 

this region compared to the trunk region is that most of the CCMV seems to be 

colocalized with the immune cells, with only minimal ‘free’ virus in the tissue. 

Although this is only an initial study that requires further confirmation, the data 

indicates a response of the immune system towards our plant virus. This can be 

problematic when using CCMV-based particles to cure cancer or as a treatment 

for metabolic disorders. It is an indication that exterior modification of this virus 

is required for most medical applications to evade the immune system, for 

example by using PEG, zwitterionic compounds or albumin.40  But, these results 

can also be of benefit when it is used to develop vaccines. The enhanced uptake 
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in immune cells and immune response can help in the immunization of various 

pathogens. 41 For example by attaching antigens to the exterior of the virus, by 

encapsulation the antigen inside the virus or by delivering relevant genes to the 

immune cells.42, 43 This would be interesting because it is a safer alternative to 

traditional vaccines.44 Futhermore, several reports in literature indicate that 

such an approach can even potentially lead to enhanced immunization, because 

they can act as adjuvants to enhance the effectiveness of concomitantly 

administered vaccines.42, 45  

 

Figure 6.9 Fluorescent confocal microscopy images of the in vivo distribution of the native CCMV 

labeled with ATTO 647N (in red) in 3dpf zebrafish embryos with GFP labeled neutrophils (in green). 

(A-B) show the trunk region with in (A) the wide field image. (C-D) show different parts of the duct 

of cuvier region. White arrows indicate colocalization of CCMV-particles with neutrophils. 

Performed by dr. Maria Forlenza (WUR). 

 Plasmid DNA transfection using CCMV 

A virus is evolved to deliver the native nucleic acid cargo to its host cell. This is 

so efficient that it triggered scientists to engineer viruses as vectors to deliver 

engineered nucleic acid materials to the cell. These so-called functional nucleic 
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acid therapeutics show potential for the treatment of various diseases, 

including Parkinson,46 cystic fibrosis,47 hemophilia48 and cancer.49 For safety 

reasons it is desired to use a virus that is not capable of replication in human 

cells. Therefore, many virus-like particles have been derived from viruses found 

in the animal kingdom for this purpose. These include the baculovirus from 

insects,50 which was used in § 6.2.3 of this chapter. Also several plant viruses 

and bacteriophages have been explored for the delivery of functional nucleic 

acid therapeutics, which were recently reviewed by Steinmetz et al.3 The CCMV 

protein capsid itself has been used before for the delivery of mRNA and DNA 

origami to cells.51, 52 Here the CCMV-protein was shown to protect the nucleic 

acid cargo towards nucleases and increased the transfection efficiency in J774.2 

macrophages.  

In the previous section we found an enhanced in vivo uptake of the CCMV by 

immune cells and we discussed the possibility to exploit this for the 

development of vaccines. Furthermore, in this chapter and Chapter 5 we have 

shown that we are able to encapsulate various nucleic acid cargos inside the 

protein capsid of CCMV. As a first test of this vaccine principle and to show an 

application of the various CCMV-CP and DNA-based structures, we used CP to 

encapsulate a DNA plasmid. This ~1.2 kbp pcDNA3 DNA plasmid, from the group 

of dr. Maria Forlenza (WUR), contains an mCherry gene which can be expressed 

in cells. The results of the optimized encapsulation and the TEM analysis of the 

plasmid CCMV-CP complex are shown in Figure 6.10. 

The AGE results as shown in Figure 6.10A-B show that upon increasing the 

amount of CP, while keeping the plasmid DNA constant, the migration of the 

DNA is reduced. This is in line with the observations discussed in Chapter 5, 

where the same buffer containing 5 mM MgCl2 was used during the assembly. 

Around a mass ratio of 1:7 almost no electrophoretic mobility is detected. This, 

together with the colocalization of the DNA and protein bands, indicates the 

formation of larger assemblies made from DNA with CP. The assemblies of this 

mass ratio were analyzed with TEM (Figure 6.10C), which showed the formation 

of rod-like structures with lengths of several micrometers long. Next, we 

investigated by fluorescence microscopy if the CCMV-CP / plasmid complex can 

be transfected, transcribed and translated in macrophage cells.  
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Figure 6.10 Agarose gel electrophoresis on a 1% gel for the analysis of various pcDNA3 DNA plasmid 

to CP ratios after overnight incubation. Bands on the gel were first visualized with (A) SYBR safe 

DNA stain, which is followed by visualization with (B) coomassie protein stain. Top lanes from left 

to right showing (1) 2-log DNA ladder, the assemblies of the plasmid:CP mass ratios of: (2) 1:0 = 

only plasmid, (3) 4:1, (4) 2:1, (5) 1:1, (6) 1:2, (7) 1:3, (8) 1:4, (9) 1:5 and (10) 1:6. Bottom lanes from 

left to right showing (1) the 2-log DNA ladder and assemblies plasmid:CP ratios of: (2) 1:0, (3) 1:7, 

(4) 1:8, (5) 1:10, (6) 1:12, (7) 1:14, (8) 1:16, (9) 1:18 and (10) 0:1 = CP only. (C) Shows TEM image 

of the mCherry plasmid encapsulated with CP in a 1:7 ratio.  

 

Figure 6.11 Microscopy Images of J774.2 mouse macrophages after overnight incubation with the 

mCherry plasmid encapsulated with CP in a 1:7 ratio. (A) Wide field image and (B) Fluorescence 

imaged with λ = 510-550 nm excitation and λ = 590 nm longpass emission filters. 

The results show spherical particles that are characteristic for the J774.2 cells 

(Figure 6.11). Furthermore, the images show enhanced fluorescence in the cells 

when the plasmid was assembled with CP, indicating the successful expression 

of the mCherry (Figure 6.11B). However, the fluorescence seems to be higher 

for the aggregated cells, which appear less viable. Less viable cells commonly 

have more poreous cell membranes, which can lead to increased transfection. 

In the reference sample with no plasmid, which was imaged under the same 
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conditions, no fluorescence was detected, pointing to the successful expression 

of mCherry. This initial data shows the potential of using CCMV-based 

structures for nucleic acid therapy, however, more characterization is required 

before we can draw conclusions on the actual benefit compared to bare 

plasmid or other transfection agents. 

  Conclusions and outlook 

In this chapter we have evaluated how CCMV-based nanostructures are taken 

up by cells and we have shown what their intercellular fate is in vitro. We also 

performed an in vivo evaluation on the uptake of CCMV by immune cells and 

explored the potential application of the CCMV-CPs in gene delivery. 

We have shown that RAW264.7 and HeLa cells have a higher uptake efficiency 

for the native CCMV than in HEK 293 cells. For all cell lines and CCMV-based 

nanostructures it seems that multiple uptake pathways are possible. There is 

an indication that the dominant uptake pathway is dependent on the cell line. 

In HeLa cells, all of the different nanostructures use clathrin-mediated 

endocytosis as the main uptake route. The data also gave some indication that 

the larger structures show an increased utilization of micropinocytosis, while 

the spherical CCMV-based VLPs have the tendency to use caveolin mediated 

endocytosis. However, the results require further evaluation, with more 

monodisperse structures, also taking the role of the dye’s on the VLP exterior 

into consideration. Furthermore, to verify our findings, our experiments can be 

verified by including small interfering RNAs that can selectively block caveolin-

1 transcript and clathrin heavy chain and other inhibitors for pathways we did 

not test in this chapter.53, 54 

When the nanostructures get into the cell, after 4 h, they seem to be localized 

in the endosomes, lysosomes and on the membranes. Almost no localization is 

observed in the nucleus, Golgi and mitochondria. Different virus-based 

structures showed minimal differences, except for the free CPs, which 

aggregated in the medium. Future work can be focussed on evaluating the 

CCMV-based nanostructures in more organelles with continuous life cell 

imaging, super resolution microscopy and single virus tracking over time to gain 

an even more detailed picture of the uptake process. 
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With a short in vivo study, we showed that CCMV is clearly taken up by 

neutrophils, which indicates recognition by the immune system. This can be a 

problem during application of this virus as a medical treatment, but it can 

potentially also be beneficial for applications like vaccination. It would be 

interesting to further study the immune response; how to evade or enhance it 

and if there is a shape dependent bio-distribution of CCMV. This is also required 

to verify the findings for TMV reported in literature.  

To show an application of CCMV, we successfully encapsulated a DNA plasmid 

and delivered it to macrophages. This resulted in gene expression of mCherry, 

showing that CCMV is potentially useful for gene delivery for the treatment of 

various diseases and for vaccine development.  

Overall, the work presented in this chapter results in a better understanding of 

how CCMV and CCMV-based structures interact with cells. This brings us one 

step closer to understanding why so many different viral shapes exist in nature 

and how this can lead to the design of better virus-based nanomedicines in the 

future. 
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 Materials and methods 

Materials 

Buffers were prepared using double deionized water from a Millipore system. 

All chemicals were purchased from Sigma Aldrich unless stated otherwise. The 

purification and characterization of the Cowpea Chlorotic Mottle Virus (CCMV), 

the removal of its RNA and the isolation of the coat protein (CP) were carried 

out according to literature procedures.55 All reactions were carried out at room 

temperature and proteins and assemblies were stored at 4°C. The 

functionalization of the CPs with either the NHS-ester of ATTO647N (ATTO-TEC) 
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or Alexafluor 647 (ThermoFisher scientific) is described in Chapter 3. A DOL of 

approximately 0.05 was used for the measurements to reduce the influence of 

the dye on the uptake. The same batch of CP-dyes were used in the fabrication 

of the CCMV-DNA based nanostructures is described into detail in Chapter 5, to 

ensure the same degree of labeling.   

Cell culture 

HeLa, J774.2, RAW264.7 and HEK293 cells were grown in Dulbecco’s modified 

Eagle’s medium (DMEM) + 10% fetal bovine serum (FBS) + penicillin 100 U/mL 

and streptomycin 100 µg/mL at 37 °C and 5% CO2 in T75 flasks (corning). The 

cells were passed using trypsin, versene and PBS respectively and counted using 

a Bürker counting chamber.  

Flow cytometry with uptake inhibition 

During the flow cytometry measurements do determine the uptake and uptake 

pathway, the cells were seeded at 5 * 104 cells/well in a 48 well plate and left 

to adhere overnight. The next morning the cells used for the uptake pathway 

experiments were incubated with specific inhibitors as shown in Table 6.1 

which are in the range of concentrations that are used in earlier research.6, 25 

After ½ hour of incubation with the inhibitors, the positive controls or CCMV 

constructs were added. Inhibitor activity was tested and optimized using 

fluorescently stained Transferrin From Human Serum Alexa Fluor™ 647 

Conjugate (ThermoFisher), recombinant Cholera toxin Subunit B Alexa Fluor™ 

647 Conjugate (ThermoFisher), Dextran Alexa Fluor™ 647; 10,000 MW 

(ThermoFisher) and Latex beads, carboxylate and fluorescein-modified 

polystyrene (Sigma-Aldrich). To evaluate the uptake of the different virus-based 

nanostructures, 16 μg of the different viral constructs was added directly to the 

medium. Which corresponds to approximately 4*107 of the native CCMV 

particles per cell. After 4 hour incubation the cells were washed with PBS, 

removed from the plate with trypsin, centrifuged (14000g, 3 min) and 

resuspended in life cell imaging solution (HEPES buffer from ThermoFisher 

scientific) and kept on ice. Viability staining (CellTrace™ Calcein Violet AM, 

ThermoFisher) was added 20 minutes before analyzing and dead staining 

(SYTOX™ Green Nucleic Acid Stain - 5 mM Solution in DMSO, ThermoFisher 

scientific) was added 5 minutes before analyzing according to the supplier’s 



Chapter 6 | Uptake of viral nanostructures in the cell   

 

149 
 

6 

protocols. The cells were analyzed in triplo, in 3 separate experiments on a FACS 

ARIA II using a λ = 375nm laser with a 450/40 filter for the calcein violet, λ = 488 

nm with 530/30 filter for the fluorescein product of the substrate, 488 nm with 

616/23 filter for the PI and using the λ = 633 nm laser with 660/20 filter for the 

ATTO 647N labeled CCMV. Data was processed, to discriminate between life, 

viable and death cells using flowing software to extract the average relative 

fluorescent intensity of the life and viable cells for each of the used conditions. 

This intensity was normalized by dividing the intensity by the intensity of the 

viral nanostructures without inhibitor added. The bar graphs were plotted in 

Origin.  

Confocal microscopy 

For imaging with the Opera automated confocal, the cells were seeded in 

medium at 5000 cells/well in a 96-well sensoplate (Greiner BioOne). To each 

well 1 μL of Bacman 2.0 (ThermoFisher scientific) was added, which encode for 

fluorescent protein organelle stains for: Golgi (GFP), Mitochondria (GFP), 

Lysosomes (RFP), early endosome (RFP) and late endosome (RFP). These are 

incubated for 4 hours, washed and subsequently incubated with 1000x diluted 

Bacman Enhancer (ThermoFisher scientific) for 60minutes in medium. The cells 

are washed again and incubated on medium overnight. The following day 4 μg 

of the virus like particle constructs was added to a well, which corresponds to 

an equivalent of approximately 1*108 native CCMV particles per cell. This was 

incubated for 4 hours and then washed twice with Hanks balanced salt solution 

(HBSS from ThermoFisher scientific). The cells are fixated for 10 min with 4% 

paraformaldehyde at room temperature and washed twice with HBSS. All wells 

were incubated for 30 minutes with 50 ng DAPI to stain the nucleus and 

subsequently washed using PBS. Some of the cells were treated with CF405S 

Wheat Germ Agglutinin (Biotium) 500 ng (in 100 μL HBSS) for 20 minutes at 

37oC to stain the membrane, followed by a washing step. The plates were 

stored at 4°C in PBS. The cells were measured independently at 4 separate 

channels using an OPERA automated high content, spinning disk confocal 

imager (PerkinElmer) equipped with λ =  405, 488, 565 and 633 nm lasers, which 

was pre-calibrated using a calibration plate with fluorescent beads from 

PerkinElmer. The images were scaled and merged using Matlab. The Pearson 

coefficients were determined with ImageJ, using cell-by-cell intensity plot 
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profiles of the separate colored images, from which the Pearson coefficient was 

calculated from at least 10 different profiles. The in vivo imaging using confocal 

microscopy was performed at the Wageningen University by Forlenza Maria. 

For this 3dpf zebrafish embryos with GFP labeled neutrophils were used, which 

were injected into the cardinal vein with ATTO 647N labeled CCMV in PBS. 

Images were acquired after 1 hour.  

Transmission electron microscopy 

To test the influence of the medium on the virus and VLPs we imaged them with 

transmission electron microscopy (TEM) on an FEG-TEM (Phillips CM 30) 

operated at 300 kV acceleration voltages after 4 hour incubation at a 

concentration of 1 mg/mL. Before measurement, the samples were 10x diluted 

in PBS and 5 μL of the sample was applied onto Formvar‐carbon coated copper 

grids. After 1 min, the excess of liquid was drained using a filter paper. Uranyl 

acetate (5 μL, 1% w/v) was added and the excess of liquid was drained after 20 

sec. The grid was dried for 30 min at room temperature. 

Plasmid DNA encapsulation and transfection 

The pcDNA3 DNA plasmid with the gene encoding for mCherry was a kind gift 

from Maria Forlenza. This plasmid was transfected using a short heat shock at 

42°C approach into E. coli. NovaBlue competent cells (Novagen) cells. And 

spread on culture plates, containing LB media mixed with agar and had a 

content of 24 mg/L ampicillin. Colonies were selected and grown overnight in 

LB medium + ampicillin tubes at 200 rpm at 37°C. The next day the NovaBlue-

LB culture was spun down for 10 min at 15°C at 5525 G and the LB was 

discarded. The plasmids were extracted using a QIAprep spin maxiprep kit 

(Qiagen) plasmid extraction kit. The columns were finally eluted with water to 

gain the plasmid. The plasmid was mixed with the isolated CP, without dye, in 

various mass ratios, while keeping the plasmid concentration constant at 0.1 

mg/mL. The assembly was performed in assembly buffer (pH 7.2, 50mM Tris-

HCl buffer containing 50 mM NaCl, 10 mM KCl and 5 mM MgCl2) and left 

overnight at 4°C. The assemblies were characterized using AGE and TEM in the 

same way as described in Chapter 5. The 1:7 plasmid to CP assembly was added 

to of J774.2 mouse macrophages, seeded in at 10 *105 cells/well in a 6 well 

plate in DMEM and incubated overnight at 5% CO2 and 37°C. The cells were 
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washed twice with PBS. The cells were imaged directly using fluorescent 

microscopy on an IX71 Olympus microscope at 10x magnification. Fluorescence 

was imaged using filters for λ = 510-550 nm excitation and λ = 590 nm longpass 

emission filters. 
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C h a p t e r  7  DNA-based probes for viral (dis)assembly 

Insight into the assembly and disassembly of viruses plays a crucial role in 

developing cures for viral diseases. Specialized fluorescent probes can be of 

benefit in such studies and other interactions within viruses, especially during 

cell studies. In this chapter, we report on a strategy based on (Förster resonance 

energie transfer) FRET to study the assembly of viruses without labeling the 

exterior of viruses. Instead, we exploit their encapsulation of nucleic acid cargo, 

for the loading of three different fluorescent ATTO dyes. These dyes are linked 

to single-stranded DNA oligomers, which are hybridized to a longer parent DNA 

strand. FRET is induced upon assembly of the Cowpea Chlorotic Mottle Virus 

protein on the DNA scaffold, which forms monodisperse icosahedral particles 

of about 22 nm, thereby increasing the FRET efficiency up to 16-fold. 

Additionally, encapsulation of the dyes in virus-like particles induces a two-step 

FRET. When the formed constructs are disassembled, this FRET signal is fully 

reduced to the value before encapsulation. This reversible behavior makes the 

system a good probe for studying viral assembly and disassembly. This can for 

example be used to monitor if virus-based structures are still assembled or just 

present as separate components in the interior of the cell.  

This chapter has been published as: 

Induced Förster resonance energy transfer by encapsulation of DNA-scaffold based probes inside a plant 

virus-based protein cage, Journal of Physics Condensed Matter, 2018, 30(18), 184002 
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 Introduction 

Förster resonance energy transfer (FRET) is a well-studied phenomenon that 

occurs when two or multiple fluorescent dyes are in close proximity to each 

other and the excitation energy of one dye is transferred to the other. It is often 

employed to study binding interactions or separation distances of two 

compounds, such as proteins. FRET is also used as a probe to study, for example, 

enzymatic digestion processes.1-3 FRET pairs can be more sensitive than just a 

single dye, resulting from the increased Stokes shift of the fluorescent emission. 

This makes them useful, for example in imaging applications, because there is 

less background fluorescence.4 A one step FRET, in combination with DNA 

hybridisation is often studied because of the precise control over the 

positioning of the dyes that can be obtained when using DNA base pairing. 

Recently, more elaborate structures of a two-step, multiple steps or even more 

complex dye systems have been evaluated.5, 6 Multiple dyes arranged along a 

strand of DNA can be used for sequential energy transfer of photonic energy 

along increased distances. They are referred to as photonic wires, which can be 

applied in a device’s optical function or as a readout in sensor-based 

applications.7 

In this chapter, we use a DNA-based FRET system to study the characteristics of 

virus protein assembly. Especially the disassembly and assembly of viruses 

requires more fundamental insight. To better understand viruses and 

consequently help to treat diseases with a viral origin, FRET has already been 

employed before to study disassembly of viruses in vitro.8-10 However, this 

mainly involved exterior modification of viruses with dyes or large fluorescent 

proteins. This can influence the viral assembly and stability in solution, as well 

as their uptake in cells.11 It is, therefore, preferable to harness the interior of a 

virus. Especially the native nucleic acid cargo is an optimal candidate. Since 

DNA-based FRET systems consist for the most part of nucleic acids, it is a good 

place to start and use them as probes. 

To test the feasibility of our approach, the Cowpea Chlorotic Mottle Virus 

(CCMV) is used. The capsid proteins of this virus can assemble at neutral pH 

around many different negatively charged templates, where the assembly is 

triggered by modulating the ionic strength.12, 13 This results in the formation of 



Chapter 7 | DNA-based probes for viral (dis)assembly  

 

157 
 

7 

VLPs with T = 1, T = 2, or T = 3 icosahedral symmetry, but also rods and other 

structures.14-17 This was covered in Chapters 2 and 5. CCMV is especially 

interesting because its protein cage is often used as a model system to study 

the assembly and disassembly of viruses.18 

 
Figure 7.1 Schematic representation of the three different dyes connected to DNA, hybridized with 

a 120 nt template strand (blue) on separate binding sites. ATTO 488 resides on position 1, ATTO 

565 on position 2 and ATTO 647 at position 3, in green, orange and red respectively. When the 

DNA-dye construct is mixed with capsid proteins (in grey), these assemble into virus-like particles. 

The templating effect of negative charges is employed to encapsulate synthetic 

DNA-based photonic wires in the virus capsid. The goal is to use it as a probe 

for protein assembly, disassembly and determination of the interior spacing of 

the formed virus-like particle. Here, a photonic wire is constructed using three 

different dyes: ATTO 448, 565 and 647N. These have sufficient overlapping 

emission and extinction spectra for FRET experiments. The dyes are attached to 

three different single-stranded DNAs (ssDNA) of 35 nucleotides (nt). Of these 

ssDNA strands, 30 nt are orthogonally complementary to three different 

positions on a 120 nt template strand of ssDNA. The dyes are sufficiently spaced 

to have minimal FRET energy transfer before encapsulation, but it is expected 

to have FRET after encapsulation due to the confinement in the VLP interior. To 

enhance the formation of icosahedral virus-like particles, additional ssDNA nts 

are placed between the double stranded parts, leading to a more flexible chain 

because of the lower persistence length.19, 20 Different combinations are 

evaluated with only two dyes, but also with all three different dyes attached to 

the template strand. The ATTO 488, 565 and 647N dyes and their corresponding 

positions are denoted in this work as dyes 1, 2 and 3 respectively (see also 
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Figure 7.1 for a description of the system). In future work, the ssDNA strands 

can be designed such that these are complementary to the native genetic 

material of viruses, making this method viable for other viruses as well. 

Furthermore, this system is intended such, that it could also be used for 

different applications. For example, imposing stoichiometric control over the 

encapsulation of multiple different cargo molecules inside a viral capsid.21  

 Results and discussion 

 DNA assembly and purification  

The 35 nt ssDNA-dye hybrids were mixed in excess with the 120 nt template 

strand and incubated overnight to form the different constructs. The resulting 

DNA hybrids were purified using size exclusion chromatography (Figure 7.2A) 

and agarose gel electrophoresis (Figure 7.2B). As a representative example 

from the 1+2+3 DNA-dye hybrid, the chromatogram shows a main peak around 

V = 10 mL elution volume. This peak is the DNA-dye hybrid with λ = 260 nm, 488 

nm, 647 nm absorbance coming from the DNA, ATTO 488 and ATTO 647N 

respectively. The second main peak around V = 13.5 mL is most likely a mixture 

of the unbound 35 nt DNA with dyes, as it elutes at a larger volume. The ratio 

between the λ = 260 nm and 488/647 nm absorbance’s indicates a lower 

amount of DNA per dye compared to the V = 10 mL peak. Most likely V = 21 mL 

is an impurity of unbound ATTO 488 dye. The formation of the DNA-dye hybrid 

is also confirmed on an agarose gel (Figure 7.2B). Here the band of the V = 13.5 

mL fraction runs at the same position as the bands of the different 35 nt-dyes. 

Also, note that the newly formed DNA-dye-hybrid runs higher than the 120 nt 

template strand. This is caused by the formation of dsDNA; ssDNA runs 10% 

faster on a gel compared to dsDNA of the same length.22 Also, the color on the 

gel confirms the presence of the dyes. The products were further characterized 

using UV-vis absorbance measurements, of which the results are summarized 

in Figure 7.2C-D. As expected, each hybrid has on average 1 of each dye per 

strand and the ratios of the different dyes on the different DNA-hybrids is 

around 1:1:1. 
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Figure 7.2 (A) Size exclusion chromatogram of the purification of the DNA hybrid with the ATTO 

488, 565 and 647N dyes attached. (B) Agarose gel electrophoresis analysis of the different elution 

peaks from the chromatogram. The 120 well is the template strand and the 488, 565 and 647 well 

are the different ATTO dyes attached to 35 nt DNA strands. (C) UV-vis absorbance of the purified 

DNA hybrid (1+2+3). (D) Table with dye ratios on the isolated DNA-hybrids calculated from 

absorbance. 

 Formation of virus-like particles 

As a starting point to confirm encapsulation and screen different assembly 

conditions, a native agarose gel electrophoresis was performed using the same 

concentrations of DNA-hybrid, capsid protein and unpurified assemblies of 

DNA-hybrid VLPs. Initially, DNA staining is applied, followed by overnight 

protein staining on the gel (Figure 7.5). From this gel, it is clear that the 

encapsulated samples migrate differently compared to the unencapsulated 

materials.  

To purify the formed virus-like particles, size exclusion chromatography using 

an FPLC system was applied (Figure 7.3A). The V = 11 mL elution peak 

corresponds to larger assemblies, in line with the elution volume of the native 
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virus. Likely, these are the virus-like particles filled with the DNA hybrids as 

indicated by the high λ = 260 nm absorbance and the co-elution of the different 

dyes. The V = 18 mL peak has a low λ = 260 nm absorbance and corresponds to 

the elution of the capsid protein dimers. There is virtually no DNA visible, 

presumably, all of the DNA hybrids are encapsulated. The V = 11 mL fractions 

were collected and analyzed using dynamic light scattering (DLS Figure 7.3B). 

They contain particles with an area average diameter of ± 21 nm. Subsequent 

transmission electron microscopy (Figure 7.3C-D) shows particles with Ø = 23.5 

± 2.2 nm and confirms that these are spherical, as expected for icosahedral 

virus-like particles. The size corresponds to the range of Ø = 20-24 nm found for 

the previously reported (Chapter 5) irregular structures, pseudo T = 2, or 

possibly swollen T = 1 particles with Caspar and Klug symmetry for CCMV.21, 23 

SDS-PAGE on the purified VLPs eluting at V = 11 mL from the FPLC confirmed 

the presence of CP. 

 
Figure 7.3 (A) FPLC chromatogram of the 1+2+3 DNA encapsulated in VLPs. (B) Size distribution 

and average sizes of VLPs in dynamic light scattering. (C) Representative TEM image of negatively 

stained VLPs. Scale bar is 100 nm. (D) Size analysis from the TEM, Ø = 23.5 ± 2.2 nm. 
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 Fluorescence analysis  

To evaluate the effect of encapsulation on the fluorescent energy transfer, 

fluorescent emission scans were performed with λex = 470 nm and 564 nm. The 

emission spectra, normalized to maximal fluorescence are shown in Figure 7.4. 

It is clear that the fluorescence emission of the second and third dye (ATTO 565 

and ATTO 647N respectively) are increased with respect to the first dye (ATTO 

488), upon encapsulation of the different DNA constructs in virus-like particles. 

For the one-step FRET systems, there is an increase in the emission of the 

second (ATTO 565) dye around λem = 590 nm when the first dye is excited (Figure 

7.4A-B). The same holds for when the second dye is excited (Figure 7.4C) and 

there is an increase in fluorescence around λem = 664 nm of the third (ATTO 

647N) dye. Finally, increased emission of the third dye is observed when the 

first dye is excited.  

FRET efficiencies were calculated using the same method as previously applied 

on photonic wires.6 Formula (1), which holds for multi-FRET systems,6 was used 

for analysis to extract the FRET efficiencies (E), while the separation distances 

of dyes are calculated using (2). The overall efficiency for the two-step FRET was 

verified using Formula (3). Formula (3) includes the direct transfer from the first 

to the third dye and the signal resulting from the consecutive transfer past the 

second dye.24  The results are summarized in Table 7.1. This shows an average 

increase in FRET efficiency of a factor 7.9 for a one-step FRET. For the two-step 

FRET system (1+2+3), both for the second and third dye an increase of the 

fluorescence upon encapsulation in the VLP is observed. The fluorescence of 

the second dye is slightly lower (9.3 times) compared to the 1+2 system (9.7 

times). This is likely the result of the relayed energy transfer to the third dye. 

Consequently, the signal of the third dye is increased compared to the 1+3 

system (from a factor of 8.9 to 16.4), due to the extra FRET contribution from 

the relay, which is shown in literature to increase the FRET distance.24, 25  

 

 
(3)                 𝐸1−3𝑡𝑜𝑡𝑎𝑙 = 𝐸1−2 ∗ 𝐸2−3 + 𝐸1−3 

(1)                  𝐸 = (
𝛷𝐴𝐷−𝛷𝐴

𝑄𝐴
)/(𝛷𝐷/𝑄𝐷) 

(2)                 𝐸 =
1

1 + (
𝑟

𝑅0
)6
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Where E is the FRET efficiency, r represents donor-to-acceptor separation 

distance; R0 is the Förster distance of the donor and acceptor pair, for which 

the refractive index of water and a random orientation factor were assumed; 

R0 values of 63 Å for 1+2, 49 Å for 1+3 and 69 Å for the 2+3 dye FRET pairs are 

used. 𝛷𝐴𝐷  is the area of the terminal acceptor fluorescence in the presence of 

donor(s); 𝛷𝐴 is the area of the same terminal acceptor in the absence of 

donor(s); 𝛷𝐷 is the area of the donor in the absence of acceptor(s); and 𝑄𝐷/𝐴 

are the respective quantum yields for the terminal acceptor and donor. 

Quantum yields of 80% for ATTO 488, 90% for ATTO 565 and 65% for ATTO 647N 

were used. 

 
Figure 7.4 Fluorescence emission spectra of the DNA-hybrid constructs with different dye 

combinations before and after encapsulation (with CP), normalized to the maximum emission. (A) 

Excited at λ = 470 nm, (B) zoom of emission of non-encapsulated samples subtracted from the 

encapsulated samples, (C) excited at λ = 564 nm, (D) encapsulated samples digested with trypsin 

or DNase excited at λ = 470 nm. 
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Table 7.1 Calculated FRET efficiencies (E) and dye spacing’s from fluorescent data using (1) and (2).  

  DNA-

hybrid 

Efficiency 

1 step 

Efficiency 

2 step 

Spacing (Å) 

λex = 470 nm 

  

  

  

  

1+2 0.0137   128 

1+2 CP 0.133   86.0 

1+3 0.00310   164 

1+3 CP 0.0276   114 

1+2+3 0.0121 0.0033 131 

1+2+3CP 0.113 0.0540 89.0 

λex = 564 nm  

  

  

2+3 0.0427   122 

2+3 CP 0.141   92.5 

1+2+3 0.0204   132 

1+2+3CP 0.168   90.0 

Using the refractive index of water and a random orientation of the dyes, the 

average distance between the dyes was calculated. Dyes separated by one rigid 

and one flexible linker go from a separation of 11.7 nm for the free dye system 

to 9.0 ± 0.3 nm for the encapsulated system. While the separation of dye 1 to 

dye 3, with 2 rigid and 2 flexible chains is decreased during encapsulation from 

16.5 to 11.4 nm. To confirm if these results fit with theoretical calculations for 

the unencapsulated DNA hybrids the end to end distance was calculated, which 

is assumed similar to the average dye-dye distance. The dsDNA is assumed 

rigid19 and has a length of 3.32 Å/bp.26 The 5 nt linker to the DNA is 6.76 Å/nt,27 

together with the literature persistence length 20 was used as input for formula 

(4). The length of the 15 nt flexible linker depends on the salt concentration, for 

which the experimental value of 5.3 nm from literature was used.28 The dyes 

were attached to the DNA with C6 linkers and the resulting end to end distance 

was again calculated using formula (4) with literature data.29 These values were 

taken as input for equation (5), which gives a radius of 12.1 nm for the direct 

neighbor separation (1+2 and 2+3 dyes). For the 1+3 dye pair it gives 16.5 nm, 

which is close to the spacings found experimentally. 
 

(4) 𝑅𝐹
2 = 2𝐿𝑝[𝐿𝑐 + 𝐿𝑝(𝑒−𝐿𝑐/𝐿𝑝) − 1)] 

(5) 𝑅𝐹
2 = ∑ < (𝑟𝑖 − 𝑟𝑗)2 > 

 

With 𝐿𝑝 the persistence length of the DNA polymer, 𝑟𝑖 − 𝑟𝑗 the separation of 

the subunits and 𝐿𝑐  the contour length of the polymer segment. 
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The most probable explanation for the decreased separations in the 

encapsulated system is that the negatively charged DNA has an interaction with 

the positively charged arginine-rich motifs (ARMs) on the N-terminus of the 

capsid proteins, which are also found in other viruses.30 Some of the CPs can 

spontaneously lose this ARM, but an intact protein is needed for the initial DNA-

CP binding. This leads to the (cooperative) formation of the VLP by bringing 

capsid proteins in close proximity of each other 31. In the formed capsids, the 

DNA is confined and presumably the degrees of freedom of the DNA are 

restricted in this way. Because of the net positive charge of the dyes, it is likely 

that these point inwards into the cavity of the VLPs due to charge repulsion by 

the positively charged capsid proteins, additionally increasing the FRET 

efficiency. Literature suggests that the increase in FRET efficiency can be 

calculated using formula (3),24 which gives E = 0.046 for our data, but the 

resulting efficiency for the two-step FRET is 17% higher. This increase in 

multiple step FRET efficiency in the capsid and likely also for the one step FRET 

can be explained by an antenna effect,5 as the virus likely encapsulates between 

two to three DNA-hybrid strands. This availability of multiple FRET routes 

results in higher efficiencies. The presence of multiple DNA strands per VLP can 

be explained by charge compensation between the ARMs and DNA.32 

To confirm that this system is useful for disassembly studies and that the 

increase in FRET efficiency is a consequence from the encapsulation of the DNA-

dye-hybrid inside the VLPs, the encapsulated system was digested with trypsin. 

This enzyme degrades the capsid proteins resulting in the release of the DNA-

dye-hybrid from the confinement of the VLP. The fluorescence emission 

spectrum of the trypsin digested sample is similar to that of the unencapsulated 

system (Figure 7.4B-D), confirming that the increase in fluorescence is 

originating from the formation of virus-like particles and not from random 

capsid protein-DNA interactions. Furthermore, the encapsulated samples were 

treated with DNase I, which cleaves the strand randomly, in that way releasing 

the dyes from the DNA strand. A minimal change in the energy transfer is 

observed, indicating that the VLP capsid protects the encapsulated DNA against 

nuclease, which has previously been shown for encapsulated RNA.32 
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 Conclusions and outlook  

This work shows the successful formation of CCMV VLPs around short DNA-dye 

constructs, containing a mixture of both double- and single-stranded DNA. 

Based on the size, the resulting particle sizes correspond to T = 1 or pseudo T = 

2 icosahedral symmetry. The encapsulation of this DNA-photonic wire in the 

VLP resulted in almost 8-fold increase in FRET efficiency of one-step FRET 

systems and an increase of 16-fold for a two-step energy transfer. Furthermore, 

decomposition of VLPs by trypsin digestion yields an energy transfer signal 

similar in intensity as the signal before encapsulation, suggesting that FRET 

must be induced by the capsid formation and not by protein-DNA interactions. 

Consequently, the FRET system can be used as a probe to study the assembly 

and disassembly of viruses.  

Overall, the system we developed is a probe for virus disassembly and cargo 

release, which can possibly be applied to other viruses as well. This can be 

especially useful in virus life-cycle analysis in cells. Also, it can be used as a FRET-

based sensor during force-based measurements on a virus to indicate cargo 

leaching or virus breakdown.33 Alternatively, a fully double-stranded DNA 

photonic wire could be used as a template for encapsulation, which would 

result in rods enveloped in protective virus coats, useful for light harvesting and 

energy transfer.16, 34 We used a similar FRET-based system to study CCMV-CPs 

interactions with α-synuclein, to discover new treatments for Parkinson's 

disease, but this is outside the scope of this thesis. Future work of our group 

will focus on using the DNA hybrids to load different cargos, such as drugs or 

proteins, in specific ratios inside virus-like particles and to apply this probe to 

monitoring the disassembly of nanoreactors during intracellular delivery.34, 35 
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DNA hybridisation 

DNA with and without dyes was synthesized by Eurofins and dissolved in water 

at 200 µM before use. The three different DNA-dye-tags (5’-AAA AAT GCA AGG 

CAG ATT CAC CGA CTG GAT CAA TT-3’, 5’-AAA AAG GCC GTG ACC TAT TGC TAC 

GAC TGC TAT TC-3’ and 5’-AAA AAA GCT CCA CCG ACT TTA CGA CGC CAA TTT 

GC-3’), modified at the 5’ with ATTO 488, 565 and 647N dyes (ATTO-TEC) 

respectively, were hybridized with the 120 nt ssDNA templating strand (5’-AAT 

TGA TCC AGT CGG TGA ATC TGC CTT GCA GAG AGG GAA GAA GAG GAA TAG 

CAG TCG TAG CAA TAG GTC ACG GCC AAG AAG GAG GGA AGA GCA AAT TGG 

CGT CGT AAA GTC GGT GGA GCT-3’) in 2:2:2:1 ratio in Tris-HCl buffer pH 8 with 

5 mM MgCl2 and 0.1% SDS overnight. After the incubation, the resulting DNA-

hybrids were purified using agarose gel electrophoresis with a 1.5% gel run for 

2.5 hours at 100 V, stained with SYBRsafe. The gel was imaged on a visi-blue 

transilluminator (UVP). It was possible to separate the newly formed hybrid 

from the ssDNA template strand due to the different rate of migration of ssDNA 

and double-stranded DNA (dsDNA).22 The desired bands were cut from the gel 

and purified using ‘Wizard SV gel and PCR clean-up system’ (Promega). The 

purified DNA was eluted in MilliQ. Alternatively, size exclusion chromatography 

(FPLC) with a superpose 6/300 column on an Äkta purifier (GE Healthcare) was 

used to analyse and separate the unbound DNA-dye-tags from the fully formed 

DNA hybrid. The samples were analyzed using UV-vis to determine the 

concentration, DNA/dye and dye/dye ratios using the Lambert-Beer law. The 

ATTO 488, ATTO 565 and ATTO 647N extinction coefficients: λ = 9.0×104, 

1.2×105, 1.5×105 M-1cm-1 and correction factors at λ = 260 nm of 0.22, 0.27 and 

0.04 were used for the calculations respectively. For DNA, the extinction 

coefficient was calculated36 assuming the number of ssDNA and dsDNA 

nucleotides in the resulting DNA hybrid, for example the DNA-hybrid with all 

three dyes has 45 nt or 90 bp.  

Production of CCMV capsid proteins 

CCMV was produced in black eyed pea plants according to the method 

developed by Verduin and adapted by Comellas Aragonès.37, 38 In short: 10 days 

after planting the beans the cowpea plants were infected with the virus, 

followed by another 10 days of growth. The leaves were harvested without the 

stems, crushed and mixed with a pH 4.8 buffer containing 0.2 M sodium 



Chapter 7 | DNA-based probes for viral (dis)assembly  

 

167 
 

7 

acetate, 10 mM ascorbic acid, 10 mM disodium EDTA, followed by filtration 

using a cheesecloth, centrifugation and again filtration. Then PEG-6000 

precipitation was applied. The virus was reconstituted in pH 5 acetate buffer 

and subjected to 16h ultracentrifuge step in 33 % (w/w) CsCl at 10°C and 

255,000 G in a Sorvall WX80 ultracentrifuge. Successful virus formation was 

verified using size exclusion chromatography on a superpose 6/300 column, UV-

vis absorbance and SDS-PAGE using Mini-PROTEAN® TGX Stain-Free™ Precast 

Gels. The virus was dialyzed from virus buffer (0.1 M sodium acetate, 1 mM 

disodium EDTA, 1 mM sodium azide, buffered at pH 5.0) to RNA isolation buffer 

(50 mM Tris, 0.5 M CaCl2, 1 mM DTT, buffered at pH 7.5). The viral RNA was 

precipitated and pelleted by overnight centrifugation at 14,100 G. The 

supernatant containing the dimer of the capsid proteins (CP) was dialyzed to 5X 

assembly buffer (250 mM Tris, 250 mM NaCl, 50 mM KCl, 25 mM MgCl2, pH 7.2). 

Successful removal of the RNA was confirmed by a 280/260 ratio above 1.55 

and concentration of CP was determined using a 280 nm extinction coefficient 

of 24,075 M-1cm-1. 

Assembly studies 

Assembly was induced by lowering the salt concentration in the presence of 

DNA. The capsid protein in 5X buffer was mixed in a 4:1 (v/v) ratio with the DNA 

in MilliQ. The respective solutions were diluted to achieve a final mass ratio of 

CP/DNA of 6, which is considered the optimum ratio for RNA encapsulation.32 

This resulted in a 1X assembly buffer (50 mM Tris, 50 mM NaCl, 10 mM KCl, 5 

MgCl2, pH 7.2), which was determined to be optimal for capsid assembly around 

nucleic acids. The assembly mixtures were incubated overnight at 4°C. Native 

Agarose gel electrophoresis stained with SYBR-safe DNA stain was used to show 

the reduced migration of the DNA in the gel and thus formation of virus-like 

particles (Figure 7.5). The gels were subsequently stained overnight with 

Colloidal coomassie stain (Bio-Rad), followed by overnight destaining in MilliQ. 

The gels were analyzed on a gel-doc EZ imaging system (Bio-Rad).  



Chapter 7 | DNA-based probes for viral (dis)assembly 

168 
  

    7 

 
Figure 7.5 Agarose gel electrophoresis of the different DNA constructs with (from left to right) the 

free capsid protein dimers, 50 bp ladder, the 120 and 35 nt starting materials, the different DNA 

constructs with the ATTO 488 (1), 565 (2) and 647N (3) dyes attached. On the right side of the gel: 

the encapsulated samples before removal of the capsid proteins. A) is stained for DNA with 

SYBRsafe and B) is the same gel stained with the protein stain coomassie blue. 

The assembled particles were purified using FPLC with the 1X assembly buffer, 

on a superpose 6 column, or alternatively in 100 kDa MWCO spin filters 

(Millipore) at 4000 G with 4 times refreshing of the buffer to remove unbound 

CP and DNA. The size distribution of the VLPs was measured with dynamic light 

scattering (DLS) in a Microtrac Nanotrac Wave W3043. The viscosity and 

refractive index of the buffer were assumed to be identical to water and for 

VLPs the refractive index of n = 1.54 is used. Furthermore, the VLPs were 

imaged with transmission electron microscopy (TEM) on an FEG-TEM (Phillips 

CM 30) operated at 300 kV acceleration voltages. Samples were prepared on 

formvar Carbon 200 copper grids by incubating the samples for 1 min, draining 

the liquid, followed by 1% uranyl acetate staining for 15 sec. The diameter of 

imaged particles was measured with ImageJ to determine the size distribution. 

Each particle was measured in two orthogonal directions. Concentrations and 

the ratios of the different dyes on the templating DNA strand were determined 

using a PerkinElmer Lambda 850 UV/vis spectrometer and a Nanodrop 1000 

(ThermoFisher scientific).  
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Fluorescence studies 

The fluorescence of the separate ATTO 488, 565 and 647N dye tags, different 

DNA-dye hybrids and DNA-dye hybrid VLPs were studied on a PerkinElmer LS55 

fluorescence spectrometer, all using the same filters and concentrations. 

 

Figure 7.6 A) Excitation and emission spectra of the used ATTO dyes, B) Theoretical graph of the 

FRET efficiency, calculated using Formula (1) with R0 values of 6 3Å for ATTO 488-ATTO 565 (1+2), 

49 Å for ATTO 488- ATTO 647N (1+3) and 69 Å for the ATTO 565- ATTO 647N (2+3) dye FRET pairs. 

C) Structures of the ATTO-tec dyes. 

For the FRET measurements, excitation wavelengths of λ = 470 and 564 nm 

were used, having optimal excitation of the donor with minimal direct 

excitation of the acceptor(s). The graphs are from normalized data at maximum 

emission. From the original sensitized data, with at least 3 repeats, the area 

under the curve of the emission for the different dyes was determined using 

Origin software after subtraction of the background, direct excitation and 

contribution of the donor(s). Results were corrected for slight differences in 

concentrations. The structures, the separate excitation and emission spectra of 

the dyes and their theoretical FRET efficiency to separation distance graphs are 

shown in Figure 7.6.   
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Summary 
 

Various protein-based organelles exist in nature that are involved in a wide 

variety of different metabolic pathways. However, the exact benefit and 

function of protein-based organelles is still not completely understood. In the 

first part of this thesis, we create virus-based nanoreactors to mimic these 

organelles, to gain more understanding about the benefits of performing 

reactions inside a protein capsid. Furthermore, we investigated their potential 

use for medical applications. To improve on the current design, it is important 

to understand both the assembly of the virus(-like) particles and their cellular 

interaction. Therefore, in the second part of this thesis we aim to understand 

the assembly processes of a virus protein capsid and to find the optimal shape 

for virus-based nanostructures for cellular uptake.  

This thesis starts with a literature review on nanoreactors, evaluating some 

natural protein-based organelles and the strategies to encapsulate non-native 

enzymes in protein cages. Here, interesting (assembly) properties of the 

cowpea chlorotic mottle virus (CCMV) are described. These properties 

indicated that it is a good candidate for the fabrication of nanoreactors and 

nanostructures. We therefore used the capsid proteins (CPs) of CCMV for the 

fabrication of our nanoreactors. This was done by encapsulating various 

enzymes with different sizes using a charge-based encapsulation approach. In 

this approach the used enzymes: thrombin, luciferase, horseradish peroxidase, 

glucose oxidase, L-asparaginase and β-galactosidase, were modified with either 

polystyrene sulfonate or single stranded DNA (ssDNA). When these are mixed 

with free CPs at neutral pH and physiological ionic strength this results in a 

cargo directed encapsulation, where approximately one enzyme is 

encapsulated per capsid. The formed particles were monodisperse with 

average diameters between 16 and 24 nm, depending on the size of the 

encapsulated enzyme. Further analysis with Cryo-EM 3D reconstruction 

revealed that the particles were well-defined T = 1 or pseudo T = 2 particles 

with icosahedral symmetry. These icosahedral structures have large and 

dynamic pores that allow reactants to diffuse into and out of the protein capsid, 

which was utilized during catalytic evaluation. Most, but not all, of the enzymes 
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retain their activity and we show that the capsid around the enzymes can 

change the catalytic behaviour. The degree to which the activity is affected 

depends on the used substrate.  

To explore their medical applications, the fabricated virus-based nanoreactors 

were evaluated with cancer cells to show their intracellular and extracellular 

functioning. The intracellular function was evaluated using the β-galactosidase 

based nanoreactor, where the uptake, activity and stability of these particles 

was monitored in cancer cells. The nanoreactors show an increased intracellular 

enzymatic activity compared to non-encapsulated enzymes. This beneficial 

effect of the capsid was confirmed in a test with a protease substrate, which 

showed that the virus shell protects the enzymatic cargo when entering the cell.  

For the extracellular function, the L-asparaginase based nanoreactor was used. 

This nanoreactor outperformed the free enzyme in killing acute lymphoblastic 

leukemia cells and can therefore be a potential new treatment for this type of 

cancer. The results from these two cases show that CCMV-based nanoreactors 

are useful for the delivery and protection of enzymes, with clear potential for 

medical use.  

To understand the assembly of virus protein capsids, we investigated how the 

capsid proteins (CP) of CCMV assemble around DNA into well-defined 

structures at neutral pH. Therefore, different types of DNA with varying lengths 

were used during the assembly with CP. This study includes ssDNA to form 

spherical structures and double stranded DNA (dsDNA) to form rods. We found 

that increasing the lengths of the used DNA resulted in faster assembly and in 

the formation of larger spheres or longer rod-like structures. We also found that 

for ssDNA a length of 14 nucleotides is the minimum length required to induce 

the assembly of full virus-like particles under the used conditions. The spherical 

structures were determined to be a mixture of icosahedral structures. They also 

contain slightly elongated non-icosahedral structures, which have not been 

observed before for CCMV or other viruses.  

To further study the assembly of viruses, we developed a new FRET-based 

probing strategy. Three different fluorescent ATTO dyes were linked to three 

different ssDNA oligomers, which were hybridized to a longer ssDNA strand. 
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Upon assembly of the CPs this resulted in a 16-fold increase in FRET efficiency. 

When the formed constructs are disassembled, this FRET signal is fully reduced 

to the value before encapsulation. This makes it an effective probe for 

assembly, which potentially can be designed with the natural nucleic acid cargo 

of viruses.  

The cellular uptake route of the CCMV virus and shape dependency of viruses 

during their uptake are still not completely understood. Therefore, we 

investigated the cellar uptake route and intracellular positioning of spherical 

and rod-like CCMV-based nanostructures into multiple cell lines. The results 

show that multiple routes are possible for CCMV-based nanostructures and the 

pathways for uptake depend only slightly on the shape of the viral particle and 

cell type. The uptake mechanism in Hela cells was investigated in more detail 

and we discovered that almost all the nanostructures show clathrin-mediated 

endocytosis as the main uptake route. With confocal analysis, we confirmed 

that all the nanostructures are indeed endocytosed by cells because the 

structures colocalize with the endosomes after 4 hours. Further in vivo 

evaluation in zebra fish embryos revealed that most of the native CCMV is taken 

up by neutrophils. This triggered us to perform an initial study to use CCMV-

based nanostructures for gene delivery to macrophages, with potential use in 

vaccine development.  

Overall, we showed the potential of using the CPs of CCMV in medical 

applications. The used nanoreactors show a clear benefit over non-

encapsulated enzymes during the cell studies. This opens up the possibility of 

using them for the treatment of cancer, various enzyme deficiency diseases and 

their use as ‘on site’ drug producers, either using pro-drugs or natural 

metabolites as substrates. Additionally, the results from the DNA-based 

assemblies give insight in the encapsulation and the cell uptake process, which 

can be used to encapsulate various nucleic acid materials including mRNA, 

siRNA and plasmids. This can be used in vaccination, gene regulation and gene 

therapy. The results on the assembly and uptake of CCMV into cells are also 

relevant to discover trends in other viruses. These discoveries can help in the 

development of anti-viral drugs. However, not all applications of a virus are in 

the medical field. The virus-based nanoreactors and can, for example, also be 
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used as industrial catalysts, in sensors and in other functional nanomaterials. 

The nanostructures can be used to create nanowires, to stabilize nanoparticles 

and to fabricate highly ordered assemblies. To realize this potential, more 

research needs to be done before CCMV and its different nano-constructs can 

find its way into the various applications. For example, the purity needs to be 

improved and the production needs to be upscaled. Also, more in vitro and in 

vivo tests are required to show the medical effects of these structures, because 

op their potential immunogenicity. The reaction of the immune system on the 

plant virus should be studied.  

We can conclude that the results presented in this thesis form a solid basis for 

further research in the use of CCMV for medical and other applications. The 

benefits of the virus-based nanoreactors and nanostructures will hopefully lead 

to the development of new drug formulations. Thus viruses will not only make 

us ill, but eventually make us better instead. 
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Samenvatting 
 

In alle levende organismen komt men organellen tegen die gemaakt zijn van 

eiwitten. Deze zijn betrokken bij een grote verscheidenheid aan metabolische 

processen. Het is echter nog niet precies bekend wat de voordelen en functies 

zijn van deze eiwit organellen. In het eerste deel van dit proefschrift proberen 

we hier meer over te weten te komen door deze organellen kunstmatig na te 

bootsen met behulp van de capside van een virus. Daarnaast hebben we ook 

bekeken hoe deze nanoreactoren toegepast kunnen worden als medicijnen. 

Om het huidige ontwerp te verbeteren is het belangrijk om de assemblage van 

het virus en hun opname in cellen te bestuderen. Daarom is in het tweede deel 

van dit proefschrift de assemblage en opname in cellen van virale eiwitkooien 

met verschillende structuren onderzocht.  

Dit proefschrift begint met een literatuuroverzicht over nanoreactoren. Daarbij 

wordt gefocust op natuurlijke eiwit organellen en op de verschillende manieren 

om niet natuurlijke organellen te maken, door het encapsuleren van enzymen 

in de eiwitkooien. In dit overzicht zijn de interessante assemblage 

eigenschappen van de cowpea chlorotic mottle virus (CCMV) beschreven, die 

het maken van nanostructuren en nanoreactoren vergemakkelijkt. Daarom 

hebben we ervoor gekozen om de capside eiwitten (CP) van CCMV te gebruiken 

om onze nanoreactoren te maken. Deze nanoreactoren zijn gemaakt door 

verschillende enzymen te encapsuleren in de eiwitkooi van CCMV met een 

lading gebaseerde methode. Hierbij werden de enzymen: thrombine, 

luciferase, horseradish peroxidase, glucose oxidase, L-asparaginase en β-

galactosidase gefunctionaliseerd met polystyreen sulfaat en enkelstrengs DNA 

om ze een negatieve landing te geven. Deze werden gemengd met de capside 

eiwitten bij neutrale pH en fysiologische zout concentratie. Dit resulteerde in 

een assemblage waarbij ongeveer één enzym door een eiwitkooi werd 

ingekapseld. De gevormde deeltjes waren monodispers en hadden een 

gemiddelde diameter tussen de 16 en 24 nm. Deze diameters waren afhankelijk 

van de grootte van het ingekapselde enzym. Verdere analyse met 3D 

reconstructie onthulde dat de deeltjes een goed gedefinieerde structuur 

hadden met een T = 1 of pseudo T = 2 icosahedrale symmetrie.  
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Deze icosahedrale structuren hebben grote en dynamische poriën die het 

mogelijk maken dat reactanten door de eiwitkooi heen kunnen diffunderen. 

Hiervan werd gebruik gemaakt tijdens katalytische evaluaties van deze 

structuren. Niet alle, maar de meeste ingekapselde enzymen behielden hun 

activiteit. Hierbij lieten we verder zien dat, afhankelijk van het gebruikte 

substraat, de capside de enzymatische reactie kan beïnvloeden.  

Om de medische toepassingen te verkennen, hebben we de gemaakte 

nanoreactoren geëvalueerd met kankercellen. Hierbij hebben we gekeken naar 

de intracellulaire en extracellulaire functie van deze structuren. Voor de 

intracellulaire evaluatie hebben we de opname, activiteit en stabiliteit van de 

op β-galactosidase gebaseerde nanoreactor in Hela cellen geanalyseerd. De 

nanoreactoren lieten hierbij een verhoogde intracellulaire enzymatische 

activiteit zien, ten opzichte van de niet ingekapselde enzymen. Dit goede effect 

van de eiwitkooi was bevestigd in een test met een protease substraat. Dit liet 

zien dat de virus capside de eiwitkooi beschermt wanneer deze de cel in gaat.  

Voor de extracellulaire functie hadden we een nanoreactor gebruikt die was 

gebaseerd op l-asparaginase. Deze reactor was beter dan het vrije enzym bij het 

doden van acute lymfatische leukemiecellen. Deze nanoreactoren hebben 

daarom potentie als een nieuwe behandelingsmethode voor dit type kanker. 

De resultaten van beide laten zien dat op CCMV gebaseerde nanoreactoren 

nuttig zijn voor de bescherming en het verhogen van de activiteit van enzymen, 

met een duidelijk potentieel voor medisch gebruik.  

Om inzicht te krijgen van de assemblage van virussen hebben we onderzocht 

hoe de capside eiwitten van CCMV om DNA assembleren in gedefinieerde 

structuren. Hiervoor hadden we verschillende typen en lengten van DNA 

gebruikt tijdens de assemblage van de capside eiwitten bij neutrale pH. Hierbij 

werd enkelstrengs DNA gebruikt voor de vorming van bolvormige structuren en 

dubbelstrengs DNA om staafvormige structuren te vormen. We ontdekten dat 

een grotere lengte van het gebruikte DNA resulteerde in snellere assemblage 

en in de vorming van grotere bollen of langere staafachtige structuren. Ook 

vonden we dat DNA-ketens met een lengte van 14 nt de minimaal vereiste 

lengte zijn voor assemblage tot volledige virusachtige deeltjes, bij de gebruikte 

condities. 3D analyse liet zien dat de bolvormige structuren een mengsel is van 
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verschillende icosahedrale structuren. Daarnaast bevatte ze ook enigszins ovale 

niet-icosaëderstructuren, die nog niet eerder zijn waargenomen voor CCMV.  

Om de assemblage van virussen verder te bestuderen, hebben we een nieuwe 

strategie ontwikkeld op basis van de nucleotide lading van een virus. Hierbij 

hebben we drie verschillende fluorescente ATTO-kleurstoffen gekoppeld aan 

oligomeren van enkel strengs DNA. Deze kunnen dan met een langere DNA-

streng gehybridiseerd worden. Bij assemblage van het virus resulteerde dit in 

een 16-voudige toename van Förster resonance energy transfer (FRET)-

efficiëntie. Wanneer de gevormde constructies worden gedisassembleerd, 

wordt dit FRET-signaal volledig teruggebracht tot de waarde van voor de 

assemblage. Dit maakt het een effectieve probe voor de assemblage die kan 

worden ontworpen en dus toegepast worden op de nucleotidesequenties van 

verschillende andere virussen. 

Het is nog niet echt bekend wat de opname route van het CCMV virus en de 

vormafhankelijkheid van de virus opname in cellen is. Daarom hebben we de 

cel opname route en de intracellulaire positionering onderzocht van de eerder 

gemaakte sferische en staaf vormige CCMV-gebaseerde nanostructuren. Dit 

was gedaan in verschillende cellijnen. De resultaten lieten zien dat er meerdere 

opname routes zijn voor de nanostructuren, welke maar voor een deel 

afhankelijk zijn van de vorm van de deeltjes en de cel type. De opname route in 

HeLa cellen was in meer detail onderzocht en we ontdekten dat alle 

verschillende virus structuren clathrin afhankelijke endocytose gebruiken als de 

belangrijkste opname route in de cel. Met co-lokalisatie analyse hebben we 

deze endocytose route bevestigd en laten we zien dat na 4 uur incubatie in 

cellen een groot deel van de structuren in de endosomen zitten. Verdere in vivo 

evaluatie in de embryo’s van zebra vissen liet zien dat het natuurlijke CCMV 

virus hoofdzakelijk wordt opgenomen in witte bloedcellen. Dit resultaat heeft 

ons ertoe bewogen om een korte studie te doen met de op CCMV gebaseerde 

nanostructuren voor gen therapie, wat mogelijk toegepast kan worden voor de 

ontwikkeling van vaccins.  

Over het geheel heeft het werk dat gepresenteerd is in dit proefschrift de 

potentie laten zien voor het gebruik van CCMV gebaseerde nanostructuren 

voor medische toepassingen. De nanoreactoren hebben duidelijke voordelen 
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tijdens de cel studies, wat de mogelijkheid geeft om ze te gebruiken voor de 

behandeling van kanker, metabolische ziekten en als ‘op locatie’ producenten 

van medicijnen. Dit laatste punt kan doormiddel van pro-medicijn conversie of 

het gebruik van metabolische component voor de productie van het medicijn 

in de gewenste cellen. De resultaten van de op DNA gebaseerde nanostructuren 

geven inzicht in het inkapselproces en opname in cellen. Dit kan gebruikt 

worden als transfectie hulp voor verschillende nucleotide gebaseerde 

materialen zoals mRNA, siRNA en plasmides. Deze kunnen gebruikt worden 

voor vaccinatie, genregulatie en gentherapie. Naast deze toepassingen kan het 

inzicht in de assemblage en opname in cellen van CCMV ook meer informatie 

geven over andere virussen. Deze informatie kan gebruikt worden voor de 

ontwikkeling van nieuwe anti-virale medicijnen.  

Naast de net genoemde medische toepassingen, zijn er ook andere mogelijke 

toepassingen buiten het medische veld. Nanoreactoren kunnen bijvoorbeeld 

ook toegepast worden als industriële katalysatoren, in sensoren en andere 

functionele materialen. Ook nanostructuren kunnen gebruikt worden voor de 

fabricage van bijvoorbeeld elektrische nanodraden, bij de stabilisatie van 

(anorganische) nanodeeltjes en structuren met hoge moleculaire orde. Maar 

voordat CCMV gebaseerde materialen echt toegepast worden moet er nog wel 

meer onderzoek gedaan worden. Zo moet de zuiverheid van de structuren 

beter worden, net als de stabiliteit en moet er een manier worden gevonden 

om grotere hoeveelheden te maken. Ook meer in vitro en in vivo testen zijn 

nodig om hun medische effecten te bevestigen. Daarnaast moest ook 

onderzocht worden of het immuunsysteem van invloed kan zijn op de functie.  

Samenvattend kunnen we zeggen dat de resultaten gepresenteerd in dit 

proefschrift een goede basis vormen voor verder onderzoek naar het gebruik 

van CCMV in medische toepassingen. De daarbij gevonden positieve 

eigenschappen van de op virus gebaseerde nanoreactoren en nanostructuren 

zullen hopelijk leiden tot nieuwe medicijnen. Op deze manier zullen virussen 

ons in de toekomst niet alleen ziek, maar in plaats daarvan juist beter maken.
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