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Zusammenfassung 

Proteincontainer haben als Bausteine für den Aufbau neuartiger biohybrider Materialien an 

Interesse gewonnen. Sowohl die Beladung als auch der Aufbau der Proteincontainer können 

verändert werden, wodurch verschiedene Materialien mit neuartigen Eigenschaften entstehen. 

Mit Proteincontainern lassen sich leicht hochgradig geordnete Assemblierungen erreichen, 

wodurch die größten Herausforderungen bei den Assemblierungen von Nanopartikeln 

überwunden werden. Nanoskalige biohybride Materialien, die auf mit Nanopartikeln beladenen 

Proteincontainern basieren, werden durch einen innovativen Designansatz mit entgegen-

gesetzt geladenen Proteincontainern als Bausteine geschaffen. 

 

In dieser Arbeit wurden die Kristallisationsbedingungen für neuartige geladene 

Proteincontainer untersucht und optimiert. Abhängig von der Proteinvariante und den 

Kristallisationsbedingungen, wurden unterschiedliche Zusammensetzungen gefunden und im 

Rahmen dieser Arbeit diskutiert. Außerdem wurde der Einfluss der Temperatur auf die 

Kristallisationsexperimente untersucht. Die Proteincontainer wurden mit Nanopartikeln über 

einen Dis- und Reassemblierungsansatz beladen. Mit Goldnanopartikeln beladene Proteine 

wurden zu biokompatiblen Substraten für künftige Anwendungen wie oberflächenverstärkte 

Raman-Streuung kristallisiert. Proteincontainer unterschiedlicher Größe wurden zu neuartigen 

heterobinären Strukturen zusammengesetzt. Beide Container wurden mit Nanopartikeln 

beladen, was zu dicht gepackten Nanopartikel-Übergittern führte. Die Nanopartikel-Übergitter 

könnten zukünftig Anwendung in der verfolgbaren Katalyse oder der Magneto-Plasmonik 

finden. Darüber hinaus wurden neue Ansätze zur Strukturbestimmung auf der Grundlage von 

Nanopartikel-Supergittern auf proteinbasierte Assemblierungen angewandt. In Fällen, in 

denen die Auflösung eines Proteinkristalls aus Röntgenbeugungsexperimenten nicht 

ausreichte, konnte die Beugung an den Nanopartikelübergittern untersucht werden. Darüber 

hinaus wurde eine hocheffiziente Fluorophor-Markierung von Proteincontainer erreicht. 

Fluoreszierende Proteincontainer wurden als neuartiger Baustein für den Aufbau von 

fluoreszierenden Proteinkristallen verwendet. Schließlich wurden die Wechselwirkungen 

zwischen Goldnanopartikeln und Fluorophoren mittels Konfokalmikroskopie untersucht. 



 

 

Abstract 

Protein containers have gained interest as building blocks for the assembly of novel biohybrid 

materials. The cargo loading as well as the assembly of the protein containers can be altered, 

resulting in various materials with novel emerging properties. Highly ordered assemblies can 

easily be achieved with protein containers, overcoming major challenges in nanoparticle 

assemblies. Nanoscale biohybrid materials based on nanoparticle loaded protein containers 

are created by an innovative design approach with oppositely charged protein containers as 

building blocks. 

 

In this work, crystallization conditions for novel supercharged protein containers were screened 

and optimized. Depending on the protein variant and crystallization condition, different 

assemblies were found and discussed within this work. Moreover, the influence of temperature 

on the crystallization was observed. Protein containers were loaded with nanoparticles via dis- 

and reassembly approach. Gold nanoparticle loaded proteins were crystallized towards 

biocompatible substrates for future applications such as surface enhanced Raman scattering. 

Protein containers of different sizes were assembled into novel hetero binary structures. Both 

containers were loaded with nanoparticles, resulting in densely packed nanoparticle 

superlattices. The nanoparticle superlattices might give access to future applications in 

traceable catalysis or magneto-plasmonics. Moreover, new approaches for structure 

determination based on nanoparticle superlattices were applied on protein-based assemblies. 

In cases, where the resolution of a protein crystal from X-ray diffraction experiments was not 

sufficient, diffraction of the nanoparticle superlattices could be investigated. In addition, highly 

efficient fluorophore labeling of protein containers was achieved. Fluorescent protein 

containers were used as a novel building block for the assembly of fluorescent protein crystals. 

In the end, interactions between gold nanoparticles and fluorophores were investigated in 

confocal microscopy.  
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Introduction 

1 

1 Introduction 

Over the last decades, nanoparticles have moved into the focus of research due to their 

physical and chemical properties. Depending on their size and surface area, different 

properties are reported.[1,2] Precise nanoparticle arrangements into well-defined structures are 

desired to enable effects such as strong plasmon coupling between plasmonic particles. In 

general, nanoparticle superlattices are promised to feature e.g. magnetic or optical properties 

single particles do not. Moreover, superlattices composed of two different kinds of 

nanoparticles (binary superlattices) facilitate the possibility combining effects. The combination 

of for example plasmonic and magnetic nanoparticles may lead to the emerge of novel 

properties. Many possible applications such as catalysis,[3] imaging,[4] data storage,[3] drug-

delivery[5] and optics[6] are in application or discussion. 

For the assembly of nanoparticles, many approaches focus on the assembly based on complex 

nanoparticle ligand shells. Very monodisperse nanoparticles are desired to assemble in 

materials with distinct properties. On the other hand, inhomogeneous particles lead to a 

decrease in high order. In conclusion, new approaches are mandatory. In nature, protein 

containers are used to encapsulate and protect proteins or enzymes.[7,8] Protein containers can 

also be exploited to feature non-native cargo.[9,10] In addition, biological structures can also be 

used as a template for bioconjugation to combine biocompatibility and physical properties that 

were not possible before.[11,12] 

Protein containers can act as a novel building block and can be assembled into three 

dimensional assemblies via protein crystallization. After finding suitable crystallization 

conditions, the protein assemblies must be characterized. With one protein container variant, 

a variety of crystal structures can be achieved. Some of them feature either a close packing or 

high porosity. It's not that easy to assemble nanoparticles to form a different structure. Various 

protein containers materials have been reported, that enable unusual properties for nanoscale 

assemblies.[13,14] In general, protein container assemblies facilitate the control over the 

positioning and combination of nanoparticles or fluorophores in an highly ordered material.[15] 

In this work, an innovative strategy for the construction of biohybrid materials composed of 

nanoparticles and fluorophores based on supercharged protein containers is presented. 

Supercharged encapsulin and ferritin protein containers loaded with nanoparticles and 

fluorophores were chosen as building blocks for the assembly of novel hetero binary protein 

container assemblies. These novel binary assemblies loaded with gold nanoparticles and 

fluorophores were characterized via confocal imaging.
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2 Theoretical background 

In the following chapters the theoretical background for this work is presented. First, the focus 

is on the synthesis and optical properties of plasmonic gold nanoparticles. Afterwards, 

fluorophores and their application for protein labeling are explained and followed by 

semiconductor nanoparticles, in detail quantum dots. Protein containers in general but 

especially the Thermotoga maritima encapsulin are introduced. In the end, the assembly of 

previously shown nanoscale building blocks and their applications are discussed.  

 

2.1 Plasmonic nanoparticles 

Nanoparticles are a compound structure of atoms and defined as particles with characteristic 

dimensions from 1 nm to 100 nm.[16-19] Therefore, nanoparticles are classified between atomic 

and bulk matter. The physical and chemical properties of nanoparticles are highly dependent 

on their size and shape and not shared with particles above the nanoscale.[3,16,20] In comparison 

to bulk matter, single nanoparticles feature a higher surface to volume ratio. The higher ratio 

leads to an enhanced reactivity based on an increased number of reactive centers on the 

nanoparticle surface.[21] Depending on the nanoparticle size, different properties are observed, 

for example change in redox states or adsorption capacity.[22,23] Furthermore, the size-

dependent electronic properties of nanoparticles result in quantum size effects.[3] By increasing 

the size of nanoparticles, the position of the localized surface plasmon resonance (LSPR) 

(chapter 2.1.2) is shifted to a higher wavelength.[24] Additionally, the ligand shell composition 

influences the position of the LSPR of nanoparticles of the same size.[10,13,24] Noble metal atoms 

such as gold and silver are usually used for plasmonic nanoparticles. Novel materials based 

on plasmonic nanoparticles are of interest for applications such as sensing[25-27], bio-imaging[28-

30] and energy transfer[31-33].  

 

2.1.1 Synthesis and functionalization 

Nanoparticles can be synthesized in different sizes and with a large variation of ligands 

attached to the surface. Since the size influences the particle’s properties, several 

requirements are needed for the synthesis to achieve monodisperse size distributions and the 

targeted size. In addition, the nanoparticle shape contributes to the particle’s properties. A 

spherical gold nanoparticle is expected to feature different plasmonic properties than for 

example a star-shaped gold nanoparticle.[34] Furthermore, a specific control over the 

nanoparticle surface functionality and uniformity should be given.  

The synthesis of nanoparticles is based on ‘bottom-up’ or ‘top-down’ strategies.[35] In the ‘top-

down’ approach physical methods like laser or thermal ablation, sputtering or mechanical 
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milling are used.[35] For example, through mechanical milling, bulk material is milled to smaller 

particles. As a drawback from of the mechanical process, erosion occurs and impurities form. 

One further disadvantage of this approach are broad size distributions. On the other hand, 

large scale production of nanoparticles can be achieved.[36,37] The ‘bottom-up’ approach covers 

the chemical synthesis of nanoparticles. For this approach, nanoparticles are constructed from 

atoms or molecules in liquid phase through chemical reduction methods.[38-40] The nanoparticle 

size and shape can be controlled very precisely.[41,42]  

The theory and mechanism of nanoparticle formation by liquid phase reduction was originally 

investigated by VICTOR K. LAMER.[43] The model introduced by LAMER is most commonly used 

to describe nanoparticle growth.[44-46] In detail, the LAMER model can be divided into three 

phases (Figure 2.1). First, a rapid increase in concentration of free monomer leads to a 

saturation (cs) of the solution (I). After passing the critical level of supersaturation (cmin), the 

monomer faces a burst of nucleation (II). The nucleation process leads to a significant 

decrease in monomer concentration until the critical level of supersaturation (cmin) is reached. 

At that point, no further nucleation occurs due to the low monomer concentration. In the last 

phase, the particle growth starts (III). Monomers are further consumed, and particles grow until 

the saturation concentration (cs) is reached again.[43,44] After all particles are formed, the 

ripening process is taking place. The ripening process was first described in 1900 by WILHELM 

OSTWALD and is called the OSTWALD ripening.[47] Small particles feature high solubility and 

surface energy within a solution. Therefore, smaller particles tend to redissolve and allow larger 

particles to grow even further.[45,48] 

 

Figure 2.1: LAMER model for nanoparticle growth. Diagram of the three phases of nanoparticle growth and 

dependence of monomer concentration over time. Figure adopted from reference VREELAND et. al [44] with permission 

from American Chemical Society, copyright 2015. 

As a result of the large nanoparticle surface area and therefore their high surface energy, 

nanoparticle agglomeration and oxidation through their high reactivity are problematic. 
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Nanoparticles without any stabilizing agents are only stable under ultra-high vacuum 

conditions.[49] As a result, some sort of stabilization is needed in the solution. For stabilization 

three approaches based on electrostatic, steric and their combination can be applied.[49] In 

aqueous or polar solvents, positively or negatively charged ligand molecules on the 

nanoparticle surface will lead to repulsion with same charged nanoparticles. Due to this 

electrostatic repulsion, particles with the same charge will not agglomerate. The increase of 

the number of ligands enhances the nanoparticle stabilization.[50] The surface charge depends 

on the pH value of the solution and therefore influences the nanoparticle interaction. 

Dependent on the nanoparticle ligand, additional electrolytes present in the nanoparticle 

solution might weaken the stabilization and lead to particle agglomeration.[51-54] Large 

molecules that act as ligands for nanoparticles lead to steric stabilization. Typically, long alkyl 

chains are used as steric stabilizers for nanoparticles in apolar organic solvents.[42,49] 

Amphiphilic ligands based on polyethylene glycol (PEG) derivates allow nanoparticles to be 

soluble in various solvents.[55,56] A combination of both steric and electrostatic approaches 

leads to electrosteric stabilization. One example are polymer-stabilized nanoparticles.[57-61] 

Furthermore, the nanoparticle functionalization with different kind of molecules influences the 

solubility or binding affinity of the nanoparticles.[62-64] Molecules that act as a nanoparticle ligand 

bind to the nanoparticle surface by an anchoring group. Typically, anchoring groups are based 

on thiols[10,55,63] or amines[1,65-67]. Ligands with weak binding to the nanoparticle surface can be 

exchanged with ligands with higher affinity to the nanoparticle surface.[68,69] Furthermore, a 

ligand exchange can include the phase transfer of nanoparticles.[13,70] The choice of ligands 

does not only contribute to the stabilization of the nanoparticle. Moreover, the morphology of 

the nanoparticles can be controlled during synthesis to achieve various shapes.[71] Next to 

spheres, shapes such as rods, plates, cubes, wires and stars can be synthesized.[71-76] 

 

2.1.1.1 Gold nanoparticles 

The interest of the synthesis of monodisperse gold nanoparticles (AuNP) started decades ago 

and is still ongoing.[41,77-79] Next to gold nanoparticles, the synthesis of other noble metal 

nanoparticles such as silver gained interest.[74,75,80] Some of the best-known synthesis of gold 

nanoparticles are based on experiments by JOHN TURKEVICH.[41,81] The synthesis for gold 

nanoparticles by TURKEVICH is expected to follow the mechanism proposed by LAMER. In 

aqueous solution, the gold precursor is reduced with sodium citrate, which acts as both a 

reducing and a stabilizing agent (Figure 2.2).[77] 
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Figure 2.2: Gold nanoparticle synthesis based on the TURKEVICH method. Schematic reaction of tetrachloro-

auric acid and citrate to form citrate-stabilized AuNPs. Figure adapted from ZHAO et. al.[82] 

Over the last years, the gold nanoparticle synthesis proposed by TURKEVICH was improved by 

further investigating the synthesis.[41] Here, the citrate acts as an reducing agents. Also, the 

citrate ligand adsorbs to the gold nanoparticle surface through its carboxyl anchoring group. 

Moreover, citrate influences the pH of the solution. To gain control over the pH of the reaction 

and in conclusion the nanoparticle size, citrate buffer instead of citrate solution was 

introduced.[40] Additionally, ethylenediaminetetraacetic acid (EDTA) was introduced to achieve 

a narrower size distribution and increase particle uniformity. The influence of EDTA is not yet 

revealed, but it is assumed that the pH-dependent stabilization of certain crystal facets of the 

AuNPs leads to less anisotropic growth.[41] Due to the negative charge of the citrate, particle 

stability is given through electrostatic repulsion. Based on the weak binding of the citrate to the 

nanoparticle surface, a ligand exchange with ligands of higher surface affinity can be 

performed.[1,10,83,84] 

 

2.1.2 Optical properties of plasmonic nanoparticles 

Various different kinds of nanoparticles are presently investigated.[1,19,85] Nanoparticles offer 

properties such as magnetic[5,86] or mechanical[87,88] features. Furthermore, optical properties 

of plasmonic nanoparticles are of high interest.[24,89-93] Centuries ago, colloidal gold was 

integrated within objects, such as ruby glass or the famous LYCURGUS CUP.[94,95] In 1857, 

MICHAEL FARADAY was the first who published the relation between gold and its optical 

properties. FARADAY proposed an influence of the optical properties based on the nanoparticle 

diameter. Colloidal dispersions of gold were prepared by reducing an aqueous solution of a 

gold precursor until a deep red color was observed.[79] 

Optical properties of plasmonic nanoparticles are based on the local surface plasmon 

resonance (LSPR). The LSPR is described by the collective oscillation of the electron cloud of 

a metal nanoparticle excited by an electric field (Figure 2.3).[73,96]  
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Figure 2.3: Schematic diagram of localized plasmon resonance in nanoparticles. Figure adopted from 

reference WILLETS et. al[96] with permission from Annual Reviews, Inc., copyright 2007 

Light is an electromagnetic wave and interacts with particles smaller than the incident 

wavelength.[73,96,97] The electric field leads to an accumulation and displacement of electrons 

from their equilibrium position. The displacement creates uncompensated charge at the metal 

nanoparticle and results into a polarization of the nanoparticle surface. Due to Coulomb 

attraction, the electrons are dragged back to the equilibrium position, which leads to an 

oscillation of the electrons. Changes in the local dielectric environment influence the LSPR. 

These changes can be detected through an LSPR wavelength-shift measurement.[97,98] 

Furthermore, the metal itself, the particle size and shape influence the position of the plasmon 

resonance peak.[73,97,99-102] In 1908, GUSTAV MIE described the extinction spectra of spherical 

particles. MIE presented a solution for the Maxwell equations for the optical response of 

spherical particles of arbitrary size.[103] 

 

2.1.3 Applications based on plasmonic nanoparticles 

The optical properties of plasmonic nanoparticles spakred interest to investigate their possible 

applications. A few selected examples of applications are presented in this chapter, but further 

details are reported elsewhere.[100,104] 

Due to the notable interaction of plasmonic nanoparticles with light, these particles can be 

applied for photoacoustic imaging.[105,106] The photoacoustic (PA) effect describes the 

conversion of light to sound using a pulsed laser. An optical active material absorbs 

electromagnetic radiation, resulting into a localized thermal deposition and production of a 

pressure wave.[107] Several material properties such as the absorption coefficient, thermal 

expansion coefficient or specific heat capacity influence the conversion of optical energy to 

pressure waves.[108] Based on the tunability of the LSPR, highly stable gold nanoparticles are 

suitable imaging agents for PA.[105-109] 
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The interaction between plasmonic nanoparticles and light results in highly confined electric 

fields.[110] For methods such as surface-enhanced Raman scattering (SERS), highly confined 

electric fields are of interest. At very short distances, strong near-field coupling between 

plasmonic nanoparticles facilitate intense electromagnetic hot-spots. To achieve short 

distances, plasmonic nanoparticles can either be assembled in 2D or 3D.[111-113] The Raman 

intensity is amplified by the resulting hot-spots between closely assembled plasmonic 

nanoparticles.[110,114-117] Assemblies of plasmonic nanoparticles show coupling effects and 

therefore interactions of electromagnetic fields of single nanoparticles.[25,111,112,118,119] 

Besides using plasmon coupling to enhance Raman signals, it can be used to monitor 

distances between plasmonic nanoparticles or DNA hybridization. Furthermore, plasmon 

coupling can be applied to detect conformational changes or distances of biomolecules.[120-122] 

A different method to detect these changes in distances is to use Förster resonance energy 

transfer (FRET). In comparison to ‘molecular rulers’ based on fluorophores and FRET, 

plasmonic nanoparticle-based ‘molecular rulers’ do not suffer from low and fluctuating signal 

intensities or have a distance limit of around 10 nm. Additionally, no photobleaching occurs 

and therefore the observation time is not limited.[6,32,120,123] Another strategy is based on the 

combination of FRET and plasmonic nanoparticles. The fluorescence emission intensity of 

fluorophores can be enhanced by coupling with the noble metal electric field. Next to enhancing 

fluorescence emission, quenching of the emission is possible as well.[4,13,122,124-128] 

 

2.2 Fluorescence 

Luminescence is the emission of light from a substance and is based on electronically excited 

states. Depending on the nature of the excited states, luminescence can be subdivided into 

two classes: phosphorescence and fluorescence. The emission of light from triplet excited 

states (T1) to ground states (S0) is called phosphorescence. Prior to the phosphorescence, 

intersystem crossing between excited singlet state (S1) and triplet state (T1) occurs. This is a 

transition to a state with a different spin multiplicity. Since the transition from triplet to the 

ground state is forbidden emission rates are slow (103 - 100 s-1) and common lifetimes are 

milliseconds to seconds. The lifetime describes the average time between excitation and return 

to ground state. In contrast, fluorescence emission rates are typically faster (108 s-1) since a 

transition from excited singlet state (S1) to ground state (S0) is taking place. Lifetimes near 10 

ns or even below are observed.[129] The processes of absorption, fluorescence and 

phosphorescence are illustrated by a simplified JABLONSKI diagram[129,130] (Figure 2.4). 
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Figure 2.4: Schematic JABLONSKI diagram used to illustrate electronic states of a molecule and the transition 

between them. The absorption of energy leads to the transition from ground state (S0) to excited singlet state (S1). 

Energy can be emitted directly via the transition from excited to ground state (S1 to S0). The process is called 

fluorescence. Alternatively, a triplet state is achieved by intersystem crossing. The process of energy release from 

a triplet (T1) to ground state (S0) is called phosphorescence. 

Fluorescence can be affected by the interaction of a fluorophore and quencher. Based on the 

contact time between both objects, two different kinds of quenching are possible. For static 

quenching, the contact time between fluorophore and quencher is significantly longer than the 

excitation decay time, resulting in the fluorescence being quenched. Dynamic quenching is 

based on the coupling between fluorophore and quencher, leading to an energy or charge 

transfer towards the quencher. The fluorescence intensity and decay time are decreased since 

the energy or charge transfer competes with the fluorescence.[131,132] 

 

2.2.1 Fluorophores 

A fluorescent chemical compound that absorbs light of a specific wavelength and re-emits light 

at a longer wavelength is called a fluorophore. Typically, fluorophores are organic molecules 

with molecular weights up to 1,000 Dalton (Da). They contain aromatic groups, or planar or 

cyclic regions with several π-bonds. The fluorophore’s structure and its chemical environment 

influence the energy transfer efficiency, quantum yield and lifetime since the excited 

fluorophore interacts with neighboring molecules. Fluorophores feature excitation and 

emission spectra with maxima for each fluorophore at specific wavelengths.[129] 

One of the most popular fluorophores is fluorescein. Fluorescein belongs to the family of 

xanthenes and can be used for labeling purposes.[133] Other popular fluorophores are 

rhodamine derivates, also part of the xanthene family (Figure 2.5). Rhodamines exhibit high 
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photostability and photophysical properties. Consequently, rhodamines are used as laser 

dyes[134], fluorescence standards for quantum yields[135], single-molecule imaging[136] or 

imaging in living cells[137]. Furthermore, enzymes[138], antibodies[139] or other biomolecules can 

be labeled with various fluorophores[140]. In detail, the fluorescence can be used, for example, 

to monitor and image specific protein interactions at cell membranes[141] or measure protein-

protein interactions or conformation changes by FRET[142]. Moreover, fluorophore-labeled 

bioconjugates are discussed to feature properties such as superfluorescence (chapter 

2.5.2).[11] 

 

Figure 2.5: Overview of certain fluorophores of the xanthene family. From left to right: xanthene as a reference, 

fluorescein, rhodamine B, rhodamine 6G. 

 

2.2.1.1 Protein labeling with fluorophores 

The labeling of biomolecules such as proteins can be achieved by the coupling of selected 

fluorophores with certain amino acid residues of the protein. Amino acids such as lysine can 

be coupled with succinimidyl ester, glutamic and aspartic acid with amines and cysteines with 

maleimides. Cysteine is a proteinogenic amino acid with a thiol-containing side chain. The 

combination and reaction of a thiol and maleimide is one of the most efficient MICHAEL-type 

additions.[143,144] The MICHAEL addition can be carried out under relatively mild reaction 

conditions and achieves highly stereo- and regiospecific products.[145,146] The reaction is 

simple, robust and highly effective and fulfills the criteria of a modular ‘click’ reaction.[143] As a 

result, thiol-maleimide reactions are very reliable and have gained ongoing interest for 

bioconjugation a long time ago.[147-149]  

The mechanism of the thiol-maleimide reaction is shown in detail in Figure 2.6. In terms of 

bioconjugation, R–SH equals the protein with a functional cysteine residue, while RI–maleimide 

corresponds to a maleimide-functionalized fluorophore. The catalytic cycle of the formation of 

product requires an initial nucleophilic thiolate anion (Figure 2.6A). Two routes to form initial 

thiolate anions are described.  
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Figure 2.6: Schematic thiol-maleimide reaction pathway. (A) Mechanism for the thiolate-catalyzed addition to 

an N-substituded maleimide. (B) Formation of thiolate anion based on acid-base equilibrium. (C) Nucleophile-

initiated pathway towards thiolate anion formation. Adopted from CHOUDHARY et. al[150] with permission from Royal 

Society of Chemistry, copyright 2010. 

The first route requires a base, while the second one is initiated by a nucleophile. The base-

initiated mechanism is based on a weak base to deprotonate the initial thiol (Figure 2.6B). In 

consequence, the initially formed thiolate anion acts as a strong nucleophile, attacks the π-

bond of a maleimide and forms a strongly basic enolate intermediate. The basic enolate 

intermediate deprotonates an equivalent of thiol, resulting in new thiolate and the final product. 

The second route is based on a nucleophile attacking the π-bond of the maleimide, resulting 

in a zwitterionic enolate intermediate (Figure 2.6C). This step is followed by the deprotonation 

of a thiol forming the initial thiolate anion. A nucleophile addition byproduct is formed, but since 

the thiol-maleimide reaction takes place very fast, the amount of byproduct is negligible  

(< 1 %).[150-152] 

 

2.3 Quantum dots 

In the solid state, materials are classified as insulators, conductors and semiconductors (Figure 

2.7). Their electrical properties can be explained by the band model. For insulators, the band 

gap is large (> 4 eV) and no charge transport can take place from valence to conduction band. 

In contrast to a large band gap, electrically conductive materials feature an overlap of the 

valence and the conduction band. Band gaps between 0.1 eV and 4.0 eV are typical for 

semiconductors.[153] In semiconducting materials, electrons can overcome the band gap by 

absorbing energy and move into the conduction band, while leaving a positive hole in the 

valence band. Despite the band gap, electrons are still attracted to their corresponding positive 
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holes. The relation between the attracted pair of an electron and its corresponding hole is 

referred to as an exciton.[154] The recombination of this exciton results in an outgoing 

electromagnetic radiation based on the energy difference between the valence and the 

conduction band in the form of fluorescence.[153,155]  

 

Figure 2.7: Schematic comparison between insulator, conductor and semiconductor based on the energy 

gap between conduction and valence band. The gap between conduction and valance band varies between 

insulator, conductor and semiconductor. Large band gaps are observed for insulators, while the bands overlap in 

conductors. In semiconductors, small band gaps between valence and conduction band are found. Blue: valence 

band; green conduction band.  

If semiconductor bulk material is compressed to the nanoscale, it results in an increase of the 

band gap energy and therefore the optical and electronic properties change. This observation 

is called the size quantization effect. Due to the particle size, the exciton is locally confined. 

Fluorescent semiconductors that feature the size quantization effect are called quantum dots 

(QDs) and have special optical properties.[155] Small changes to the few nanometers large QDs 

results in significant changes in the fluorescence. This implies a direct link between size and 

optical properties (Figure 2.8).[156] 

 

Figure 2.8: Illustration of the size dependent optical properties of QDs. With increasing size, the emission 

wavelength also increases, while the energy and frequency of the QD drop. Figure adopted from reference MOZAFARI 

et. al[156] with permission from John Wiley and Sons, copyright 2020.  
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Next to the absorbed energy and the resulting fluorescence, the ratio of absorbed to emitted 

photons plays a significant role for the QDs properties. The ratio between absorbed to emitted 

photons is defined as the fluorescence quantum yield. A quantum yield (QY) of 1 means that 

all absorbed photons are emitted.[157-159] 

Traditionally, semiconductor QDs are synthesized by fast injection of the precursor into a hot 

solvent solution. The reaction is taking place in a three-neck flask under inert atmosphere (N2). 

High temperatures are common for these reactions.[160,161] Nucleation and growth of the 

semiconductor QDs can be described by the LAMER model (Chapter 2.1.1). Alternatively, all 

reagents can be mixed in a three-neck flask and nucleation and growth is induced either 

chemically or thermally.[162] Based on the synthesis, native ligands can be trioctylphosphine 

oxide (TOPO), octadecane (ODE) or oleic acid (OA).[160,163,164] Native QD ligands from the 

synthesis can be exchanged to achieve, for example, water solubility.[165-168] 

Usually, a QD core features defects on the outer surface, in which electrons can be trapped 

(trap states). Due to the interaction between electron and defect, energy is transferred into the 

crystal lattice (vibrational transition) instead of contributing to fluorescence. Therefore, a shell 

is grown around the QD core to remove traps and enable higher quantum yields.[169] In the end, 

the growth of a shell around the QD core yields in brighter particles, due to the significant 

increase in their absorption cross-section.[170] A variety of core-shell particles with different 

geometries or shell thicknesses are achievable and lead to different quantum yields and 

photostability.[161,171,172] Common spherical core-shell QDs are composed of inorganic 

compounds such as cadmium selenide / cadmium sulfide (CdSe/CdS) or cadmium selenide / 

zinc selenide (CdSe/ZnSe). CdSe/CdS core-shell particles are reported to achieve 

fluorescence quantum yields up to 97 %.[173] For higher stability of optical properties against 

photodegration or photoblinking, zinc sulfide (ZnS) is suggested as a shell material.[161] The 

emission wavelength can even be tuned by changing the composition in, for example,  

Cd1-xZnxSe QDs. On such a Cd1-xZnxSe core, a ZnS shell can be grown. These core-shell 

particles show fluorescence in the blue-green spectral range and achieve very high QYs up to 

100 %.[174-176] Typically, the shell around the core is up to a few nanometers thick. The shell 

thickness can even be increased up to 10 nm or more as shown for giant core/shell QDs.[177,178] 

Even these giant core/shell particles can be synthesized very monodisperse and can achieve 

high QYs of 98 %.[171] 

Since QDs show significant optical properties, such as a size-dependent and narrow emission 

band with a high QY, they have gained interest for commercial applications.[179] Furthermore, 

QDs are discussed for applications such as photocatalysis[180], energy harvesting[181] or 

lasing[182]. To achieve higher biocompatibility of QDs, the incorporation in protein-based 

assemblies will be investigated in this work. 
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2.4 Protein containers 

A protein container is a precise assembly of protein subunits into polyhedral shell-like 

structures.[183,184] In most cases, each subunit is composed of the same amino acid sequence. 

Most protein containers adopt sphere-like morphology, but rods, rings and more complex 

geometries are also found.[183,185-189] Moreover, protein containers can be subdivided into two 

classes: non-viral and viral containers. If the latter are just composed of their protein capsid 

shell without their genetic material, they are referred to as virus-like particles (VLP). The 

icosahedral symmetry is the most common one for spherical virus containers. The smallest 

possible icosahedral container is constructed out of 60 identical subunits. Viral containers 

benefit from icosahedral symmetry due to the higher volume in comparison to smaller 

assemblies such as octahedral ferritins composed of 24 subunits. In 1962 CASPAR and KLUG 

demonstrated that the triangulation number T is useful to describe the container morphology 

with discrete values such as 1, 3, 4 or 7.[184,190]  

In general, the focus of this thesis lies on spherical protein containers with icosahedral, 

tetrahedral or octahedral symmetry[190]. A small selection of common protein containers is 

visualized in Figure 2.9. All these differently shaped protein containers have in common that 

they have precisely defined outer, inner and inter-subunit surfaces. The outer surface is mainly 

responsible for the interaction with the container environment. On the other side, the inner 

surface determines the properties of the cavity. The inter-subunit surface is crucial for the 

protein container assembly.[191,192] All these surfaces can be redesigned to manipulate the 

protein container’s native properties. With the change of amino acids, it is possible to trigger 

protein container assembly with metal ions.[191,193] Modifications of the inner or outer surface 

affect the encapsulation of cargo[194,195] or enable the targeting of the protein container towards 

cells[196,197]. Furthermore, small pores are usually found between subunits. These pores often 

play an important role for small molecules or ions to enter the cavity, while larger molecules 

are not able to pass.[198,199] Based on their amino acid composition, protein container pores 

may be charged or hydrophobic. Therefore, certain pores are permeable specifically for distinct 

molecules with a certain charge or polarity.[198,200-202] The molecular flux into protein containers 

can even be enhanced by altering the amino acid composition of the pore.[198,200]  
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Figure 2.9: Examples of protein containers with different sizes and morphology. From left to right: P22 

procapsid (diameter: 56 nm, PDB: 3IYI), cowpea mosaic virus (diameter: 30 nm, PDB: 1NY7), encapsulin (diameter: 

24 nm, PDB: 3DKT), ferritin (diameter: 12 nm, PDB: 2FHA), Dps (diameter: 9 nm, PDB: 1QGH). The corresponding 

subunit is shown below each container. 

Most of the hollow protein containers shown in Figure 2.9 encapsulate functional cargo inside 

their cavity. Next to their native cargo, protein containers were exploited to encapsulate non-

native cargo.[9,203,204] They can act as delivery vehicles for more than their natural cargo, even 

for vaccines or drugs. The encapsulation of cargo is one way to increase the cargo’s stability 

and lifetime.[10,13,205,206] Protein containers are also used as nanoreactors and templates for 

controlled synthesis of nanoparticles.[207-209] The application of biological scaffolds conjugated 

with fluorophores for developing non-classical light sources as photonic probes for medical 

imaging was recently investigated. Moreover, an icosahedral virus template is conjugated with 

many fluorophores and excited by ultrafast laser pulses. Properties such as superfluorescence 

or superradiance are discussed.[11] Based on recent results using biological templates to 

accurately define the chemical environment, orientation and position of fluorophores seem to 

enable properties which are not imaginable with randomly distributed fluorophores. 

 

2.4.1 Encapsulins 

Almost three decades ago, encapsulins were originally discovered. Initially, high-molecular-

weight aggregates were found in bacteriostatic culture supernatants of Brevibacterium linens 

(B. linens) M18 via transmission electron microscopy (TEM) imaging. At that time, the author’s 

research concluded that this high-molecular-weight aggregate must be a bacteriocin, a 

proteinaceous toxin produced by bacteria.[210] Some decades later, it was shown that the high-

molecular-weight aggregates were wrongly characterized in being titled bacteriocins. In fact, 

this led to the discovery and later characterization of the B. linens encapsulin.[7,211] Further 

research led to a still increasing number of thousands of encapsulins. Recently, encapsulins 
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have been grouped into four distinct families, each reflecting differences in structure, sequence 

and operon organization.[7,212] The first family of encapsulins is probably the best-studied and 

widespread family. The key characteristic of the first family is the operon organization: the 

encapsulin protein is almost directly followed by a single primary cargo protein.[212,213] In 

comparison to the first family of encapsulins the other three families do not yet play such a 

significant role in research and are not discussed here. 

 

Figure 2.10: Overview of structural features of encapsulin of the first family. (A) and (B) from left to right:  

T = 1 (PDB: 3DKT), T = 3 (PDB: 4PT2) and T = 4 (PDB: 6NJ8) encapsulins. Figure adapted from reference GIESSEN[7] 

with permission from Annual Reviews, Inc., copyright 2022.  

Encapsulins are hollow protein containers with icosahedral symmetry with diameters between 

24 and 42 nm and with triangulation numbers of T = 1, T = 3 or T = 4 (Figure 2.10).[214,215] All 

known encapsulins share structural similarities with the shell protein gp5 of the Hong Kong 97 

(HK97) bacteriophage. This finding hints towards an evolutionary connection.[216] The HK97-

fold is named after the gp5 shell protein and is unusual for known cellular proteins. This led to 

a misunderstanding of its molecular and physiological functions until further research was 

carried out.[7,217] For viruses, the HK97-fold is frequently found, but outside of viruses it is only 

present in bacterial and archaeal encapsulins.[212] Encapsulin subunits similar to HK97-fold 

have three structural domains: the axial domain (A-domain), peripheral domain (P-domain) 

and the extended loop (E-loop). Additionally, encapsulins of the first family feature a unique N-

terminal helix (Figure 2.10A), which interacts with the P-domain and is crucial for the formation 

of the cargo-loading peptide (CLP) binding site.[217,218] The E-loop arrangement dominates the 

assembly mode. An extended E-loop results in T = 1 assemblies, whereas a compact E-loop 

enables T = 3 and 4 assemblies. For each of the three assemblies, differently sized protein 

containers with icosahedral symmetry have been reported (Figure 2.10B). The encapsulin 

container surface consists of pentameric and hexameric facets along the icosahedral fivefold 

and threefold symmetry axes, respectively. As usual for proteins in general, pores between 

subunits are formed. The pores are symmetrically distributed over the protein shell at their two, 

three and fivefold symmetry axes.[214,217] In currently discovered encapsulins, the pores are 

charged or uncharged and differ in size.[7,9,214,215] 
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Naturally, encapsulins encapsulate cargo proteins like peroxidases[212], ferritin-like proteins 

(FLPs)[219] and desulfurases[220]. Based on their cargo, encapsulins are suggested to play roles 

in iron storage or oxidative stress resistance.[214,215] The encapsulation of cargo is mostly 

mediated by cargo-loading peptides.[9,194] Further details about general cargo encapsulation 

are provided in the following chapter. Next to the encapsulation of cargo into the encapsulin 

container, the mineralization inside certain encapsulins was investigated.[221,222] 

 

2.4.1.1 T. maritima encapsulin 

The focus of this work is based on the T. maritima encapsulin. Therefore, additional information 

will be presented in this chapter. This encapsulin is found in the hyperthermophilic bacterium 

T. maritima and is a 24 nm sized protein container assembled out of 60 identical subunits via 

icosahedral symmetry with T = 1. The cavity of this encapsulin is approximately 20 nm large. 

For this encapsulin, the natural cargo is an FLP, the function of which is to sequester soluble 

iron as Fe(II) by oxidation and mineralization as Fe(III).[9] Furthermore, it was suggested that 

this encapsulin may be a flavoprotein. Flavoproteins typically possess a yellow coloration, due 

to bound flavins like riboflavin, flavin mononucleotide (FMN) and flavin adenine dinucleotide 

(FAD).[223] Exactly this yellow coloration was found for the T. maritima encapsulin. Two 

concurrent structural studies independently came to conclusion that this encapsulin is a 

flavoprotein. Both studies inspected the independently determined cryo-EM structures (PDB: 

7MU1; 7KQ5) of the T. maritima encapsulin and concluded that the flavin is bound via π-

stacking to the tryptophan at position 90 (W90). The mutation of tryptophan at position 90 to 

glutamic acid (W90E) or to alanine (W90A) led to a loss of the yellow coloration. 

Characterization of these new encapsulin variants showed no typical features of flavins. 

Furthermore, the role of the flavin in combination with the natural FLP cargo is discussed. 

Typically, the oxidation of iron requires the transfer of an electron from iron to an acceptor. The 

flavin could serve as an electron acceptor, but iron storage and release assays showed no 

difference between the wild type and W90E encapsulin. The flavin’s role is not yet finally 

revealed entirely.[219,224] 

Based on the crystal structure of the T. maritima encapsulin (PDB: 3DKT), SUTTER et. al 

observed electron density of the cargo close to the encapsulin inner surface. The electron 

density could be attributed to the cargo protein with its C-terminus binding to the encapsulin. 

Each subunit has a binding site for the CLP, meaning that a maximum of 60 cargo proteins 

could be loaded. SILVER and GIESSEN investigated the CLP-shell interactions in T. maritima 

encapsulins. They highlighted that the CLP-shell interactions are based on hydrophobic and 

ionic interactions. Furthermore, a certain flexibility is necessary for efficient cargo loading.[194] 

SAVAGE et. al showed that the CLP can be fused with a green fluorescent protein (GFP) to 
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function as non-native cargo. The encapsulation of the CLP-modified GFP into the T. maritima 

encapsulin was successful.[9] Moreover, it was possible to encapsulate inorganic nanoparticles 

into T. maritima encapsulin. In this previous work of our group, plasmonic gold nanoparticles 

were functionalized with CLPs and encapsulated with high efficiency (Figure 2.11).[10] 

 

Figure 2.11: Schematic illustration visualizing the peptide-directed encapsulation of gold nanoparticles into 

T. maritima encapsulin. One out of 12 pentamers is highlighted in light red. The protein container is disassembled 

into protomers. Gold nanoparticles functionalized with a cargo-loading peptide (CLP) are added to the disassembled 

protein container while the reassembly is initiated. Afterwards, the gold nanoparticle is encapsulated into the protein 

container. The cargo-loading peptide is bound to the binding pocket (inset). Each of the 60 monomers features one 

CLP-binding pocket, as highlighted in blue. Figure adopted from reference BECK et. al [10] with permission from Royal 

Society of Chemistry, copyright 2009.  

The encapsulation process is based on the disassembly of a protein container followed by the 

reassembly of the subunits, while cargo of interest is added (Figure 2.11). The disassembly is 

induced if the pH is either very acidic or basic or chaotropic agents such as guanidine 

hydrochloride are added, while the protein is incubated at 4 °C for 1 h. Reassembly is initiated 

by diluting the sample with a buffer of neutral pH.[9,10] Recently, a study investigated the dis- 

and reassembly for three different encapsulins. The timescale of encapsulin reassembly was 

up to a few hours, depending on the encapsulin variant. Thermal encapsulin disassembly at 

temperatures up to 90 °C is investigated. In contrast to other encapsulins, the T. maritima 

encapsulin showed high stability and no disassembly at higher temperatures, which is 

consistent with it being derived from thermophilic bacteria.[217,225] 

For smaller protein containers such as ferritin, it was shown that protein containers can act as 

a size-constrained template for nanoparticle formation.[205,226] Similarly, SILVER and GIESSEN 

successfully synthesized silver nanoparticles (AgNPs) inside the encapsulin container.[222] A 

mineralization peptide was fused to the N-terminus of T. maritima encapsulin, which is exposed 
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to the container cavity. The AgNP mineralization peptide was already used beforehand to 

synthesize AgNPs inside ferritin.[227,228] 

Both, the size and charge of the pores, are crucial aspects for mineralization or reactions inside 

protein containers, due to molecules diffusing through the pores. The T. maritima encapsulin 

has pores at its two-, three and fivefold symmetry axes, which are negatively charged, 

uncharged and positively charged, respectively. LUTZ et. al investigated the molecular flux of 

T. maritima encapsulin and modified the 3 Å large pore along the fivefold axis. Via a stepwise 

deletion of amino acids, the pore-forming loop region was decreased, leading into larger pores 

of up to 11 Å.[198] 

Protein containers have been used as templates for nanoparticle synthesis or catalysis, but 

also genetically modified to alter structures. Moreover, protein containers can act as building 

blocks for the assembly of biohybrid nanomaterials, as shown in the following chapter. 

 

2.5 Assembly of nanoscale building blocks 

Over the last decades, research focused on methods to self-assemble nanoscale building 

blocks such as nanoparticles with distinct properties into organized 2D or 3D materials. The 

organization of objects from a disordered state to an ordered structure is called self-assembly. 

Self-assembled structures of nanoscale building blocks show emergent properties single 

particles do not feature.[111,229,230] The final structures can be based on nanoparticles or 

biomolecules such as proteins.[231,232] Based on the fact that both nanoparticles and protein 

containers can be assembled individually, the combination of both types has gained 

interest.[13,15] Therefore, the following chapters will highlight current approaches for the self-

assembly of nanoscale building blocks towards novel biohybrid materials. 

 

2.5.1 Plasmonic nanoparticle superlattices 

The nanoparticle ligand shell plays a significant role for the assembly, since the ligands interact 

with the environment. Additionally, the ligand shell can be altered through changing the ligand 

systems.[1,25,233,234] External stimuli such as solvent, pH or temperature affect the ligand 

interactions.[1,233-235] By controlling the ligand interactions, assemblies of interest can be 

achieved. Here ligands can be either small molecules or DNA.[229,236-238]  

Since gold nanoparticles show interesting optical properties, research on their assembly 

possibilities and properties started years ago and is still ongoing.[25,112,239,240] MURRAY and co-

workers described a method to synthesize nanoparticle crystals. Organic solvent containing 

nanoparticles was placed on a diethylene glycol surface in a Teflon well. The well was covered 
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with a glass slide and the organic solvent could evaporate through the gaps between the well 

and the glass. After complete evaporation, a solid membrane formed and was characterized 

via transmission electron microscopy (TEM) and scanning electron microscopy (SEM).[241] The 

basic procedure was transferred for the synthesis of gold nanoparticle monolayers and 

crystals.[112,242] Figure 2.12a depicts a TEM image of polystyrene-stabilized nanoparticles 

assembled into hexagonally packed monolayers. Repulsive forces from the polystyrene 

ligands and van-der-Waals attraction between the gold nanoparticles lead to small gaps 

between the nanoparticles.[111,243] By increasing the nanoparticle concentration and decreasing 

the reaction rate during self-assembly, face-centered cubic crystals were obtained and imaged 

via SEM (Figure 2.12b). For further characterization the optical response of such gold 

nanoparticle crystals was examined.[112] 

 

Figure 2.12: Electron microscopy images of assembled gold nanoparticles. (a) Transmission electron 

microscopy image of gold nanoparticle monolayer. (b) Scanning electron microscopy image of gold nanoparticle 

crystal. Figure adopted from reference MUELLER et. al [25], copyright 2021. 

As mentioned in chapter 2.1.3, SERS is one application of interest for plasmonic nanoparticles. 

MUELLER et. al. investigated plasmonic gold nanoparticle crystals via simulations and 

experimental measurements.[25] Finite-difference time-domain (FDTD) simulations were 

carried out to analyze the distribution of the electric field and resulting field enhancement inside 

plasmonic gold nanoparticle crystals. In Figure 2.13a, the electric field amplitude of an fcc 

crystal composed of plasmonic gold nanoparticles is visualized. Six layers of gold 

nanoparticles of a size of 60 nm and with 1.5 nm interparticle gaps were used to calculate the 

electric field amplitude at four excitation energies where polaritons are resonantly excited 

(Figure 2.13c). An increased excitation energy corresponds to an increase in effective 

refractive index. If the excitation energy equals the polaritonic band gap, light cannot enter the 

plasmonic crystal and the electric field is only enhanced in top layers (Figure 2.13a, 2.11 eV). 

As shown in literature and by MUELLER et. al. light is strongly confined inside a plasmonic 

crystal.[25,244-246] In Figure 2.13c, the electric field intensity as a function of excitation energy of 

the bulk and the top layer of a plasmonic crystal is illustrated. The enhancement of the bulk 

(crystal) is based on the mean value of the enhancement of hot spots from all layers (Figure 
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2.13c, red line). To calculate the plasmonic crystal surface enhancement, only hot spots of the 

top nanoparticle layer were considered (Figure 2.13c, blue line). In both cases the strongest 

enhancement was calculated at the resonance energy of the polaritons (Figure 2.13c, dashed 

lines). In comparison, for the enhancement of the bulk and surface it was stated that the optical 

properties of the bulk mainly determine the field enhancement at the surface of the crystal. The 

field enhancement at the surface plays a significant role for measurements where analyte is 

drop cast on the surface. 

 

Figure 2.13: FDTD simulated field enhancement of 3D gold nanoparticle crystals. (a) Field amplitude 

enhancement as a function of position inside gold nanoparticle crystal within six layers. Excitation energy range 

visualized for four cases (0.50 eV, 1.14 eV, 1.37 eV and 2.11 eV). The polarization of the incident light was set  

along y. Scale bar is 30 nm. (b) Schematic top and side view of fcc gold nanoparticle crystal. The plane of simulation 

is highlighted with red lines. (c) Electric field intensity enhancement in the hot spots of the plasmonic crystal. The 

surface (top nanoparticle layer) electric field intensity enhancement (blue) and the mean value of the enhancement 

of all layers (red, bulk) was calculated. The polarization of the incident light was set along x. Figure adopted from 

reference MUELLER et. al[25], copyright 2021. 

In addition to FDTD simulations, experimental measurements were carried out by MUELLER et. 

al. The observed SERS enhancement factors agreed with the FDTD based factors. Therefore, 

both simulation and experiment highlight that plasmonic crystals are promising platforms for 

quantitative and repeatable SERS detection.[25] 

 

2.5.2 Superfluorescent nanocrystal superlattices  

Assembled plasmonic particles show different properties as single particles. The same 

observations were found for an ensemble of emitters. An individual emitter like an excited atom 

or ion behaves differently than its ensemble. The excitation of such an ensemble leads to 

spontaneous emission. The individual atoms couple and become synchronized after a system 

specific delay time (τD). After a characteristic decay time (τSF), a collective emission as a short, 

intense burst of light is the result (Figure 2.14). The process itself is called 

superfluorescence.[247] To achieve superfluorescence some requirements such as close 

positions of the individual emitters and decoupling from the environment are needed. 
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Superfluorescence differs from superradiance, since the latter occurs in systems that initially 

feature a macroscopic dipole by the excitation process.  

 

Figure 2.14: Illustration of the superfluorescence mechanism. The excitation of an assembly of uncorrelated 

dipoles leads to correlated dipoles inside the assembly and results in collective emission called superfluorescence. 

Figure adopted from reference STÖFERLE et. al[248] with permission from Springer Nature, copyright 2018. 

Superfluorescence has been observed for certain gases and solid-state systems.[249-253] In 

recent years, perovskite nanocrystals (NC) gained interest. Their three-dimensional 

assemblies feature optical properties such as superfluorescence.[248,254-256] One example for 

perovskite NCs are caesium lead halides (CsPbX3, X = Cl, Br). These perovskite NCs can be 

self-assembled via solvent drying into superlattices (Figure 2.15a-d).[248,257,258] 

 

Figure 2.15: Assembled lead halide perovskite nanocrystal superlattices and their fluorescence lifetime. (a) 

Illustration of the assembly of single lead halide perovskite nanocrystals into superlattices via solvent evaporation. 

(b) High resolution TEM image of a single lead halide perovskite nanocrystal. (c) Photograph of micrometre-sized 

nanocrystal superlattice assemblies. (d) Optical microscope image under ultraviolet light of three dimensional, 

cuboidal-shaped nanocrystal superlattices. (e) Two time-resolved photoluminescence decays are visualized. The 

uncoupled and coupled superlattice decay times are shown in blue and red, respectively. Inset indicates the power-

dependence of the decay times of both components. Figure adapted from reference STÖFERLE et. al[248] with 

permission from Springer Nature, copyright 2018. 
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Investigation of the optical properties of certain perovskite NC superlattices by KOVALENKO and 

co-workers show that the optical properties of the superlattices differ between coupled and 

uncoupled systems. If the system is coupled, superfluorescence with a characteristic decay 

time can be observed. The decay time of the uncoupled system is longer (Figure 2.15e). 

Additionally, the decay time was strongly affected by the excitation power (inset Figure 2.15e). 

A diluted nanocrystal sample did not lead to any superfluorescence. Therefore, 

superfluorescence was only observed for perovskite NC superlattices, since an ensemble of 

emitters is needed.[247,248,250,254] 

 

2.5.3 Protein container assemblies 

In general, proteins are atomically defined and produced by nature with specific amino acid 

sequences, which can be altered if needed. Protein containers are structurally well-defined 

spherical objects, which can be used for mixed assemblies with nanoparticles. Containers such 

as CCMV and ferritin have been used to construct superlattices based on electrostatic 

interactions between protein containers and oppositely charged synthetic 

nanoparticles.[188,259,260] Altering the nanoparticle ligand shell resulted in differently ordered 

binary ferritin–nanoparticle structures.[261] Ideally the crystalline material can be tuned to 

achieve structural, chemical or physical properties of interest. For a controlled assembly of 

protein building blocks into three dimensional materials, several aspects must be addressed. 

As shown for the assembly of binary ferritin–nanoparticle structures, electrostatic interactions 

play a significant role. To achieve electrostatic attraction between protein containers, the 

surface can be engineered by changing amino acids into positively or negatively charged 

amino acids (Figure 2.16). Moreover, the assembly can be mediated by changing the salt 

concentration. In the case of oppositely charged ferritin containers, a high Mg2+ concentration 

resulted in a unitary lattice, whereas a low Mg2+ concentration resulted in a binary lattice.[15,262] 

 

Figure 2.16: A general strategy to assemble binary protein-nanoparticle crystals. The surface charging of a 

protein container leads to either positively or negatively surface charged protein containers. After nanoparticle 

synthesis inside the containers, self-assembled structures can be achieved. These binary protein-nanoparticle 
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crystals can be analyzed via energy dispersive X-ray (EDX) mapping to visualize the elemental distribution of the 

nanoparticle. Figure adapted from reference BECK et. al[15] with permission from American Chemical Society, 

copyright 2016. 

TEZCAN and co-workers focused on the structural variation of ferritin assemblies through the 

creation of protein–metal–organic frameworks.[232,263] The construction principles of metal–

organic frameworks (MOFs) were transferred to design a 3D crystalline protein lattice. Ferritin 

acts as a node with a metal ion coordination site. The metal ion coordination site was 

introduced at the threefold axis pore through mutation of amino acids. Coordinated metal ions 

were then linked by organic linkers to assemble the protein containers. Lattice type and 

dimensions were dictated by changing both the metal and linker (Figure 2.17).[232] 

For the generation of hybrid protein-nanoparticle materials, prior to the assembly of protein 

containers, nanoparticles can be incorporated. The incorporation can be achieved by either 

dis- and reassembly while encapsulating cargo or by mineralization inside the container. These 

nanoparticle-loaded protein containers can be crystallized just as empty containers, because 

the protein container is the primary building block that defines the crystal lattice and not the 

nanoparticle cargo. The nanoparticle cargo is still accessible within the protein container 

crystal and can be used to catalyze the conversion of dye substrates. Substrates diffuse 

through the crystal channels and through the container.[205] 

 

Figure 2.17: General strategy for the assembly of protein-MOFs based on protein container, metal ions and 

organic linker. A variety of metal ions and organic linkers are shown. Depending on the composition cubic or 

tetragonal structures can be achieved. Figure adopted from reference TEZCAN et. al[232] with permission from 

American Chemical Society, copyright 2017. 

CORNELISSEN and co-workers fabricated thin films of viral protein containers based on a 

biphasic system. In detail, CCMV protein containers were used and loaded with gold 

nanoparticles or enzymes.[264] On the CCMV surface, there are plenty of amine groups present 

that enable the interfacial cross-linking of protein containers.[265,266] Both, CCMV and cross-

linker molecules diffuse towards the interfacial surface. The thickness of the obtained films 

could be controlled by the reaction conditions. Gold nanoparticle-loaded CCMV protein films 

were still catalytically active at the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP). 

The reaction was monitored through the decrease of the absorption of 4-NP at 400 nm and 
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increase at 292 nm due to the generation of new product, 4-aminophenol (Figure 2.18).[264] 

AuNP-loaded CCMV was not assembled into a highly ordered structure. Still, the assembly 

showed feasible properties for SERS and analyte detection and further highlighting the 

possibility to assemble NP-loaded proteins. Based on these findings, highly ordered 

assemblies might feature even stronger enhancements. 

 

Figure 2.18: Schematic illustration of thin CCMV films loaded with gold nanoparticles and their catalytic 

activity to reduce 4-nitrophenol. (A) General scheme to highlight the catalyzed reaction of 4-nitrophenol (4-NP) 

by CCMV-AuNP films. (B) The reduction of 4-NP to 4-aminophenol (4-AP) is monitored through the decrease of the 

absorption at 400 nm and increase at 292 nm. (C) and (D) Low and high magnification TEM images of CCMV-AuNP 

films. (E) SEM image of CCMV-AuNP film. Figure adopted from reference CORNELISSEN et. al[264] with permission 

from John Wiley and Sons, copyright 2018. 

Recently, BECK et. al assembled redesigned ferritin (Ftn) containers for binary superlattices 

composed of fluorophores and gold nanoparticles instead of metal oxide nanoparticles (Figure 

2.16). In detail, prior to protein crystallization cargo was encapsulated into the protein 

containers via dis- and reassembly approach. Two oppositely charged Ftn variants were used. 

Ftn(neg) was loaded with rhodamine fluorophores (RhFtn(neg)), while Ftn(pos) was loaded with gold 

nanoparticles (AuFtn(pos)). Additionally, the gold nanoparticle loading was altered to investigate 

the influence of the amount of gold on the fluorescence lifetime. First, empty crystals, crystals 

with only one component and binary crystals were examined via confocal microscopy and 

excitation at 405 nm. Empty protein crystals (eFtn(pos)/eFtn(neg)) showed green fluorescence 

with a maximum at 560 nm (Figure 2.19A, B). The green fluorescence is caused by the cross-

linking agent glutaraldehyde[267], which is used to stabilize the protein crystal. In comparison, 

crystals loaded with rhodamine B showed strong yellow fluorescence with a maximum at 
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580 nm (Figure 2.19A, B). AuFtn(pos)/eFtn(neg) crystals featured fluorescence around 470 nm. 

Moreover, the green fluorescence of the glutaraldehyde is not observed, indicating that almost 

all fluorescence is quenched by AuNPs (Figure 2.19B). In contrast, AuFtn(pos)/RhFtn(neg) 

crystals showed very weak fluorescence, even at higher excitation power. Further investigation 

was carried out via fluorescence lifetime imaging (FLIM). In comparison between 

AuFtn(pos)/RhFtn(neg) and eFtn(pos)/RhFtn(neg) a large decrease in lifetime is observed if AuNPs 

are present (Figure 2.19C). The decrease in lifetime is caused by the quenching of 

fluorescence by AuNPs. 

 

Figure 2.19: Fluorescence spectra, decay curves and images of binary protein crystals. (A) Fluorescence 

spectra of crystals with empty protein container (eFtn(pos)/eFtn(neg)), fluorophore filled (eFtn(pos)/RhFtn(neg)), AuNPs 

filled (AuFtn(pos)/eFtn(neg)) and a combination of both cargo (AuFtn(pos)/RhFtn(neg)). (B) Brightfield (left) and 

fluorescence (right) microscopy images of empty (1), filled with fluorophore (2) or AuNP (3) and a combination of 

fluorophor with AuNP (4). Scale bars equal 25 μm. (C): Fluorescence decay curves of the binary protein samples 

described in A and B. Figure adopted from reference BECK et. al[13] with permission from American Chemical Society, 

copyright 2022. 

In a second experiment by BECK et. al, the fluorophore is changed from rhodamine B with an 

emission maximum at 580 nm to rhodamine 6G with an emission maximum at 550 nm, to 

achieve a higher spectral overlap between the plasmon band (514 nm). Furthermore, the 

loading of protein containers was switched. Ftn(neg) is filled with AuNPs (AuFtn(neg)), while 

Ftn(pos) is loaded with rhodamine 6G (RhFtn(pos)). For binary RhFtn(pos)/AuFtn(neg) crystals almost 

no fluorescence was detected (Figure 2.20A). The loss of detected fluorescence is caused by 

strong interactions between the excitons in rhodamine molecules and plasmon in the AuNPs. 

For such a substantial drop in fluorescence intensity, the fluorescence lifetime is still significant. 

Strong non-radiative decay channels in AuNPs dissipate the energy transferred from 

rhodamine to gold plasmons via exciton-plasmon coupling. Since this interaction is based on 

AuNPs, the interaction strength of the AuNP density was studied. The gold loading was altered 
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from 100 to 50, 25, 10 and 0 %. Via confocal FLIM it was possible to investigate the spatial 

distribution of interaction strength in the RhFtn(pos)/AuFtn(neg) crystal with different AuNP 

loadings (Figure 2.20).[13] 

 

Figure 2.20: Confocal lifetime analysis of binary protein crystals with different AuNP loading. (A) to (E) 

Confocal fluorescence lifetime images of protein crystals with different AuNP loading. (A) to (E): 100 %, 50 %, 25 

%, 10 % and 0 % gold loading. (F) – (J): Confocal fluorescence lifetime images with lifetime contrast of protein 

crystals visualized in (A) to (E). (K): Fluorescence lifetime decay curves integrated over the protein crystal region 

for crystals with different AuNP loadings. (L): Theoretical modelling of fluorescence decay curves. Modelled decay 

curves are obtained by fitting to the experimental data with numerical reconvolution. (M): Color coding for intensities 

and lifetimes. Scale bars are 25 μm. Figure adopted from reference BECK et. al[13] with permission from American 

Chemical Society, copyright 2022. 

In Figure 2.20A-E, double-encoded images are shown for the different AuNP loadings. Low 

intensity is indicated by dark areas, whereas bright areas represent high intensity. Additionally, 

red and green color coding indicate short and long lifetimes, respectively. For each image, the 

intensity is normalized to their maximum. Protein crystals with the lower AuNP loading (Figure 

2.20E) show stronger fluorescence than crystals with higher AuNP loading (Figure 2.20A). In 

Figure 2.20A, the background fluorescence is visible since the fluorescence of the crystal is 

almost nonexistent due to quenching. For the crystal with the lowest AuNP concentration 

(Figure 2.20E), no background fluorescence was visible, due to the strong fluorescence of the 

crystal in comparison to the background. With a decrease of AuNP loading a decrease in 

coupling of rhodamine with AuNPs was observed. Interestingly, corners, edges and local spots 
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featured high emission intensity, while plane facets showed shorter lifetimes (Figure 2.20F-J). 

One explanation for this is that less AuNPs are coordinated to rhodamine molecules at corners 

and edges. Moreover, the local coordination of dye molecules within the crystal also changes 

with altered AuNP concentrations inside the crystal. The effect of the coordination on the 

fluorescence decay was further investigated by modeling. In the end, it was noted that the 

fluorophore, in this case the acting dipole, was encapsulated statistically and therefore without 

a fixed position and orientation. Bringing the excitonic dipole to high-symmetry locations and 

controlling its orientation was stated as a favorable goal, since both the location and orientation 

play a significant role for the interaction between dipole and plasmon. Further knowledge about 

the gold-only superlattice is needed, to understand the plasmon modes of the AuNP 

superlattice.[13] 

Altogether, protein containers are versatile building blocks. These building blocks can be used 

for the assembly of nanoparticles or other cargo into binary superlattices. Potential applications 

such as catalysis, coating of sensitive cargo, fluorescence enhancement or quenching are 

addressed within the last chapters (2.5.1 and 2.5.2). 
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3 Basis of the present work 

In this chapter, the basis of the present work is presented. Therefore, essential results of the 

BECK group will be summarized. The main protein scaffold used for the assembly of binary 

superlattices is the T. maritima encapsulin. As already shown in chapter 2.5.3 (Protein 

container assemblies, Figure 2.16) two oppositely supercharged ferritin protein containers 

have previously been used as building blocks. To achieve a similar approach with encapsulin, 

the protein surface of the encapsulin needed a surface redesign. Unpublished work by 

MATTHIAS KÜNZLE that focused on the surface redesign of the encapsulin container will be 

discussed in chapter 3.1, since parts of this work are based on these results. The synthesis, 

ligand exchange and encapsulation of gold nanoparticles from previous publications[10,13] into 

protein containers are an important starting point for this thesis. Recent results are highlighted 

in chapter 3.2. Additionally, the human heavy chain ferritin protein container was used to 

assemble novel hetero binary protein lattices. In detail, the positively surface charged ferritin 

was either used loaded with nanoparticles or with fluorophores. The latter one was established 

for the positively supercharged ferritin in this work, but the design of the novel ferritin variant 

for fluorophore functionalization was done in unpublished works by HENDRIK BÖHLER and MADE 

BUDIARTA. The design approach of the novel ferritin variant and how to load nanoparticles into 

ferritin will be described in chapter 3.3. 

 

3.1 Supercharging of the protein container encapsulin 

In early reports of the BECK group, the positively supercharged ferritin Ftn(pos) was 

introduced.[195] The template for surface redesign was a model derived from the crystal 

structure of the human heavy chain ferritin (PDB: 2CEI). The design was carried out with the 

Rosetta molecular modelling software[268] and based on a method originally published by 

MIKLOS et al.[269] Without going into much detail, the procedure for surface redesigning is 

described. For the surface redesign, a fixed backbone protocol was used. Side chains can be 

altered without harming structural features of the protein. Only residues on the outer surface 

were allowed to be mutated. During simulations, the native amino acid, lysine or arginine were 

allowed. Weights of the energy function for the reference energies of the desired amino acids 

gradually changed to favor positively charged amino acids. Additionally, the surface redesign 

was carried out to negatively supercharge the ferritin surface. In this case, instead of lysine or 

arginine the negatively charged amino acids glutamic and aspartic acid were allowed. These 

novel ferritin variants were produced, purified and were suitable to be crystallized. The resulting 

novel protein lattices of high order highlight the success of this procedure (Figure 2.16).[15] 
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The same procedure as described above and depicted in Figure 3.1 was carried out by 

MATTHIAS KÜNZLE for the T. maritima wild type encapsulin (Enc(wt)). As a model, the Enc(wt) 

crystal structure was used (PDB: 3DKT). The weights used for the surface charging are listed 

in the appendix (Table 8.1). Two individual simulations for both negatively and positively 

supercharged encapsulin (Enc) variants were carried out. The results of these simulations are 

shown in the appendix (Figure 8.1, Figure 8.2, Figure 8.3 and Figure 8.4). 

 

Figure 3.1: Schematic visualization of encapsulin surface supercharging based on the crystal structure 

model. By either altering the amino acids to lysine (Lys) or arginine (Arg) positively charged residues are introduced. 

For negatively charged residues aspartic (Asp) or glutamic acid (Glu) are chosen. Enc(wt) surface model based on 

crystal structure (PDB: 3DKT). Blue or red indicate positively or negatively supercharged protein containers, 

respectively. 

 

3.2 Nanoparticle synthesis and encapsulation 

The synthesis and encapsulation of AuNPs into Enc(wt) or supercharged ferritin variant Ftn(pos) 

and Ftn(neg) have already been shown by the BECK group.[10,13] As shown in Figure 2.11 AuNPs 

can be encapsulated via electrostatic interactions or with higher efficiency into Enc(wt) 

supported by a cargo-loading peptide (CLP). In detail, 11 nm or 13 nm large AuNPs were 

encapsulated into Enc(wt). The AuNP loaded protein was purified via size-exclusion 

chromatography (SEC) and transmission electron microscopy (TEM) images were taken 

(Figure 3.2). 

 

Figure 3.2: Analytical data for the CLP-mediated encapsulation of gold nanoparticles. (A) Size-exclusion 

chromatogram of empty and gold nanoparticle-loaded encapsulin. Absorbance at 519 nm indicates successful 

encapsulation. Elution volumes of both samples are nearly the same. (B) Negatively stained TEM images: (top left) 

empty encapsulin containers; (bottom left) CLP-functionalized gold nanoparticles with visible ligand shell; (right) 
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Encapsulated gold nanoparticles. Scale bar is 50 nm. (C) Class-averages of empty encapsulin containers (top), 

gold nanoparticles (middle) and AuNP-loaded encapsulin containers (bottom). Figure adopted from reference BECK 

et. al[10] with permission from Royal Society of Chemistry, copyright 2009. 

Furthermore, smaller AuNPs of around 3 nm were encapsulated into supercharged Ftn 

variants. The nanoparticle loaded protein containers were also purified, but in this case via ion-

exchange chromatography (IEC) to separate free AuNPs from the protein containers. The 

encapsulation of AuNPs into supercharged Ftn variants is not based on a CLP encapsulation 

approach, but on electrostatic interactions.[13] 

 

Figure 3.3: Purification and TEM images of gold nanoparticle-loaded ferritin. (A) Ion-exchange chromatogram 

of AuNP loaded ferritin. Absorbance at 520 nm indicates the presence of gold nanoparticles. (B) TEM image to 

visualize gold nanoparticle loaded protein containers. Scale bar is 50 nm. Figure adopted from reference BECK et. 

al[13] with permission from American Chemical Society, copyright 2022. 

 

3.3 Positively charged ferritin variant 

As mentioned in chapter 3.1 the BECK group has already established supercharged Ftn 

variants. In a recent publication, the encapsulation of fluorophores into both, Ftn(pos) and Ftn(neg) 

was established. In detail, the encapsulation of fluorophores into Ftn(pos) was performed by 

diffusion through pores. On the other hand, fluorophores were encapsulated by chemical 

conjugation into Ftn(neg). The basic idea was to conjugate a fluorophore on the inner surface. 

Therefore, two mutations were carried out. First, a surface exposed cysteine (Cys) residue at 

position 130 was mutated to alanine (C130A). Otherwise, this Cys residue would be accessible 

for fluorophore labeling. Additionally, position 130 is close to the pore along the three-fold axis. 

Based on symmetry, three fluorophores would be very close together and might quench each 

other.[270] Labeling the protein at this point might influence the container stability since it is close 

to the protein-protein interface. Secondly, a cysteine residue was introduced at position 53 

(K53C). The native lysine (Lys) was determined to be very solvent accessible. For each amino 

acid at the inner surface the GetArea[271] software was used to differentiate between buried 

and accessible amino acids. The software compares the accessibility of a single amino acid of 



Basis of the present work 

31 

a protein by setting up a theoretical tripeptide. The tripeptide starts and ends with glycine (Gly) 

while the amino acid of interest (X) is in the middle (Gly-X-Gly). A specific solvent accessible 

surface area is calculated for each amino acid and listed as a value in percentage. Based on 

these results, lysine at position 53 was chosen, since it was the most solvent accessible amino 

acid at the inner surface. The resulting Ftn(neg) with additional cysteine (Ftn(neg)-Cys) was 

successfully labeled with several fluorophores.[12] In detail, the protein is first disassembled and 

then labeled. Afterwards the reassembly was triggered, and the protein purified. Unpublished 

work by MADE BUDIARTA focused on the addition of the K53C mutation in Ftn(pos) to create 

Ftn(pos)-Cys. The primer design and mutagenesis were carried out (Table 8.3), but no labeling 

with high efficiency was achieved before this work.  

In chapter 2.4, it was briefly mentioned that protein containers can be applied as a template 

for nanoparticle synthesis. The BECK group has already published work, in which cerium oxide 

nanoparticles and magnetic iron oxide nanoparticles were synthesized inside supercharged 

ferritin variants. Ions or small molecules diffuse through the protein pores and nanoparticles 

can be synthesized inside the protein container (Figure 3.4A). Since the protein cavity has a 

defined size, the maximum nanoparticle size is limited to the cavity size. Protein containers 

loaded with metal oxide nanoparticles can still be crystallized into highly ordered protein lattices 

(Figure 3.4B).[205] For the assembly of novel binary protein lattices, cerium oxide and iron oxide 

nanoparticle-loaded Ftn(pos) samples were kindly provided by MARCEL LACH. 

 

Figure 3.4: General strategy for the assembly of binary metal oxide nanoparticle-loaded protein crystals.  

(A) Nanoparticle synthesis is carried out inside the ferritin container. Ions and small molecules diffuse through the 

protein pores. (B) Nanoparticle-loaded protein containers form highly ordered binary nanoparticle superlattices. 

Figure adopted from reference BECK et. al[205] with permission from John Wiley and Sons, copyright 2017.
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4 Concept and aim of this thesis 

The overall aim of this thesis is the assembly of novel binary superlattices and their 

characterization towards application. For this approach, the T. maritima encapsulin container 

is used as a main building block. As described in detail in chapter 2.4.1.1, the T. maritima 

encapsulin container is 24 nm in diameter and features a 20 nm large cavity. The protein 

container has gained interest as a template for nanoparticle synthesis inside the cavity[222] or 

a modular platform for tagging on the outer surface[272]. The BECK group has already 

established the encapsulation of gold nanoparticles into the wild type encapsulin Enc(wt).[10] 

Gold nanoparticles are not only used for catalysis.[273] Moreover, they are favored for their 

plasmonic properties.[118] As discussed in the theoretical background, applications such as 

SERS are under research (chapter 2.1.2).[25] Therefore, one goal was to establish the 

crystallization of first empty and then AuNP-loaded encapsulin to create highly structured 

plasmonic biohybrid materials. Initial investigations will be evaluated to discuss the feasibility 

of these plasmonic biohybrid materials for SERS.  

To create a binary encapsulin protein crystal, supercharged encapsulin variants will be 

investigated. A binary protein crystal allows for the implementation of a second kind of cargo. 

Different combinations are theoretically possible, like AuNPs in both Enc(neg) and Enc(pos) or 

AuNPs in Enc(pos) and a new kind of cargo in Enc(neg). The general strategy for the assembly of 

binary protein crystals is based on two oppositely charged protein containers as building blocks 

for the assembly. In detail, the strategy can be subdivided into three sections (Figure 4.1). 

First, the surface redesign of the protein container is carried out. In a second step, 

nanoparticles such as AuNPs or QDs are encapsulated in one supercharged protein variant. 

Now, the protein container is the atomically defined ligand shell. These protein containers are 

then assembled via protein crystallization. In the end, the goal is to build highly structured 

optical nanomaterials with desired properties such as plasmon coupling or energy transfer 

between nanoparticles. 

 

Figure 4.1: Schematic overview of the fabrication of nanomaterials composed of gold nanoparticles and 

quantum dots. 
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An additional cargo of interest are semiconductor nanoparticles. In detail, giant core/shell 

quantum dots (gQDs) were chosen due to their high photostability and quantum yield.[171] 

Moreover, these gQDs offer a similar size to the already established AuNPs and possible 

compatibility to the AuNP ligand system based on thiols as anchoring group. For single 

particles, it is already known that decay rates and corresponding quantum efficiencies can be 

influenced by exciton-plasmon interactions.[274] Interactions between a fluorescent (QD) and 

plasmonic material (AuNP) might demonstrate novel optical effects mediated by collective 

contributions of particles in lattices. In literature, binary superlattices from AuNPs and QDs 

were achieved e.g. via DNA-based assembly.[275] These established DNA-based assemblies 

are sensitive against heating and not suitable for applications with elevated temperatures, 

since these small DNA-linkers have a specific melting temperature starting at around 50 °C. 

Additionally, DNA-linkage is easily disrupted by the influence of salt and shows stability issues 

under certain conditions.[276,277] The encapsulin protein container is not only extremely 

thermostable but also stable against strong changes in salt concentrations.[217,225] Therefore, 

the encapsulin container was aimed to as a novel building block to create stable binary 

superlattices composed of QDs and AuNPs. As already shown, ferritin can be used as building 

blocks for the assembly of binary nanoparticle superlattices.[205] As a first step towards this 

goal, the encapsulation of gQDs into the encapsulin container was investigated. 

An alternative approach based on binary protein crystals composed of plasmonic AuNPs and 

fluorophores instead of quantum dots was applied. An already established system of the BECK 

group based on protein containers with fluorophores and plasmonic AuNPs was already 

described in chapter 2.5.3. The system previously used by the BECK group was based on Ftn 

samples, in which the fluorophores were encapsulated either by dis- and reassembly or via 

diffusion through pores. Both methods lead to a statistic encapsulation of fluorophores without 

fixed orientation or position. Fixed orientation and position of fluorophores are desired since 

the coupling in the system is based between dipoles and plasmons. The dipole-dipole 

interaction, even in a highly ordered system, might play a significant role.[11,278] In this work, the 

establishment of a positively supercharged ferritin Ftn(pos) that is capable of acting as a template 

to fix various fluorophores in an ordered fashion will be analyzed. In addition, this ferritin variant 

was suitable for the assembly of novel binary protein crystals composed of fluorophores and 

plasmonic gold nanoparticles. To study the optical properties, confocal lifetime imaging will be 

utilized. 
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5 Results 

The results are based on protein container nanomaterials loaded with non-native cargo or 

further modifications on either the outer or inner surface. For the assembly, supercharged 

protein containers are used. The structural and functional characterizations of these materials 

are described. This chapter can be subdivided into three parts. The first part includes the 

generation of novel protein building blocks (chapter 5.1). In the second part, the encapsulation 

of cargo into these protein containers is discussed. Moreover, the functionalization of the inner 

surface of protein containers with fluorophores is addressed (chapter 5.2). After presenting 

these building blocks with cargo inside, the proteins were assembled via protein crystallization 

to fabricate biohybrid nanomaterials (chapter 5.3). This chapter also discusses the structural 

characterization of nanoparticle loaded protein crystals followed by a discussion on optical 

properties of novel biohybrid assemblies based on initial results. 

 

5.1 Generation of novel protein building blocks 

For the overall aim to create novel protein assemblies, the corresponding buildings blocks 

need to be designed. First, the previously simulated data for the supercharging of the T. 

maritima encapsulin by MATTHIAS KÜNZLE were analyzed. Based on the analyzed data, 

mutagenesis of the wild type encapsulin Enc(wt) was carried out. In the beginning of this work, 

several experiments were carried out with encapsulin variants featuring a flavin attached to the 

outer surface. At a certain point in time, researchers published an approach to remove the 

flavin, which was adapted for this work.[219] Therefore, some protocols initially established for 

proteins with flavin were adapted to protein variants without flavin without any problems. 

Moreover, the positively supercharged ferritin variant with additional cysteine Ftn(pos)-Cys was 

added as a new building block. Consequently, all these proteins were produced, purified and 

characterized. 

 

5.1.1 Supercharging of T. maritima encapsulin 

In order to achieve a binary protein crystal, the protein’s outer surface needs to be 

supercharged: one variant with positive and one with negative surface charge. The general 

procedure of the redesign is described in chapter 3.1. The simulation results are shown in the 

appendix (Figure 8.1 to Figure 8.4). Rosetta simulations were carried out to determine at which 

positions mutations to positively charged amino acids are favored. As an input, the encapsulin 

crystal structure (PDB: 3DKT) and the protein sequence (Table 8.5) was provided. Some 

mutations already appear in early runs, indicating that these mutations are energetically 

favored. A mutation appearing in a later run does not mean that this position should not be 
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mutated. Rather, this is an indication that a higher ‘weight’ value (Table 8.1) is required and 

results in overwriting other interactions in Rosetta. After several runs, it was observed that with 

a higher change in energy, the suggested amino acid might change e.g. from lysine (K) to 

arginine (R) or glutamic (E) to aspartic acid (D). In such a case, the first suggested amino acid 

is chosen since this amino acid was already energetically favored at a lower change in energy. 

Suitable positions for the supercharging are listed in Table 8.2.  

Only relying on a computational approach and introducing all suggested mutations might lead 

to a completely unstable protein that cannot be produced at all. Some native amino acids might 

be involved in intramolecular interactions which should not be harmed. For charging the outer 

surface, mainly oppositely charged amino acids should be considered, since a change from 

e.g. a negative to a positive residue has a higher impact on the surface charge compared to a 

change of an uncharged residue. Additionally, it was avoided to introduce too many mutations 

in one area, because the surface charge should be well distributed over the container surface. 

These aspects were considered for choosing final positions to mutate. 

First, the electrostatic potential for the wild type encapsulin was analyzed. Since Enc(wt) is 

already negatively charged, only the results for the design of the positively charged Enc were 

processed. The final chosen positions are highlighted blue in Table 8.2. As introduced in 

chapter 2.4.1.1, encapsulin is a protein container consisting of 60 subunits. Therefore, seven 

mutations per subunit lead to a total change of 420 amino acids on the outer surface. One 

additional mutation at position 90 was introduced into both variants (chapter 5.1.2.2). The 

electrostatic surface potential of novel encapsulin variants described in this work are shown in 

Figure 5.1. 

 

Figure 5.1: Electrostatic surface potential of oppositely charged Enc variants. Negative (A) and positive Enc 

(B) containers. The surface charge was increased by replacing amino acids on the outer surface. Colors are from 

red (-5 kT/e) to blue (+5 kT/e). 
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5.1.2 Site-directed mutagenesis of the protein container encapsulin 

For the implementation of mutations based on Rosetta calculations, primers for site-directed 

mutagenesis were designed. A primer is a short nucleic base sequence that provides a starting 

point for DNA synthesis. Without going into detail, primers were designed recording to the 

QuikChange protocol’s requirements. A minimal GC content of 40 %, primer length between 

25 to 45 bases, the desired mutation in the middle of the primer, a melting temperature ≥ 78 

°C and the primer should terminate in one or more G or C bases. The designed primers were 

synthesized by Eurofins Genomics. The purchased primers were used in a QuikChange two-

step PCR[279] established within the BECK group. The complete polymerase chain reaction 

(PCR) protocol is shown in Table 7.3.  

 

5.1.2.1 Mutagenesis to supercharge encapsulin 

As shown in Table 8.2, seven positions were chosen to positively supercharge encapsulin. 

Each mutation was carried out one by one. Therefore, several sequential PCR runs were 

performed. After performing individual PCR runs, the sequence of the gene was sequenced to 

verify the introduction of the mutation. The sequence of the final positively charged encapsulin 

gene variant featuring seven mutations is aligned with the Enc(wt) genetic sequence in Figure 

8.5. 

 

5.1.2.2 Elimination of flavin binding-site  

In chapter 2.4.1.1, structural features of the Enc(wt) are described in-depth. In cryo-EM 

structures of two concurrent structural studies, the flavin binding site was determined at the 

tryptophan (Trp/W) at position 90 (W90).[219,224] To remove the binding site, SAVAGE et al. 

mutated W90 to alanine (W90A) or glutamic acid (W90E).[219] Both mutations were carried out 

in this work on Enc(wt) since the flavin adds an absorption at around 450 nm to the protein 

sample. This additional absorption is not desired due to the fact that the protein will be used 

for the assembly of binary materials with optical properties. Any additional molecule that 

absorbs or shows fluorescence is not desired in such a material. In conclusion, the flavin 

binding-site must be removed for the positively charged encapsulin variant. W90 was not only 

mutated to alanine, but also to arginine to introduce an additional positive charge on the outer 

surface. Mutagenesis on both protein genes were carried out. The sequence was verified by 

genetic sequencing. For further clearance, these protein variants will be named differently, as 

listed in Table 5.1. The verified sequences are aligned in Figure 8.6 and Figure 8.5.  
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Table 5.1: Overview of protein variants with or without flavin binding-site with their corresponding names.  

Protein Mutations 

Enc(wt) - 

Enc(neg) W90E 

Enc(neg)-Ala W90A 

Enc(pos)-Fla D63K+T86R+E116R+E127K+E143K+E186K+E241R 

Enc(pos) D63K+T86R+W90R+E116R+E127K+E143K+E186K+E241R 

Enc(pos)-Ala D63K+T86R+W90A+E116R+E127K+E143K+E186K+E241R 

 

5.1.3 Production and purification of encapsulin variants 

The introduced proteins with a negative surface charge from previous chapters were produced 

based on an adapted protocol published by the BECK group.[10] The protocol had to be adjusted 

to establish the production of positively charged encapsulin variants. The detailed protocols 

are described in chapter 7.7.2. In general, E. coli strain C43(DE3) was chosen as expression 

host. Protein expression was induced by the addition of isopropyl-β-D-1-thiogalactopyranoside 

(IPTG) to the culture medium. 

 

5.1.3.1 Production and purification of negatively charged encapsulin variants 

Cells containing the plasmid with the Enc(wt), Enc(neg) or Enc(neg)-Ala gene were grown according 

to an established protocol, summarized in chapter 7.7.2.1.[280] The purification of negatively 

charged encapsulin variants was carried out using established protocols with minor changes. 

Residual proteins or impurities from production are removed via ion-exchange chromatography 

(IEC). Afterwards, the SEC is carried out to separate aggregated from pure protein. 

 

Figure 5.2: Ion-exchange and size-exclusion chromatograms for negatively surface charged encapsulin. 

(A) IEC chromatogram for Enc(neg). Protein elution at 46 mS/cm. (B) SEC chromatogram for Enc(neg). Absorbance 

was monitored at 280 nm (black), 260 nm (blue) and 450 nm (orange). Conductivity is shown in red. 
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Exemplary IEC and SEC chromatograms for Enc(neg) are shown in Figure 5.2. Chromatograms 

for Enc(wt) and Enc(neg)-Ala are shown in the appendix (Figure 8.10 and Figure 8.11). In IEC, 

negatively surface charged Enc elutes at 46 mS/cm. In SEC, larger species elute at small 

elution volumes. In this case, an elution at 8.2 mL indicates the elution of protein aggregates, 

while at 12.8 mL pure protein containers are expected (Figure 5.2B). To achieve a sample that 

contains almost no aggregates and is suitable for e.g. protein crystallization, the protein 

purification was optimized. Usually, only MgCl2 as supplement is used for purification, but here 

additional CaCl2 is added to the solution after cell lysis. Mg2+ and Ca2+ ions act as stabilizers 

and enhancer for DNase activity.[281,282] Both bivalent ions may not only support the enzymatic 

process, but also bind residual nucleic acids. Still, too high concentrations of ions may 

decrease the digestion efficiency. The effect of both bivalent ions in previous purification steps 

can be observed in SEC (Figure 5.3A). The optimized protocol leads to a decrease of protein 

aggregates (8.2 mL). To remove residual aggregates two additional SEC runs are carried out. 

The effect of the removal of residual aggregates is shown in Figure 5.3B. Nevertheless, an 

improvement could be observed and more experiments must be done to investigate the 

influence of both ions to further improve the purification. 

 

Figure 5.3: Overlay of three subsequent SECs of Enc(neg). (A) Comparison between two SEC runs based on 

either the original purification protocol (SEC - orig.) or the optimized protocol containing bivalent ions (SEC - opt.) 

(B) The first SEC run is shown in black, the second in red and the third run in blue. Absorbance was measured at 

280 nm. 

The purified protein variants were characterized by several methods to verify the successful 

production of the proper protein container. Since the Enc(wt) was already characterized in detail 

in literature[10,217], the focus is laid on the novel negatively supercharged protein variants, 

especially Enc(neg). The proteins only differ in the mutation at position 90. Typically, a sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is carried out to prove if 

protein of the right mass is produced. SDS gel with Enc(neg) and Enc(neg)-Ala is shown in the 

appendix (Figure 8.7). In both cases, a protein with a mass below 34000 Da was detected. 

Since SDS gels does not feature such a high resolution, small differences and exact masses 
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cannot be detected. Nevertheless, the production and purification of the correct protein was 

verified. 

To verify the purification of the correct protein with higher accuracy Electrospray ionization 

(ESI) mass spectrometry (MS) was used. The calculated molecular masses determined via 

MS are listed in Table 5.2. Corresponding MS-spectra can be found in the appendix (Figure 

8.8). The molecular masses based on ESI-MS fit very well with the calculated numbers.  

Table 5.2: Molecular mass determined via ESI MS for negatively supercharged encapsulin variants.  

Molecular mass [g/mol] Enc(neg) Enc(neg)-Ala 

Calculated 30765.18 30707.14 

ESI 30764.76 30707.04 

The MS results verify the production of the proper protein, while the SEC (Figure 5.2B) already 

indicates the formation of a protein container at an elution volume typical for the already 

established Enc(wt) container. TEM is used to visualize the protein container. Negatively stained 

TEM images of Enc(neg) are shown in Figure 5.4A. TEM images of Enc(neg)-Ala are found in the 

appendix (Figure 8.9). The container size was determined via ImageJ and visualized in the 

corresponding histogram (Figure 5.4B). A size distribution of 23.99 nm with a standard 

deviation of 0.86 nm was determined. This value fits very well with the diameter of wild type 

encapsulin of around 24 nm.  

 

Figure 5.4: TEM images of Enc(neg) and corresponding histogram with size distribution. (A) Negative stained 

TEM image of Enc(neg). Scale bar is 50 nm. (B) Histogram and size distribution with standard deviation for Enc(neg). 

100 protein containers were measured to determine size distribution. 

Dynamic light scattering (DLS) was carried out to determine the hydrodynamic diameter of the 

protein container. As described in chapter 7.4.7, for each sample two measurements with three 

runs each were performed at 20 °C. Additionally, the surface ζ-potential of the protein samples 
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was determined. These measurements were carried out at 25 °C. Both proteins were 

measured in a 10 mM phosphate pH 6.0 buffer. The data is shown Table 5.3.  

Table 5.3: Hydrodynamic diameters and ζ-potential of negative encapsulin variants. 

Sample DDLS [nm] PDI ζ-potential [mV] 

Enc(wt) 28.17 0.167 - 28.60 

Enc(neg) 24.04 0.039 - 24.50 

In this case, only Enc(wt) and Enc(neg) were compared because the wild type features the flavin 

on the outer surface, which might influence the ζ-potential and hydrodynamic diameter. 

Interestingly, in the same condition the ζ-potential is around 4 mV more negative for Enc(wt). 

The surface bound flavin probably causes this increased value. The flavin backbone is bound 

to the surface tryptophan and only the side chain might affect the ζ-potential. Flavin 

mononucleotide features a side chain with several hydroxy groups and a phosphate head 

group, which might add additional negative charge to the outer Enc(wt) surface. The riboflavin 

side chain lacks a phosphate group and mostly consists of hydroxy groups (Figure 5.7). Via 

DLS the hydrodynamic diameters for encapsulin samples could be determined. A size of 

24.04 nm for Enc(neg) fits very well to the TEM based value of 23.99 nm (Figure 5.4B). On the 

other hand, a size of around 28 nm for Enc(wt) deviates strongly in comparison to Enc(neg). A 

PDI of 0.167 indicates a less monodisperse sample. Values below 0.1 are expected for protein 

samples, since protein containers are identical to each other without change in size or shape 

resulting in very monodisperse samples. In this case, Enc(wt) either does not seem to be as 

stable as Enc(neg) in 10 mM phosphate buffer pH 6.0 or the sample investigated contained 

smaller protein agglomerates which were not completely removed via protein purification. 

Moreover, the influence of the surface bound flavin must not be disregarded and is most likely 

responsible for the observed deviation in size and PDI.  

In conclusion, novel negatively charged encapsulin variants without flavin attached to the outer 

surface were designed, purified and characterized. 

 

5.1.3.2 Production and purification of positively charged encapsulin variants 

For negative Enc variants the production is carried out at 37 °C. In early experiments, the 

production of positive Enc variants was also done at 37 °C, but almost no protein was purified 

(data not shown). Consequently, a first step to improve protein yield was to change the 

temperature. A decrease in temperature goes along with a decrease of protein expression. 

The decrease to lower temperatures facilitates the production of folded, soluble protein.[283] In 

this case, the temperature was decreased to 18 °C. To overcome the reduced protein 
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expression the time for protein production was increased from several hours to days (chapter 

7.7.2.2). With this novel protocol, it was possible to produce positively charged encapsulin in 

high yield.  

As described in the following section, several parameters of the Enc(neg) protocol were adjusted 

to establish the purification of novel positive Enc variants. To a certain extent, some knowledge 

of purifying positively supercharged Ftn was transferred. Ftn(pos) is purified at a pH value of 6, 

while negative Enc and Ftn variants are purified at a pH value of 9. Therefore, the pH for the 

positive Enc purification was changed to 6. Due to the more acidic pH, Enc(pos) becomes more 

positively charged and the binding strength to ion exchange column is increased. Typically, 

Ftn(pos) is purified with a buffer container 1 M NaCl in comparison to 0.15 M used for negative 

Enc variants. The high amount of salt is necessary to keep the positive Ftn in solution. 

Otherwise, interactions between negatively charged RNA and DNA with the positively charged 

protein container are not prevented. Subsequently, the purification of positive Enc was directly 

carried out in a buffer with high NaCl concentration. Moreover, the purification of Ftn(pos) is 

carried out with RNase only, while for negative Enc variants DNase and RNase are feasible. 

DNase is excluded since DNA is digested into smaller negatively charged parts which might 

be small enough to stick to the positive container surface. Larger negatively charged constructs 

are easier to remove than smaller molecules directly attached to the surface. To summarize, 

a purification at pH = 6 with RNase only and high salt concentration was chosen. The final 

protocol to purify positive Enc variants is described in detail in chapter 7.7.2.2. 

 

Figure 5.5: Ion-exchange and size-exclusion chromatograms for positively surface charged encapsulin. 

(A) IEC chromatogram for Enc(pos). Protein elution at 65 mS/cm. (B) SEC chromatogram for Enc(pos). Absorbance 

was monitored at 280 nm (black), 260 nm (blue) and 450 nm (orange). Conductivity is shown in red. 

For the new purification process, also the IEC and SEC were adjusted for positive encapsulin. 

Both methods were carried out to remove residual proteins or impurities from production and 

larger protein aggregates. IEC and SEC chromatograms for Enc(pos) are shown in Figure 5.5. 

Positively supercharged Enc elutes at 65 mS/cm. The protein specific elution volume for SEC 
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is 12.9 mL. In comparison, the elution volume for Enc(neg) is 12.8 mL (Figure 5.2). The elution 

volume of Enc(pos) indicates no significant change in size. Chromatograms for Enc(pos)-Fla and 

Enc(pos)-Ala are found in the appendix (Figure 8.13 and Figure 8.12). 

Purified Enc(pos) variants were characterized by the same techniques as mentioned for Enc(neg) 

variants. The proteins listed in Table 5.4 only differ in one single mutation at position 90, as 

discussed earlier (Table 5.1). Prior to further characterization, gel electrophoresis was carried 

out. For all three protein variants, bands at the expected range can be seen in the SDS gel 

(Figure 8.7). In detail, the protein bands are at the same level as for negative Enc variants and 

indicate the purification of a protein in the same mass range. Since SDS gels lack in higher 

resolution, ESI MS was carried out (Figure 8.8). In Table 5.4 the measured molecular masses 

are given. Via ESI MS, the molecular masses of Enc(pos) and Enc(pos)-Ala were determined very 

accurately. Surprisingly, it was not possible to access the molecular mass of Enc(pos)-Fla via 

ESI MS. A less ionizable protein is less likely, because other Enc variants could be 

characterized via ESI. Insufficient sample preparation or residual salt in solution might be the 

reason for unsuccessful ionization in ESI. As seen for Enc(neg) variants, ESI-MS results in 

molecular masses very similar to the expected mass. 

Table 5.4: Molecular masses determined via ESI MS for positively supercharged encapsulin variants. 

Molecular masses [g/mol] Enc(pos) Enc(pos)-Ala Enc(pos)-Fla 

Calculated 30911.74 30825.69 30941.76 

ESI 30910.32 30826.19 - 

 

Figure 5.6: TEM images of Enc(pos) and corresponding histogram with size distribution. (A) Negative stained 

TEM image of Enc(pos). Scale bar is 50 nm. (B) Histogram and size distribution with standard deviation for Enc(pos). 

100 protein containers were measured to determine size distribution. 
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Via MS the production of the proper protein is verified. The following step is to check if the 

protein subunits form a fully assembled container. In Figure 5.6A negatively stained TEM 

images are shown. Spherical structures can be observed and confirm an assembled protein 

container. Due to a staining or imaging artefact, some protein containers appear to be filled, 

but in several TEM images such artefact is observed either strong or weak (Figure 5.4, Figure 

5.12). In a second step, the protein containers are measured to determine a size distribution. 

For Enc(pos), a size distribution of 24.21 nm with a standard deviation of 0.64 nm is found. This 

size distribution features no significant deviation to neither the reported size of Enc(wt) nor 

Enc(neg) with around 24 nm. In fact, Enc(pos) seems to be larger with 24.21 nm than Enc(neg) with 

23.99 nm, but the container size was measured by hand via ImageJ. Since protein containers 

do not yield a high contrast in negative stained TEM images, it is currently not possible to 

automatically process these images with higher precision. 

For further characterization, DLS and ζ-potential measurements were carried out. The results 

are listed in Table 5.5. In this case, two positively supercharged protein variants are compared 

with each other. In detail, the positive Enc variants with flavin (Enc(pos)-Fla) and without flavin 

(Enc(pos)) are compared. To compare the ζ-potential of two oppositely charged protein variants 

Enc(neg) is listed. 

Table 5.5: Hydrodynamic diameters and ζ-potential of positive encapsulin variants. For comparison between 

oppositely charged variants Enc(neg) is listed. 

Sample DDLS [nm] PDI ζ-potential [mV] 

Enc(pos)-Fla 25.45 0.031 - 

Enc(pos) 27.23 0.026 19.30 

Enc(neg) 24.04 0.039 - 24.50 

The hydrodynamic diameter for Enc(pos) is significantly larger than for Enc(pos)-Fla. Despite the 

deviation, in both cases a low PDI is achieved and indicates monodisperse samples. One 

reason for a larger DDLS value might be caused by residual salt in the solution. The salt 

concentration has a sizeable impact on the hydrodynamic diameter. In theory, with higher salt 

concentration a greater extent of charged ions bind to the protein surface resulting in more 

arranged water molecules around the protein surface and larger hydrodynamic diameters. 

Typically, positive Enc variants are stored in a buffer containing 1 M NaCl. Residual salt might 

not have been properly removed and causes a larger diameter in DLS. After all, the actual 

protein diameter is determined via TEM (Figure 5.6), while DLS determines the hydrodynamic 

diameter in solution. The ζ-potential of Enc(pos) with 19.30 mV shows that this variant is not 

exactly oppositely charged to Enc(neg) with - 24.50 mV. But nevertheless, a significant change 

in ζ-potential occurred, since the original template for supercharging was a negatively charged 



Results 

44 

Enc variant. This change is supposed to enable and support strong electrostatic interactions 

in protein crystallization.  

In the end, novel positively supercharged encapsulin variants with and without flavin attached 

to the outer surface were successfully designed, purified and characterized. 

 

5.1.3.3 Flavin-free encapsulin variants 

For the assembly of nanoparticle loaded protein crystals with optical properties, any 

contamination such as the flavin bound to the encapsulin surface is undesirable. SAVAGE et al. 

mutated W90 to alanine (W90A) or glutamic acid (W90E) to remove the flavin.[219] As described 

in detail in the previous chapters, it was not only possible to adopt this mutation to Enc(wt), but 

also to apply the mutation into the novel positively supercharged Enc. At the time of this work, 

it is still not fully clear which flavin is bound to the outer surface. Three flavins that are found in 

protein production via E. coli are shown in Figure 5.7A. 

 

Figure 5.7: Overview of possible surface bound flavins and characteristic absorbance. (A) Chemical 

structures. (B) UV-Vis spectra of Enc(wt). 

All three of these flavins feature an absorbance maxima at 350 nm and 450 nm.[219] When the 

flavin is attached to the outer protein surface of the wild type encapsulin, maxima at around 

350 nm and 450 nm can be observed (Figure 5.7B). 

Based on the absorbance spectra it is not clear which flavin might be bound to the encapsulin. 

One study carried out mass spectrometry of the protein sample to determine the mass of the 

flavins. The protein sample was analyzed via liquid chromatography MS. For that experiment, 

the sample was eluted with a gradient of water to acetonitrile. Both solutions were 

supplemented with formic acid. The organic solvent denatures the encapsulin on the column 
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to induce the release of bound flavin. Riboflavin and FMN were found, but no FAD.[219] Reports 

in literature discuss which flavin might fit into their corresponding cryo-EM data. Either 

riboflavin or FMN are modelled into the electron density found at the binding site, but the flavin 

side chain is flexible and not preserved.[219,224] Therefore, it is still unclear which of the two 

flavins is bound because both might be possible.  

For this work, ESI MS was carried out to get further details about the possible flavin. Since the 

flavin is not removed via protein purification steps, the bond to the outer surface seems to be 

quite strong. Therefore, a harsh procedure was performed to separate flavin and encapsulin. 

In detail, the protein was incubated for 30 min at 4 °C with trichloroacetic acid (TCA). TCA is 

widely used in biochemistry to precipitate macromolecules. In this case, TCA is supposed to 

precipitate the encapsulin but not the flavin. After incubation the sample is centrifuged for 10 

min at 13000 g at 4 °C to pellet precipitated protein. The resulting pellet is of white color while 

the supernatant stays yellow. Typically, proteins are not colored and appear white. The coloring 

already indicates that the protein is found in the pellet and the flavin remains in solution. The 

supernatant is then used for ESI MS measurements (Figure 5.8). For reference, untreated FAD 

and riboflavin are also characterized via ESI MS and to check if possible degradation products 

are found. In Figure 5.8A, an m/z value corresponding to riboflavin (377.14 Da) was found. In 

the region around 450 Da, low intensity for a mass of 452.72 Da can be observed. This mass 

is close to the expected value of 456.56 Da for FMN. No mass for FAD (786.17 Da) is found. 

Other expected m/z ratios from the reference data do not appear in the supernatant MS data 

(Figure 5.8B+C). Detected m/z ratios with higher values are degraded fragments of residual 

protein since they do not appear in the reference data and are too high for any flavin molecules. 

Detected m/z values of around 127 Da and 138 Da fit to degradation products of TCA into 

dichloroacetic acid and formic acid, respectively.[284] Riboflavin degradation products such as 

lumichrome at 243 Da, lumiflavin at 259 Da and carboxymethylflavin at 301 Da are 

observed.[285,286] Most of the degradation products do not appear in the reference data since 

they were not chemically treated with TCA. Only lumichrome, a typical flavin photodegradation 

product is observed. To check the suitability of this experiment and if the amount of sample 

was just too low to detect other flavins, it was repeated but with a higher concentrated sample 

of Enc(wt). Additionally, Enc(pos)-Fla was also treated with TCA. In both cases, the yellow-colored 

supernatant was analyzed via ESI MS (Figure 8.14). Again, a very intense signal for riboflavin 

mass and an almost vanishing signal for FMN mass is found. This result indicates that mostly 

riboflavin is bound to the encapsulin surface. On the other hand, it might be possible that FMN 

is less ionizable and therefore not observed with high intensity as riboflavin in ESI MS. In 

comparison, SAVAGE and co-workers detected significantly more FMN than riboflavin ions in 

liquid chromatography MS.[219] The procedure to separate protein and flavin carried out in this 

work is based on the precipitation of proteins. It is not expected that FMN would precipitate 
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and therefore appear with lower intensity. Even if both molecules react with each other, 

resulting products would be detected, but this is not the case. There are no m/z values that 

might fit to thinkable reaction products. In fact, it seems that almost no FMN is present in these 

encapsulin samples. 

 

Figure 5.8: ESI MS spectra to distinguish which flavin is bound to encapsulin. Enc(wt) (A), riboflavin (B) and 

FAD (C) ESI MS spectra with m/z range from 110 Da to 1025 Da. 

A comparison of the protein purification steps between this work and published by SAVAGE et 

al. results in no difference with large impact. SAVAGE and co-workers dialyzed the protein 

sample prior to SEC, while in this work IEC is carried out prior to SEC. Basically, both methods 

should lead to the same result, having a protein sample separated from smaller molecules. It 

is unlikely that surface bound FMN interacts with the chromatography column used for IEC, is 
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removed from the encapsulin surface and irreversibly bound. One step before protein 

purification is protein production. SAVAGE et al. induce the protein production with IPTG at an 

OD600 of 0.3 and expression takes place at 18 °C.[219] For this experiment, protein expression 

is induced at OD600 of 0.7 and is carried out at 37 °C. Especially the temperature might 

influence the production and use of riboflavin and FMN inside the E. coli cell. Here, further 

research is needed to investigate the influence of the temperature and inducing time, but this 

is not part of the works scope. 

In previous chapters encapsulin variants with and without flavin are introduced. For Enc 

variants with flavin the question emerged how many flavins are attached to the protein surface? 

To resolve this question, a method already used to determine the loading of fluorophores in 

ferritin is used.[12] Experimental details are found in chapter 7.7.6. Since it is presumably 

riboflavin that is bound to the encapsulin surface, a riboflavin stock solution was used to 

prepare a concentration row. For each measurement point, the absorption at 280 nm and 450 

nm was measured (Figure 8.15). Based on these calibrations, the ratio of riboflavin to 

encapsulin is determined (Table 5.6). 

Table 5.6: Calculation of the number of riboflavin molecules attached to the encapsulin surface. 

Protein Riboflavin/Enc 

Enc(wt) 34.90 

Enc(pos)-Fla 46.86 

Based on this method, it was possible to determine that roughly 35 and 47 riboflavin molecules 

are attached to Enc(wt) and Enc(pos)-Fla, respectively. The encapsulin container is constructed 

out of 60 subunits, thus 60 binding sites are present. Due to 60 binding sites up to 60 riboflavin 

molecules can bind to the surface and indicate that this result is reasonable. Interestingly, the 

positively supercharged Enc(pos)-Fla features roughly 12 additional riboflavin molecules on the 

outer surface. The major difference between both variants is the surface charge. In detail, 

additional cationic amino acids are added in close range to the aromatic residue tryptophan at 

position 90 into Enc(pos)-Fla at position 86 and 241. In structural biology cation-π interactions 

are well known.[287,288] In this case, the cationic residues might act as catchers and improve 

flavin binding. Moreover, the change of time and temperature in protein production might also 

influence the flavin amount. 

Currently the only method to avoid flavin binding to encapsulins is the mutation at position 90 

to remove the aromatic amino acid. To further characterize encapsulins with and without flavin, 

the absorption ratios of A260/280 and A450/280 are compared (Table 5.7). Since flavins 

feature a characteristic absorbance at 450 nm, this value is compared with the protein 
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absorbance maximum at 280 nm. The ratio of A260/280 is used to evaluate the purity of the 

protein sample. The values listed below are extracted from protein purification via SEC. 

Table 5.7: Comparison of absorption ratios of encapsulin variants with and without flavin. Protein variants 

without flavin are marked with an asterisk. 

 Enc(wt) Enc(neg)* Enc(neg)-Ala* Enc(pos)-Fla Enc(pos)-Ala* Enc(pos)* 

A260/280 0.694 0.646 0.647 0.733 0.693 0.657 

A450/280 0.065 0.009 0.009 0.107 0.010 0.010 

In every protein variant with a mutation at position 90, the absorbance ratio of A260/280 and 

A450/280 decreases, indicating the removal of bound flavin. For Enc(pos)-Fla the ratio at 

A450/280 is higher than for Enc(wt), indicating that a higher amount of flavin is bound to Enc(pos)-

Fla, due to the increase in absorption at 450 nm. This result agrees with the conclusion from 

the previous experiment (Table 5.6), in which Enc(pos)-Fla binds more flavin molecules than 

Enc(wt). 

For an additional characterization, the absorbance spectra of Enc(pos)-Fla and Enc(pos) are 

measured and shown in Figure 5.9. The characteristic flavin absorbance at around 350 nm 

and 450 nm can be observed for Enc(pos)-Fla. For Enc(pos) the absorbance at 450 nm is absent. 

The leftover absorbance at around 350 nm can be attributed to the protein. Even by eye the 

significant change in color can be seen (Figure 5.9 - inset). The same behavior can be 

observed for negatively charged Enc variants (data not shown). The loss of the characteristic 

flavin absorbance furthermore indicates the successful removal of the flavin. 

 

Figure 5.9: Absorption spectra of Enc(pos)-Fla and Enc(pos). Absorbance spectra were recorded at the same 

protein concentration. Inset: Visual comparison between Enc(pos)-Fla (left) and Enc(pos) (right) samples. 
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In conclusion, Enc variants with flavins were characterized by MS and absorbance spectra. 

Possibly riboflavin is the main flavin bound to the Enc surface, while positive Enc binds 

significantly more flavin to its surface than negative Enc.  

 

5.1.4 Positively charged ferritin with additional cysteine 

In a recent study, BECK et al. investigated the interactions between AuNPs and fluorophores 

loaded in a Ftn protein crystal (chapter 2.5.3).[13] One of the latest statements in their study 

highlighted the interest of enabling a system with a defined chemical environment, orientation 

and position of fluorophores as shown with a fluorophore-conjugated icosahedral virus 

template by DRAGNEA.[11,289] For this purpose, a positively supercharged ferritin variant with 

additional cysteine is used. The Ftn(pos)-Cys variant labeled with various fluorophores is 

supposed to be used as a novel building block for the assembly of binary protein lattices. 

Initially MADE BUDIARTA carried out the mutagenesis of Ftn(pos)-Cys. This work continued his 

approach: Here the new protein variant is produced for the first time and characterized. Ftn(pos)-

Cys is produced and purified after an already established protocol for Ftn(pos) (chapter 

7.7.2.3).[205] Corresponding IEC and SEC chromatograms for Ftn(pos)-Cys are shown in Figure 

5.10. 

 

Figure 5.10: Ion-exchange and size-exclusion chromatograms for positively supercharged ferritin with 

additional cysteine. (A) IEC chromatogram for Ftn(pos)-Cys. Protein elution at 71 mS/cm. (B) SEC chromatogram 

for Ftn(pos)-Cys. Absorbance was monitored at 280 nm (black). Conductivity is shown in red. 

The elution volume of Ftn(pos)-Cys in SEC (Figure 5.10B) fits very well to the reported value of 

Ftn(pos) with around 57 mL and indicates the elution of a protein container with the correct size. 

To verify the purification of a protein with the correct mass, ESI MS is carried out. In Figure 

5.11 the ESI MS spectrum is presented.  
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Figure 5.11: ESI MS spectrum of Ftn(pos)-Cys. ESI MS spectra with m/z range from 625 Da to 1075 Da. 

At first sight, two populations of protein can be detected. In comparison between two closer 

signals, the deviation of molecular mass appears to be small. The deviation is most likely 

caused by N-terminal cleaved Ftn(pos)-Cys. Typically, a protein sequence starts with methionine 

since this amino acid acts as a starting point for the protein. Assuming that this first methionine 

is cleaved, a change of mass can be expected (Table 5.8). For both protein populations the 

mass derived from the ESI MS spectrum is compared with calculated molecular masses. 

Table 5.8: Molecular mass determined via ESI MS for positively charged ferritin with additional cysteine.  

Molecular masses [g/mol] Ftn(pos)-Cys Ftn(pos)-Cys cleaved 

Calculated 21405.09 21273.90 

ESI 21405.28 21273.82 

In Figure 5.11 m/z values with lower intensity correspond to Ftn(pos)-Cys, while those with higher 

intensity fit to cleaved Ftn(pos)-Cys. The significant difference in signal intensity indicates that 

mainly Ftn(pos)-Cys without methionine is present. The experimental molecular masses derived 

from ESI measurements perfectly fit to theoretical values. Thus, for the assumed population of 

methionine cleaved Ftn(pos)-Cys the molecular mass features no deviation (Table 5.8). In 

nature, N-terminal methionine can be cleaved to leave a non-bulky N-terminus. But the 

efficiency of the cleavage is depending on the nature and bulkiness of the side chain of the 

second amino acid. If residues such as arginine, aspartic acid, lysine or isoleucine follow, the 

cleavage is inhibited.[290,291] This is not the case for Ftn(pos)-Cys, because the amino acids 

following after the N-terminal methionine are threonine, alanine and serine. Therefore, some 

other process seems to influence the N-terminal methionine cleavage. In bacteria, the 

cleavage system can be saturated by protein overproduction leading to an incomplete 

cleavage.[291-293] The ESI spectrum exactly indicates such behavior, but further research would 

be needed to specify the origin of this occurrence. Since the N-terminus of Ftn(pos)-Cys is of no 

particular interest and does not influence further experiments, the presence or absence of N-

terminal methionine will not be investigated further. 
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5.2 Encapsulation of cargo into protein containers 

The encapsulation of cargo into protein containers was described in detail in chapter 2.4 and 

its sub-chapters. First, the protein container is disassembled and then reassembled while 

cargo is added. As shown for encapsulin a cargo-loading peptide (CLP) can be exploited to 

encapsulate non-native cargo such as AuNPs into a protein container. Another possibility is to 

use electrostatic interactions for cargo encapsulation if CLP functionalization cannot be carried 

out. Along these lines, two goals were envisioned: First, optimization of the AuNP 

encapsulation. Secondly, encapsulation of novel cargo such as quantum dots. 

 

5.2.1 Encapsulin dis- and reassembly 

Initial encapsulation trials were carried out to reproduce the encapsulation of AuNPs into Enc(wt) 

according to already established protocols.[10] Surprisingly, it was not possible to reproduce the 

encapsulation based on the established procedures. To further investigate this problem, first 

the disassembly of encapsulin was investigated. In general, the disassembly is triggered by 

strong acidic or basic pH or high concentration of guanidine hydrochloride (Gua).[9,225] Only the 

acidic approach was of interest, because it was already possible to achieve high encapsulation 

efficiencies with the acidic disassembly condition.[10] In our protocol, the protein dissolved in 

ultrapure water is diluted ten times with 10 mM phosphate buffer pH 2.0 to induce disassembly. 

Moreover, in a work by SAVAGE et. al the disassembly is carried out at pH 1.0. SAVAGE and co-

workers adjust the pH of the buffered protein solution with the addition of HCl to pH 1.0, 

because at pH 2.0 the protein disassembly was not complete.[9] The question arises why the 

disassembly at pH 2.0 and high encapsulation efficiency into Enc(wt) were possible in previous 

works and what has changed. The protein present in water and being diluted with a buffer of 

pH 2.0 should not result in a significant difference in pH than adjusting the buffered protein 

solution to pH 2.0 with HCl. The main deviation in both approaches might be the final volume 

of the disassembly solution. The ten times dilution might result in a larger sample volume than 

adding small volumes of a concentrated HCl solution. The difference of sample volume might 

indicate that a sample with lower protein concentration in a larger volume is able to 

disassemble at pH 2.0. Therefore, additional experiments were carried out to analyze this 

observation. 

As a first experiment, Enc(wt) and Enc(pos)-Fla were disassembled in 10 mM phosphate pH 1.0 

and pH 2.0. After incubation at 4 °C for 1 h, negatively stained TEM samples were prepared. 

For disassembly at pH 1.0, no protein containers can be observed (Figure 5.12B+E). 

Remarkably, at pH 2.0 protein containers are still present (Figure 5.12C+F). In these 

experiments, the disassembly was carried out by diluting the protein dissolved in 20 mM Tris 

pH 7.5, 0.3 M NaCl ten times with 10 mM phosphate buffer of pH 1.0 or 2.0. The final pH was 
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verified via pH electrode, indicating the dilution process with the disassembly buffer is sufficient 

to change the solution’s pH. Additionally, the idea that protein disassembly occurs in less 

concentrated solutions at pH 2.0 was disproved. Consequently, it is not clear why high 

encapsulation efficiencies were possible based on a disassembly at pH 2.0. 

 

Figure 5.12: Investigation of the encapsulin disassembly via negative stained TEM images. (A) General 

scheme for protein dis- and reassembly. Proteins incubated at pH 1.0 in (B) and (E) and at pH 2.0 in (C) and (F). 

Disassembled proteins at pH 1.0 were reassembled at pH 7.0 in (D) and (G). TEM images for Enc(wt): (B), (C) and 

(D). TEM images for Enc(pos)-Fla: (E), (F) and (G). Scale bars are 100 nm. 

Based on TEM images it is not clear if no disassembly occurs at pH 2.0 or whether it is only 

partial. To address this question, a native gel was prepared (Figure 8.17). Native gels are also 

known as non-denaturing gels and make it possible to analyze proteins in their folded state. 

Enc(wt) was incubated for 1 h at 4 °C in pH 1.0, 1.5 and 2.0. At pH 2.0 the disassembly is 

incomplete, because both protomer and container bands are visible. Already at pH 1.5 no 

protein containers are observed anymore. 
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To check if Enc(wt) and Enc(pos)-Fla disassembled at pH 1.0 still reassemble, the original 

reassembly protocol is carried out. After reassembly, negative stained TEM samples were 

prepared (Figure 5.12D+G). In both cases reassembled protein containers are observed. At 

this point flavin-free variants were not yet discovered and only Enc(wt) and Enc(pos)-Fla were 

available for investigation (Figure 5.12). Nevertheless, it was possible to show that the 

positively supercharged Enc(pos)-Fla can also be dis- and reassembled. Due to the change to 

more positive amino acids on the outer surface it was not clear if the reassembly still occurs. 

The container cavity is negatively charged while the new variant is positively charged. 

Electrostatic interactions could lead to stacking between protein subunits and no successful 

reassembly, but this does not seem to be the case. 

After investigating the disassembly mechanism via negative stained TEM samples and native 

gel, it is possible to distinguish the problem of no encapsulation. Based on these results, the 

disassembly of Enc variants will only be carried out at pH 1.0. 

 

5.2.2 Gold nanoparticle encapsulation 

In chapter 2.4.1.1 T. maritima encapsulin, the possibility to encapsulate AuNPs is described 

and visualized (Figure 2.11). In previous work, only a few micro grams of protein were used 

for the encapsulation of AuNPs. Since larger amounts of protein are needed for the assembly, 

one task of this work was to investigate the upscaling of the AuNP encapsulation. Furthermore, 

the encapsulation of a single and multiple smaller AuNPs into Enc was examined.  

 

5.2.2.1 AuNP synthesis 

As described in detail in chapter 2.1.1.1, the improved TURKEVICH method makes use of EDTA 

to achieve very monodisperse AuNPs of desired sizes. The synthesis was already applied in 

previous works of the BECK group to synthesize AuNPs that fit into the Enc(wt) cavity,[10] but was 

not yet applied to supercharged flavin free Enc variants. In another work smaller AuNPs were 

encapsulated into supercharged Ftn variants.[13] It was planned to also encapsulate these 

smaller gold nanoparticles into the Enc container. Therefore, both types of AuNPs had to be 

synthesized.  

The synthesis with the goal of making 13 nm large particles was achieved with a protocol 

(chapter 7.5.1) based on the improved TURKEVICH synthesis of AuNPs by SCHULZ et. al.[41] 

Smaller gold nanoparticles of around 3 nm are synthesized by another established protocol 

(chapter 7.5.2) based on PENG et. al.[294] 
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Figure 5.13: TEM images and histograms of synthesized AuNPs. TEM images of AuNPs synthesized based on 

(A) PENG and (C) TURKEVICH protocols. Histograms of (B) PENG and (D) TURKEVICH AuNPs based on TEM images. 

Scale bars are 20 nm. 

In both cases, it was possible to synthesize AuNPs with desired sizes (Figure 5.13). However, 

for the encapsulation of AuNPs into Enc variants, it is important to determine the exact particle 

concentrations to achieve high encapsulation efficiency. Based on the Au precursor amount, 

Au density and size of AuNPs determined by TEM, it is possible to calculate a particle 

concentration. Nevertheless, such a calculation assumes a 100 % conversion of nanoparticle 

precursor. To determine the Au content of an improved TURKEVICH synthesis and take possible 

losses through synthesis and purification into account, atomic absorption spectroscopy (AAS) 

was used (Table 5.9). Typical AuNP concentration of a PENG AuNP synthesis was already 

determined by MARCEL LACH.[295] In general values for cAAS(Au) are slightly higher than 

estimated. Due to heating the aqueous solution, water evaporates, and the Au concentration 

is higher than expected. The estimated ccalc(Au) is based on the initial synthesis volume, which 

is slightly larger. Moreover, the yield of each synthesis seems to be rather high since no strong 

loss can be observed. Based on the nanoparticle size and Au concentration it is possible to 

determine the AuNP concentration. 
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Table 5.9: Atomic absorption spectroscopy results to determine Au concentrations. Three samples from 

different TURKEVICH AuNP syntheses were analyzed. For each sample three AAS measurements were carried out. 

Mean values are listed for cAAS(Au). 

Sample ccalc(Au) [mg/L] cAAS(Au) [mg/L] 

1 145.63 146.35 

2 145.63 147.62 

3 40.42 42.45 

Initially, the aim was to synthesize AuNPs of two different sizes and determine their particle 

concentrations. The determination of the particle concentration established within this work, 

enables the encapsulation of synthesized AuNP without assuming particle concentrations 

based on theoretical calculations. 

 

5.2.2.2 Functionalization and characterization of AuNPs 

After synthesis, AuNPs are functionalized with an already established ligand system composed 

of oleyl amine or citrate. The native ligands of 3.5 nm and 13 nm AuNPs are not suitable for 

encapsulation due to their hydrophobicity or strong negative charge. Prior to encapsulation, a 

ligand exchange must be carried out. For high nanoparticle encapsulation efficiencies into Enc, 

AuNPs were functionalized with a positively charged ligand called (11-mercaptoundecyl)-

N,N,N-trimethylammonium bromide (MUTAB) and CLP.[10] In both cases, the anchoring group 

is a thiol functionality (Figure 5.14). The CLP-mediated encapsulation of AuNPs will also be 

applied on novel supercharged Enc variants. Therefore, AuNPs of 3.5 nm and 13 nm were 

chosen for functionalization. 

 

Figure 5.14: Ligands applied on AuNPs for peptide-mediated encapsulation. For convenience, only amino 

acid three letter code is used to describe the CLP. 

For AuNPs of both sizes, established protocols were applied for ligand exchange (chapter 

7.6.1 and 7.6.2). Originally, for the small AuNPs smaller ligands were used, but it was also 

shown that MUTAB can be applied.[13] In this work, the small AuNPs are functionalized with 

MUTAB and CLP just as the large AuNPs. In previous results, it was shown that roughly half 

of the added amount of CLP binds to the NP surface. For larger AuNPs 20 CLP molecules per 

NP were added, but roughly 9 CLPs bond to the NP surface.[10] To establish the CLP-

functionalization of smaller AuNPs, different amounts of CLP were added to the ligand 
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exchange. In detail, 10 and 40 CLP molecules per NP surface were chosen. It is assumed that 

in this case also only half of the CLP molecules end up at the AuNP surface. Therefore, two 

sets of AuNPs with estimated 5 and 20 CLPs per NP were prepared. Since the surface of 

3.5 nm large AuNPs is significantly smaller than for 13 nm large AuNPs, it is assumed that less 

CLPs per NP surface are needed for efficient encapsulation. Furthermore, too many CLPs on 

the NP surface might decrease the NP stability. To distinguish the exact number of CLPs 

bound to the NP surface, further research is needed. In previous works, BECK and co-workers 

have already shown how to determine the amount of bond CLPs.[10] Here, after successful 

ligand exchange, nanoparticles are washed with ultrapure water and taken for characterization. 

First, UV-Vis measurements were used to characterize the AuNPs and determine their 

plasmonic resonance maximum (Figure 5.15). Only water soluble AuNPs with citrate, MUTAB 

or mixed MUTAB-CLP ligand shells were analyzed. 

 

Figure 5.15: UV-Vis comparison between AuNPs of different sizes with different ligand shell composition. 

(A) Data of 3.5 nm AuNPs with MUTAB and different amounts of CLP molecules (5 and 20) on the NP surface. (B) 

Data of 13 nm AuNPs stabilized with citrate, MUTAB and mixed MUTAB-CLP (CLP) ligand shells. Inset: 

Magnification of plasmon resonance maximum shift. 

The change from citrate to MUTAB for 13 nm large AuNPs goes along with a shift from 520 nm 

to 524 nm. AuNPs of 3.5 nm with MUTAB ligand shell feature a maximum at 504 nm. After 

CLP functionalization, a shift of the plasmon resonance is observed. AuNPs with 3.5 nm size 

and a mixed MUTAB-CLP ligand shell feature a maximum at 506 nm. Longer ligands than the 

CLP cause a red shift based on the increased polarizability compared to short ligands.[296] For 

13 nm large AuNPs a different behavior is observed. The maximum decreases from 524 nm 

to 522 nm. In this case, the polarizability based on the ligand length cannot only play a role 

because for both NP sizes the same ligands are applied. The major difference is the AuNP 

size. Larger AuNPs feature a stronger plasmon resonance than smaller ones. Therefore, it is 

assumed that the addition of the CLP influences the plasmon resonance and shifts to lower 

wavelengths. In previously published experiments, an observed shift from 520 nm to 522 nm 

for MUTAB to CLP addition is observed.[10] In this and in previous work, AuNPs with the mixed 
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MUTAB-CLP ligand shell feature a maximum at 522 nm. On the other hand, this time the 

maximum for only MUTAB stabilized particles is at 524 nm instead of previously reported 

520 nm. Nanoparticle aggregation could lead to a shift of the plasmon resonance to longer 

wavelength, but the determined PDI of the AuNPs used in this work is quite low and 

aggregation less likely (Table 5.10). The concentration of the AuNP sample also influences the 

plasmon resonance maximum. A sample with higher concentration usually features a shift 

towards longer wavelengths in comparison to a strongly diluted sample. In the end, it is not 

definitely clear why there is such a difference in the position of the plasmon resonance 

maximum of MUTAB stabilized particles. 

In addition to the UV-Vis measurements, further characterization was carried out by DLS 

(Figure 8.16). A summary is listed in Table 5.10. AuNPs with a size of 3.5 nm and functionalized 

with MUTAB resulted in a very large DDLS value with almost 61 nm. Thus, small AuNPs with 

MUTAB seem to be less stable and tend to agglomerate. For AuNPs of similar size with smaller 

ligands, lower diameters were reported.[13] However, after CLP functionalization with either 5 

or 20 CLP molecules per NP surface, the diameter drops significantly. There, the 

hydrodynamic diameter is closer to the diameter of 3.5 nm, determined via TEM. Still, for each 

of the three samples a high PDI value is observed. In TEM images it was shown that the size 

distribution is narrow, but DLS data indicate that the particles partially tend to agglomerate or 

residual agglomerates from purification steps are left. For further comparison, data of AuNPs 

of the same size but functionalized with shorter alkyl ligands are listed (Table 5.10, C2mix). 

There, the chain length is two carbon atoms and significantly shorter than MUTAB (11 carbon 

atoms). For the C2mix ligand shell, a lower PDI is observed. This comparison indicates either 

more stable particles or the particles from literature were synthesized with a narrower size 

distribution. On the other hand, the DDLS value is almost 2 nm larger than for CLP functionalized 

AuNPs.  

Table 5.10: DLS data for AuNPs of different sizes with altered ligand shell composition. Sample marked with 

an asterisk is listed for further comparison and derived from literature. C2mix equals a ligand shell composed of  

2-(dimethylamino)ethanethiol and (2-mercaptoethyl)-N,N,N-trimethylammonium.[13] 

Sample DDLS [nm] PDI 

3.5 nm 

MUTAB 60.91 0.42 

CLP(5) 5.88 0.68 

CLP(20) 6.84 0.44 

C2mix* 8.62 0.22 

13 nm 

citrate 17.55 0.54 

MUTAB 17.94 0.13 

MUTAB+CLP 20.29 0.30 
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On the other hand, the ligand exchange from citrate to MUTAB for 13 nm AuNPs led to a small 

increase of hydrodynamic diameter and decrease of PDI to around 21 nm and 0.13, 

respectively. Changes in both values indicate the high stability of the larger AuNPs in 

comparison to smaller AuNPs with MUTAB. With CLP functionalization, the hydrodynamic 

diameter is increased. Since the CLP is longer than MUTAB, an increase in diameter is 

expected. 

Next, ζ-potential measurements on water soluble AuNPs were carried out. In Figure 5.16A, 3.5 

nm large AuNPs with different ligand shell compositions are shown. MUTAB stabilized 3.5 nm 

AuNPs feature a ζ-potential of 46.7 mV. The functionalization with CLP leads to a decrease in 

ζ-potential. AuNPs with mixed ligand shells with MUTAB and either 5 or 20 CLPs show 37.4 

mV and 28.6 mV, respectively. With 20 CLPs per NP surface, the decrease in ζ-potential is 

higher, indicating more positively charged MUTAB is removed and exchanged with CLP 

molecules. In conclusion, the addition of more CLP molecules indeed led to more CLP 

molecules on the NP surface.  

 

Figure 5.16: ζ-potential measurements of AuNPs. 3.5 nm (A) and 13 nm (B) large AuNPs with different ligand 

shell compositions.  

Larger AuNPs of 13 nm are synthesized in water and are naturally stabilized with citrate 

molecules. In this case, the ζ-potential is negative (Figure 5.16B). The ligand exchange to 

MUTAB results in a change from -43.3 mV to 52.6 mV. In this case, the addition of CLP 

molecules to the ligand shell also causes a drop from 52.6 mV to 42.0 mV. Due to the exchange 

of MUTAB with CLP molecules on the NP surface a drop in ζ-potential is found. 

In previous work, it is discussed that one negative charge of the CLP is likely screened by the 

positive charge of surrounding MUTAB ligands.[10] In this case, the leftover charge of the CLP 

would be +1 (Figure 5.17; Asp-1 + Arg+1 + Lys+1 = CLP+1). Therefore, it is expected that CLP 

molecules on the NP surface increase the amount of positive charge and leading to an increase 

in ζ-potential. In this work, the presented data indicates a different trend: The addition of CLP 
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decreases the ζ-potential. A loss of charge indicates that the screening of the glutamic acid is 

not occurring. Then, the overall charge of the CLP is assumed to be neutral (Glu-1 + Asp-1 + 

Arg+1 + Lys+1 = CLP0). The exchange of a positively charged ligand with a neutral ligand could 

explain the observed decrease in ζ-potential. 

 

Figure 5.17: Idealized cartoon representation of a MUTAB and CLP functionalized gold nanoparticle surface. 

The 16 amino acid long cargo-loading peptide (CLP) can be divided into three parts: N-terminal anchoring group, 

based on a cysteine residue (pink) for covalent binding to the gold nanoparticle surface; Flexible hinge motif 

containing two glycine residues (green); C-terminal anchor sequence (from Asp to Leu) that binds to the inner 

encapsulin surface. Possible interactions between the negatively charged glutamic acid and the positive charge of 

the MUTAB ligand are indicated by a yellow arrow. Charged residues are highlighted either in red (negative) or blue 

(positive). Figure adapted from KÜNZLE et. al.[10] 

Finally, AuNPs of two sizes were functionalized with a mixed ligand shell composed of MUTAB 

and CLP molecules. The addition of CLP to the MUTAB ligand shell influenced hydrodynamic 

diameters and ζ-potentials. However, the AuNPs were stable and ready for encapsulation 

experiments. 

 

5.2.2.3 Scale-up of AuNP encapsulation 

Originally, a few micro grams of protein were used to establish the encapsulation of AuNPs.[10] 

To construct a three-dimensional material, a higher sample amount is needed. Therefore, the 

encapsulation process was carried out with milligrams of protein. The protocol is described in 

detail in chapter 7.7.4. In general, a protein solution with a high concentration was prepared. 

The desired amount of protein was diluted ten times with 10 mM phosphate buffer pH 1.0 and 

incubated for 1 h at 4 °C. Afterwards the protein sample is added to the reassembly buffer. 

The reassembly buffer for AuNP encapsulation is a 20 mM phosphate buffer pH 7.0 containing 

NaCl. The AuNP solution is added dropwise to the reassembly solution and gently swirled. 

Finally, the encapsulation experiment is incubated overnight at room temperature (Figure 

5.18). The next day, the sample is concentrated and prepared for purification (chapter 5.2.2.5). 
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The salt concentration in the solution during the reassembly process plays a crucial role. In a 

previous work, it was shown that with a NaCl concentration of 350 mM an encapsulation 

efficiency of over 99 % of AuNPs with CLP into Enc(wt) was achieved.[10] For this work, the 

concentration of NaCl was screened to determine the highest encapsulation efficiency into 

Enc(neg) and Enc(pos). High salt concentrations will shield the charges of AuNP and protein 

cavity, decrease AuNP stability and no encapsulation will take place. On the other hand, a low 

salt concentration will increase non-specific interaction between AuNP and protein and lead to 

precipitation of both. The encapsulation efficiency is determined from negatively stained TEM 

images featuring loaded or empty protein containers. The aim is to find an optimal NaCl 

concentration that maximizes the encapsulation efficiency (above 90 %). Moreover, Enc(pos) is 

oppositely surface charged, thus the amount of salt for efficient encapsulation may differ 

between protein variants.  

 

Figure 5.18: Schematic illustration of the encapsulation of AuNPs. At acidic pH, the protein is disassembled 

into its subunits. The reassembly is triggered by dilution and pH change to neutral. During reassembly, the CLP-

functionalized AuNPs are added and finally encapsulated. 

The NaCl concentration for the encapsulation of 13 nm large AuNPs was screened in a range 

from 200 mM to 500 mM in 50 mM steps. After each experiment, a negative stained TEM 

sample was prepared without further treatment (Figure 8.18). The summary of the 

encapsulation screening is shown in the following (Table 5.11). 

Table 5.11: Schematic overview of NaCl concentration screening for the encapsulation 13 nm large AuNPs. 

Color and symbol coding to highlight the efficiency. High encapsulation (>90 %): blue/++; medium encapsulation 

(<90 %): green/+; low encapsulation (<20 %) and aggregation: yellow/~; no encapsulation or mostly aggregates: 

red/x. 

 

 
 

c(NaCl) 

200 mM 250 mM 300 mM 350 mM 400 mM 450 mM 500 mM 

sample 
Enc(neg) x ~ + ++ ++ + + 

Enc(pos) x ~ + ++ ++ + + 

Interestingly, in this screening the optimal NaCl concentration for both encapsulin variants is 

determined to be between 350 mM to 400 mM. Despite the change of surface charge, the 
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encapsulation of AuNPs with CLP into Enc(pos) was as efficient as in Enc(neg) (Figure 5.19). The 

inner surface was not mutated, therefore the interactions between particles and inner surface 

should not differ. At 300 mM and above 450 mM NaCl, encapsulation is still observed but less 

efficient. Moreover, at 250 mM NaCl more empty containers and aggregates are visible. At 

200 mM, only aggregation or empty containers are observed.  

 

Figure 5.19: Negatively stained TEM images of AuNP-loaded Enc(pos). Encapsulation experiments were carried 

out with either 350 mM NaCl (A) or 400 mM NaCl (B). Scale bars are 50 nm. 

In conclusion, a certain concentration of NaCl is necessary to stabilize AuNPs, but too much 

salt might screen the electrostatic or weaken the CLP interaction with the Enc cavity. In both 

supercharged Enc variants CLP functionalized AuNPs of around 13 nm can be encapsulated. 

These reactions were carried out on the milligram-scale with respect to protein use. 

 

5.2.2.4 Encapsulation of small AuNPs 

Until now, only AuNPs with sizes of 11 nm and 13 nm have been encapsulated into Enc(wt).[10] 

In the previous chapter, 13 nm large AuNPs were encapsulated into Enc(neg) and Enc(pos). Since 

these AuNPs almost completely fill the cavity, experiments were carried out to encapsulate 

smaller AuNPs into Enc to investigate the possibility to encapsulate more than one 

nanoparticle per container. In detail, 3.5 nm large AuNPs functionalized with CLP were used 

in encapsulation experiments. Enc(neg) and Enc(pos) were chosen as target proteins. In general, 

the encapsulation procedure was carried out as described for 13 nm large AuNPs, but the 

NaCl concentration is lowered. In encapsulation experiments with AuNPs of around 3 nm into 

supercharged Ftn variants, the highest encapsulation rate was achieved at 200 mM NaCl. With 

higher NaCl concentrations the encapsulation efficiency decreased due to shielding of the 

charges.[13] Therefore, the salt concentration of the reassembly buffer is adapted and adjusted 

from 350 mM NaCl to 200 mM NaCl. After the encapsulation experiments, TEM images were 

prepared of untreated samples to investigate possible encapsulation. 
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Figure 5.20: AuNP encapsulation experiment with Enc(pos) visualized via TEM. Unstained (A) and negative 

stained (B) TEM image of Enc(pos) encapsulation experiment prior further purification. Scale bars are 20 nm. 

First, TEM images of the encapsulation experiment of smaller AuNPs functionalized with CLP 

into Enc(pos) are shown. In detail, 3.5 nm large AuNPs with 5 CLPs per NP were used. In Figure 

5.20A, pairs of two or three AuNPs are found, while also single AuNPs are present. All pairs 

are arranged within less than 24 nm, which indicates multiple AuNPs in a single Enc(pos) 

container. Negative stained TEM images verify this assumption. One, two, three and even four 

AuNPs can be found within one protein container (Figure 5.20B). On all available TEM images, 

no free AuNPs, but also empty protein containers are observed in negative stained TEM 

images. This observation can be explained, because the ratio of AuNPs to Enc(pos) for this 

encapsulation experiment was equal and multiple AuNPs are found within one container.  

One additional experiment was carried out with 3.5 nm large AuNPs functionalized with 20 

CLPs per NP to test if the higher number of CLPs on the NP surface affects the encapsulation. 

In this case, Enc(pos) and Enc(neg) were chosen for the encapsulation experiments. After 

complete reassembly, negative stained TEM images were prepared (Figure 5.21). In both 

experiments, the ratio of AuNPs to protein container was equal.  

 

Figure 5.21: AuNP encapsulation experiment with Enc(neg) and Enc(pos) visualized via TEM. Negative stained 

TEM image of Enc(neg) (A) and Enc(pos) (B) encapsulation experiment. Scale bars are 50 nm. 
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In direct comparison, the encapsulation efficiency under the same reaction condition is 

significantly better for Enc(pos) than Enc(neg). Multiple AuNPs are found within most of the Enc(pos) 

containers. Only a few containers that feature no cargo and no free AuNPs are observed. A 

few Enc(neg) containers are filled, but even then, only with one or two AuNPs. All reaction 

parameters are the same, but the protein is different. The different behavior indicates that the 

AuNP-protein interaction differs between both protein variants. The AuNP ligand shell is 

positively charged due to the MUTAB ligand, while the outer surface of Enc(neg) is completely 

negative. Electrostatic interactions between AuNP and Enc(neg) are conceivable. Moreover, the 

outer surface of Enc(pos) is completely positive and does not enable electrostatic interactions 

with the positive AuNPs. Only the negative cavity is available for electrostatic interactions and 

would explain the very efficient encapsulation. Also, AuNPs functionalized with MUTAB and 

CLP are supposed to interact with the inner protein surface, not the altered outer surface. The 

positive surface of Enc(pos) prevents the interaction of the AuNPs with the outer surface. On the 

other hand, this phenomenon is not observed for 13 nm large AuNPs. There, the encapsulation 

into both containers seems to be equally efficient. There, the larger AuNP can act as a template 

and possible enhance the reassembly process. The protein subunits interact with the CLP and 

reassemble around the large AuNPs. Therefore, interactions with the outer surface of Enc(neg) 

are less favored. With smaller AuNPs like here, this is not plausible. In the end, it is assumed 

that the interaction between smaller AuNPs and the outer surface of Enc(neg) is the reason for 

the low encapsulation efficiency. Increasing the NaCl concentration might improve the 

encapsulation into Enc(neg) due to screening the interactions between particles and protein. 

Furthermore, via TEM images no clear difference is observed in using AuNPs with 5 or 20 

CLPs per NP for encapsulation into Enc(pos). A future experiment could focus on increasing the 

AuNP-protein ratio to achieve loading of all available protein containers with multiple NPs. 

Based on experiments done by the DRAGNEA group, 12 FePt NPs of a size of 4.6 nm were 

encapsulated into a 28 nm large virus-like particle (VLP).[297] Based on their report, a similar 

amount of AuNPs (3.5 nm) are feasible to be encapsulated into Enc (24 nm). 

In conclusion, the encapsulation of small AuNPs into the encapsulin cavity was established. 

While the encapsulation into Enc(neg) was not very efficient, Enc(pos) was shown to be accessible 

for efficient encapsulation and even enables the uptake of multiple AuNPs. 

 

5.2.2.5 Purification of AuNP-loaded Encapsulin 

After the encapsulation experiments, the AuNP-loaded protein sample is purified via 

chromatographic methods. First, IEC is carried out to separate free AuNPs from protein. By 

using an anion exchange column, free AuNPs with positive ligand shells will not bind and run 

through to the column. The protein still binds to the column and is eluted with a salt gradient. 
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Afterwards, SEC is applied to remove aggregates from single protein containers. The cargo 

does not significantly affect the protein elution, because the protein size stays the same. In the 

purification steps, all buffers and columns are the same as for the empty protein containers 

(chapter 7.7.2).  

In Figure 5.22A, an ion-exchange chromatogram for AuNP-loaded Enc(neg) is shown. In detail, 

13 nm large AuNPs were encapsulated into Enc(neg) (AuEnc(neg)) and purified. Only one peak 

at the expected conductivity range is observed. Due to the simultaneous absorbance at 

280 nm, 260 nm and 520 nm the peak can be attributed to AuEnc(neg), because free AuNPs do 

not bind to the column. After IEC, the eluted sample is concentrated and taken for SEC (Figure 

5.22B). In SEC, AuEnc(neg) elutes at the expected range at around 12.7 mL. A high absorbance 

at 520 nm indicates a high number of encapsulated AuNPs. Nevertheless, some AuNP 

containing protein aggregates are observed at around 8 mL to 12 mL and removed via SEC. 

Additional UV-Vis measurement is carried out to analyze the purified AuEnc(neg) sample (Figure 

8.19). Additionally to the high absorbance in the region of 260 nm to 280 nm, the protein sample 

features a strong absorbance at 522 nm.  

 

Figure 5.22: Ion-exchange and size-exclusion chromatograms for negatively surface charged encapsulin 

loaded with AuNPs. (A) IEC chromatogram for AuEnc(neg). Protein elution at 52 mS/cm. (B) SEC chromatogram 

for AuEnc(neg). Absorbance was monitored at 280 nm (black), 260 nm (blue) and 520 nm (pink). Conductivity is 

shown in red. 

As shown in the previous chapter, the encapsulation of 13 nm large AuNPs into Enc(pos) was 

established within this work. First, IEC is carried out to separate free AuNPs from protein 

sample. In this case, a cation exchange column is used. Free AuNPs bind to the column, 

instead of passing the column. A conductivity over 100 mS/cm is necessary to elute the AuNPs 

(Figure 8.20). Therefore, in the region below 100 mS/cm only protein with encapsulated AuNPs 

is supposed to elute. After IEC, less AuNP-loaded protein is recovered (Figure 5.23) than 

empty Enc(neg) in the same purification step (Figure 5.22). In both experiments, the same 
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amount of protein and AuNPs were used under the same encapsulation conditions. Typically, 

Enc(pos) is stored in a buffer containing 1.0 M NaCl, but for encapsulation only 0.35 M NaCl is 

used. The encapsulation might still occur, but the reassembled protein might be less stable in 

this condition. One possibility to improve protein stability is to directly add additional NaCl after 

complete reassembly. Another experiment would be to dialyze against a buffer with a high 

concentration of salt while the encapsulation process takes place. With this procedure, the 

NaCl concentration would slightly increase within the encapsulation sample. Nevertheless, the 

peak with high absorbance at 280 nm and 520 nm at the expected conductivity of around 

72 mS/cm for Enc(pos) indicates the desired protein loaded with AuNPs. 

 

Figure 5.23: Ion-exchange and size-exclusion chromatograms for positively surface charged encapsulin 

loaded with AuNPs. (A) IEC chromatogram for AuEnc(pos). Protein elution at 52 mS/cm. (B) SEC chromatogram 

for AuEnc(pos). Absorbance was monitored at 280 nm (black), 260 nm (blue) and 520 nm (pink). Conductivity is 

shown in red. 

All protein fractions derived from IEC were combined and prepared for SEC. Also for AuEnc(pos) 

aggregates are observed in the region from 8 mL to 12 mL. Notably, the peak with high intensity 

at 280 nm, 260 nm and 520 nm is shifted to a higher elution volume of 14 mL. Typically, Enc(pos) 

is expected to elute at around 13 mL. Moreover, a broad shoulder towards larger elution 

volume is observed. A larger elution volume indicates that smaller objects elute. Due to the 

observed low recovery of protein and broad elution peak in SEC, the overall protein stability 

seems to be decreased after AuNP encapsulation. The shoulder at around 17 mL might 

indicates partially reassembled Enc(pos) around AuNPs since there is still absorption at 520 nm 

next to 280 nm and 260 nm. In addition, the purification of smaller AuNPs into Enc(pos) was 

carried out. In detail, 3.5 nm large AuNPs with either 5 or 20 CLP molecules per NP surface 

were used. Also, for the smaller AuNPs, low Enc(pos) recovery is achieved. There, the NaCl is 

even less with 0.2 M NaCl and might affect protein stability.  
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In the end, the purification of supercharged protein variants with differently sized AuNPs was 

established. In the future, the encapsulation for Enc(pos) needs further improvement to increase 

the protein stability and therefore a higher AuNP loaded protein yield.  

 

5.2.3 Quantum dot encapsulation 

Since the overall aim is to create a binary superlattice composed of two oppositely 

supercharged protein containers with QDs and AuNPs inside, the encapsulation of QDs had 

to be established. All giant core/shell quantum dots (gQDs) used in this work were kindly 

provided by SONJA KROHN (Fraunhofer CAN, Hamburg). In detail, spherical CdSe/CdZnS gQDs 

with a diameter of 12.9 nm were chosen for encapsulation (Figure 5.24). Since these gQDs 

are synthesized in an organic solvent and stabilized with hydrophobic ligands, a ligand 

exchange must be carried out to achieve water solubility. 

 

Figure 5.24: TEM image of gQDs with native ligand shell. Scale bar is 20 nm. 

First, the hydrophobic ligands oleic acid and oleyl amine had to be removed. A selection of 

ligands to provide water solubility are shown in Figure 5.25. The anchoring group is a thiol 

group with strong affinity to the semiconductor surface, while different head group were tested. 

Moreover, the aim is to achieve a positive surface charge, since the protein cavity is negatively 

charged, and electrostatic interactions are beneficial towards encapsulation. Nevertheless, 

alternative ligands were tested to establish water soluble particles. In a second step, a CLP 

functionalization is planned to have gQDs for high efficiency encapsulation.  
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Figure 5.25: Chemical structures of ligands used to functionalize gQDs. Short names for each ligand are 

written below the chemical structure. For TPEG two molecules with different molecular weights (3 kDa and 5 kDa) 

are used. 

 

5.2.3.1 Encapsulation of gQDs functionalized with small organic ligands 

The ligand exchange reactions for MUTAB, 11-mercaptoundecanoic acid (MUA), 11-amino-1-

undecanethiol hydrochloride (MUAM) and (5-mercaptopentyl)-N,N,N-trimethylammonium 

chloride (MPTAC) are performed as described in chapter 7.6.3. In general, the ligand exchange 

was based on a biphasic system consisting of aqueous KOH and organic chloroform phase, 

containing gQDs and ligands (Figure 5.25). The progress was tracked visually by the phase 

transition of gQDs. After visible phase transition, the aqueous phase is separated and washed 

with ultrapure water. Only for MUAM no phase transition was observed. Aqueous dispersions 

with MPTAC and a 1:1 mixture of MUTAB and MUAM ligands seemed to be very unstable 

since no resuspension was possible. A failure to exchange the ligands fully or partially may 

cause agglomeration. Moreover, the alkaline condition combined with the ligands might be 

unsuitable. The ligand exchange was carried out at room temperature. Increasing the 

temperature might have accelerated the phase transfer by increasing the motion of gQDs and 

ligand molecules in solution. On the other hand, heating the reaction mixture could also 

decrease the stability as well as the optical properties of the gQDs.[298] Furthermore, the 

amount of ligands plays a significant role. In each experiment, the same amount of ligands 

was applied, which might have been too much or too less. To distinguish the exact ligand 

composition, a removal of the ligand shell followed by NMR investigations would be needed. 

Promising results were obtained with MUA and MUTAB. Although MUA is a negatively charged 

ligand and ultimately maybe not ideal for encapsulation, it was already shown that MUA can 

be applied to quantum dot/rods.[168] Moreover, water soluble particles with MUTAB were only 

partially soluble after washing steps. The sample stability was a few hours until visible 

precipitation of the particles occurred. After successful ligand exchange to MUA, the effect on 
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the fluorescence of the gQDs is investigated by fluorescence spectra (Figure 5.26). Only MUA-

stabilized particles could be studied, since MUTAB stabilized particles do not exhibit long-term 

stability.  

 

Figure 5.26: Normalized emission spectra of gQDs. Particles with native ligand shell in hexane (grey) and 

stabilized with MUA in water (red). Excitation wavelength: 350 nm. 

Figure 5.26 visualizes the normalized emission spectra of gQDs with two different ligand shells. 

Particles with their native ligand shell (oleic acid and oleyl amine) feature an emission at 

544 nm. For MUA-stabilized gQDs, the emission maximum is shifted towards 545 nm. The 

shift may be caused by the ligand exchange and the resulting transfer from an organic to an 

aqueous medium or it might be a consequence of measurement inaccuracy. Nevertheless, a 

broadening of the emission distribution is observed. The change of the ligand and an increase 

in polydispersity may affect the emission broadening.[299] 

Since only MUA functionalized gQDs showed a high long-term stability, the ligand exchange 

protocol was modified (chapter 7.6.3). In detail, 20 or 200 CLP molecules per NP were added 

to the reaction mixture. Here, it is also assumed that only half of the CLP molecules bind to the 

NP surface. Therefore, 10 or 100 CLPs are estimated to bind to the gQD surface after ligand 

exchange. NPs with native, MUTAB, MUA and mixed MUA-CLP ligand shell were 

characterized via DLS (Figure 8.22). The fluorescence of the gQDs may play a significant role 

in the measurement method. The wavelength of the laser used as light source inside the 

Zetasizer is close to the range of the excitation wavelength of the gQDs. In conclusion, the 

detected light might correspond not only to scattered light by the NPs but also light emitted by 

the gQDS themselves. An attempt was made by adding copper(II) chloride to the NP solution 

to quench the fluorescence and avoid possible interference. However, no change was detected 

(data not shown), which might be attributed to the stabilizing ligand shell or insufficient 

excitation of the gQDs. The final measurements were carried out without any quencher. All 

results are summarized in Table 5.12. 
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Table 5.12: Summary of DLS measurements on gQDs with different ligand shell composition. 

Sample DDLS [nm] PDI 

Native 20.64 0.20 

MUTAB 26.27 0.50 

MUA 24.65 0.42 

MUA-CLP(10) 26.10 0.31 

MUA-CLP(100) 35.44 0.43 

The hydrodynamic diameter of gQDs with a native ligand shell composed of oleic acid and 

oleyl amine in hexane is 20.64 nm. Moreover, a PDI of 0.20 is observed. After phase transfer 

and ligand exchange, an increase in DDLS and PDI is observed. An increase in hydrodynamic 

diameter is caused by water molecules arranged around the ligand shell. For MUTAB-

stabilized particles, a PDI of 0.50 is observed. A higher PDI may be caused by agglomeration 

or broader distribution of particles. Since the observed PDI is higher in comparison to particles 

with native ligand shell, the functionalized particles seem to be less stable. The argument for 

a lower stability is in accordance with the observed low long-term stability of these particles. 

MUA-stabilized particles feature a larger PDI than gQDs with a native ligand shell, indicating a 

more disperse sample and supporting the observation of broadening the emission distribution. 

From MUA only, to MUA with 10 CLPs to MUA with 100 CLP molecules per NP surface, a 

significant increase in hydrodynamic diameter is observed. The PDI drops from MUA only to 

mixed shell with 10 CLPs. The CLP can improve NP stability and could lead to more separated 

particles. The PDI of 0.31 for gQDs with a mixed shell composed of MUA and 10 CLP 

molecules is also the closest one to 0.20 (original value for native particles), found for gQDs 

with a native ligand shell. With 100 CLPs, the PDI increases again. Here, an increased PDI 

indicates more agglomeration. 

Since a CLP functionalized cargo is desired for highly efficient encapsulation into Enc, further 

characterization is carried out on CLP-functionalized gQDs. TEM images of gQDs with mixed 

MUA CLP ligand shells are shown in Figure 5.27. Particles with either 10 or 100 CLP molecules 

per NP surface are in both cases well separated. Available TEM images offer limited 

information about some aggregates (Figure 5.27), which is indicated with higher PDI values in 

DLS measurements (Table 5.12). However, in Figure 5.27B some darker background is 

localized around the particles. Either some sort of imaging artifact or residual contamination 

might cause this shadowing. 
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Figure 5.27: TEM image of water soluble gQDs with MUA and CLP functionalization. Particles are 

functionalized with MUA and either 10 (A) or 100 (B) CLP molecules per NP surface. Scale bars are 25 nm. 

For further characterization, the ζ-potential of water soluble gQDs is determined (Figure 5.28). 

Due to the low stability of MUTAB stabilized gQDs, it was not possible to measure any ζ-

potential. After ligand exchange to MUA, the ζ-potential is -62.3 mV. The addition of 10 CLP 

molecules on the NP surface leads to a less negative value of -42.6 mV. The change indicates 

that less MUA is bound, but CLP is present on the NP surface after an exchange of the negative 

charge. For MUTAB-functionalized AuNPs, a loss of charge is also observed, due to the 

exchange of CLP molecules (Figure 5.16). However, the functionalization with 100 CLPs per 

NP leads to an increase to -53.9 mV, instead of further decreasing the ζ-potential to lower 

negative numbers. For smaller AuNPs, 20 CLPs on the NP surface led to an additional loss of 

charge in comparison to 5 CLPs (Figure 5.16A). An oversaturation of CLP in the reaction 

solution could lead to a decreased efficiency of functionalization, due to formed disulfide 

bridges between CLPs. The difference in ζ-potential for both ligand shell compositions implies 

that only a certain amount of CLP can be added to the NP surface until saturation is achieved. 

As discussed in a previous chapter (chapter 5.2.2.2), the addition of CLP ligands to the NP 

surface leads to removal of charged ligands and therefore a decrease in ζ-potential. Though, 

for no other experiment that many CLPs were aimed to be on the NP surface and therefore no 

other source for comparison is available.  

 

Figure 5.28: ζ-potential measurements of gQDs with different ligand shell composition. Ligand shell 

compositions based on MUA (green) or MUA mixed with CLP (blue, orange) feature negative ζ-potentials. 
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Due to the availability of two differently ligand shell systems, first MUA and CLP functionalized 

gQDs will be discussed. For effective disassembly, the protein is disassembled at pH 1.0. In 

comparison, for CLP-functionalized AuNPs of similar size, the best reassembly condition for 

encapsulation into Enc variants is a 20 mM phosphate buffer at pH 7.0 with 350 mM NaCl. As 

an initial test, this condition was tested with gQDs with 10 and 100 CLPs per NP. Negative 

stained TEM images of the reassembled samples are presented in Figure 5.29. 

 

Figure 5.29: Negative stained TEM images of initial gQD encapsulation test. The encapsulation was aimed for 

gQDs functionalized with MUA and 10 (A) or 100 (B) CLP molecules on the NP surface. Scale bars are 50 nm. 

Based on the TEM images in Figure 5.29, it is not possible to evaluate the success of the 

encapsulation. Despite the uneven staining, the spherical protein container shape and 

hexagonal morphology is especially apparent in Figure 5.29B. On the other hand, in Figure 

5.29A, the protein shape is less preserved. In both images, no free gQDs are observed. 

Moreover, the container cavity is mostly quite darkish, in comparison to some single containers 

with a more grayish appearing contrast. QDs give less contrast in TEM due to their lower 

electron density compared to Au. Therefore, it is not possible to clearly determine if gQDs are 

encapsulated or not using the stained TEM images. The darker contrast inside the protein 

cavity and no visible free gQDs may indicate a successful encapsulation. To distinguish if 

CdSe/CdZnS particles are present inside the container cavity, energy dispersive X-ray 

spectroscopy (EDX) measurements could be carried out. Moreover, unstained TEM images of 

the same sample could give details as to whether any gQDs are present. Unfortunately, it was 

not possible to further investigate both TEM samples due to rapid grid ageing. A leftover 

sample was further processed and characterized. Along these lines, UV-Vis spectra were 

recorded (Figure 5.30). For comparison, gQDs with a mixed MUA-CLP ligand shell and Enc(neg) 

are shown. Water soluble gQDs absorb over the complete shown range, while Enc(neg) does 

not show any significant absorption for higher wavelengths. On the other side, the sample with 

possibly encapsulated gQDs in Enc(neg) (gQDEnc(neg)) does show absorption over the complete 

range. The absorption at wavelengths above 400 nm is caused by the co-existence of gQDs 
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and Enc(neg) in solution and does not give direct information about whether the particles are 

encapsulated or not. Fluorescence emission spectra would result in the same conclusion. 

Therefore, protein purification will be carried out to remove residual gQDs and protein.  

 

Figure 5.30: Normalized UV-Vis spectra of encapsulation test with gQDs into Enc(neg) prior to any protein 

purification. 

Typically, after nanoparticle reassembly the solution is concentrated towards a few milliliters 

and applied to IEC. Due to visible aggregation in sample concentration, IEC was not performed 

to avoid further loss and SEC was carried out immediately. The loss of samples is also 

observable in SEC (Figure 5.31A). At the elution volume for Enc(neg) at around 12.7 mL, low 

values in absorbance are detected. For AuEnc(neg) with the same protein amount used for 

encapsulation, values in a higher region are observed (Figure 5.22). Both observations indicate 

a less efficient encapsulation and decreased sample stability. The cargo should not affect the 

protein stability. Therefore the reassembly process might not yet be optimized for this kind of 

cargo with ligand shells. Charge repulsion between negatively charged particles and protein 

might decrease protein reassembly efficiency or stability during reassembly. Especially the 

absorbance at 380 nm and 400 nm is not intense. Weak absorbance might further indicate 

very inefficient encapsulation. Since the protein does not absorb at 380 nm and 400 nm, a 

higher peak at the same elution volume as the protein is expected for high encapsulation 

efficiency. Non-encapsulated gQDs would either elute later due to their smaller size or strongly 

interact with the column and bind. 

Nevertheless, the protein fractions were collected, and the emission spectra were recorded 

(Figure 5.31B). For reference, the non-encapsulated particles and empty Enc(neg) are also 

shown in the normalized emission spectra. All three measurements were carried out with the 

same settings.  
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Figure 5.31: Purification and characterization of gQDEnc(neg). Absorbance at 280 nm, 380 nm and 400 nm is 

tracked for the SEC of gQDEnc(neg) (A). Normalized emission spectra of the purified sample and references. (B) 

Excitation wavelength: 350 nm.  

The empty protein container does not emit light in the region from 500 nm to 600 nm. 

Fluorescence is only observed for non-encapsulated gQDs and the gQDEnc(neg) sample. A 

small shift from 545 nm to 546 nm is observed after NP encapsulation. The width of the 

emission peak for gQDEnc(neg) is significantly broader than for the non-encapsulated gQDs. 

The protein container itself may act as an additional ligand shell, causing the broadening. A 

broadening effect was also observed for the initial ligand shell functionalization of gQDs (Figure 

5.26). The ligand shell strongly influences the optical properties of the semi-conductor 

material.[300,301] Based on the emission of the sample eluted at around 12.7 mL in SEC, a 

successful encapsulation of gQDs is likely.  

In addition, stained and unstained TEM images of gQDEnc(neg) were prepared (Figure 5.32). In 

unstained TEM images, gQDs are found. Since the sample from SEC is imaged without any 

staining, no protein can be observed, only particles that feature enough contrast like gQDs. 

For both samples, aggregates are observed. Separated objects but also clusters appear. The 

particles and containers show the same visible features in the TEM images. The presence of 

gQDs in unstained images prove the encapsulation into Enc(neg). 
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Figure 5.32: TEM images of gQDEnc(neg) after SEC. Unstained (A) and stained (B) TEM images of gQDEnc(neg). 

Scale bars are 50 nm. 

To a certain extent, initial tests to encapsulate gQDs into negatively surface charged Enc(neg) 

were successful. Characterization via emission spectra and TEM images of the protein fraction 

collected after SEC strengthen the hypothesis that gQDs were successfully encapsulated. Still, 

the encapsulation efficiency is low and high sample loss is observed. Additional 

characterization such as EDX mapping of the TEM grids would give further insight into the 

protein container interior. 

 

5.2.3.2 Encapsulation of gQDs functionalized with PEG ligands 

The previously shown approach to achieve water soluble gQDs was based on a biphasic 

system with small organic ligands. Another approach is based on mixing particles and PEG 

ligands suspended in chloroform and incubation over night at 65 °C (chapter 7.6.3). 

Afterwards, the solvent is removed with a rotary evaporator. Particles are resuspended in a 

1:1 mixture of ultrapure water and ethanol. Finally, the suspension is centrifuged at a higher 

speed and only the optically clear supernatant is used. DRAGNEA and co-workers applied this 

procedure to functionalize QDs with PEG ligands, which were later incorporated into viral 

particles.[204,302] Here, the approach is applied on gQDs using PEG ligands with thiol anchoring 

groups and amine functionalization (Figure 5.25). The suitability of PEG ligands to provide 

water solubility and biocompatibility for metal and semi-conductor nanoparticles has already 

been shown.[303,304] Here, two PEG ligands with different PEG-MWs are used. Based on the 

MW of 3 kDa and 5 kDa the number (n) of repeating ethylene glycol units are estimated to be 

approximately 68 and 114, respectively. Therefore, TPEG-3 and TPEG-5 differ in their chain 

length and are significantly longer than previously applied ligands. In the end, the PEG chain 

does not end up as a straight chain. Instead, randomly coiled structures are expected.[305,306] 
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Moreover, PEG ligands with amine functionalization were chosen, since a negative charge 

may decrease the encapsulation efficiency and a system with negatively charged MUA ligands 

is already established. 

Purified gQDs functionalized with TPEG-3 and TPEG-5 are analyzed via DLS measurements 

(Figure 8.23). The results are summarized in Table 5.13. Particles with the native ligand shell 

are listed as a reference. 

Table 5.13: Summary of DLS measurements on gQDs with different PEG ligands. 

Sample DDLS [nm] PDI 

Native 20.64 0.20 

TPEG-3 40.65 0.40 

TPEG-5 56.40 0.52 

Functionalized gQDs with PEG ligands result in larger hydrodynamic diameters than with 

shorter ligands such as MUA or MUTAB. Particles functionalized with TPEG-5 ligand exhibit 

further increased hydrodynamic diameters compared to TPEG-3 functionalized particles due 

to the longer ligand. Generally, with PEG ligands an increased PDI does not exclusively 

indicate larger size distribution or inhomogeneity of the sample. Due to the randomly arranged 

coiled chains, an increase of PDI is also expected. Therefore, a clear statement as to whether 

the particles tend to agglomerate or not cannot be made. By visual inspection, the particles 

show long-term stability for at least several days. Still, the hydrodynamic diameters indicate 

that these particles with ligand shell are quite large. To further evaluate the success of the 

ligand exchange, TEM samples were prepared (Figure 5.33). For each sample, well separated 

gQDs are observed. In both samples, some agglomeration also occurred. Based on available 

TEM images, most of the gQDs seem to be well stabilized. Further purification steps might 

decrease residual agglomerates. The current protocol focuses on centrifugation steps, which 

could be carried out at an even higher speed or for longer times. Additional treatment with 

small pore filters might increase sample homogeneity and remove larger aggregates. 
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Figure 5.33: TEM images of gQDs functionalized with PEG ligands after ligand exchange. TPEG-3 (A) and 

TPEG-5 (B) stabilized gQDs. Scale bars are 50 nm. 

In addition, the ζ-potential of water soluble TPEG-3 and TPEG-5 functionalized gQDs is shown 

in Figure 5.34. In general, small positive values are observed. In published works by the 

WELLER and PELLEGRINO groups, QDs are encapsulated in PEG-functionalized polymers. 

Depending on the end group, small ζ-potentials can be observed in deionized water.[307,308] 

Particles with TPEG-3 feature an almost three times higher positive ζ-potential than those 

functionalized with TPEG-5. Due to the longer chain length, a considerable amount of charge 

might be covered by ethylene glycol units or arranged water molecules around the ligand shell. 

Since a positive ζ-potential is beneficial for encapsulation experiments, gQDs with TPEG-3 

seem to be more suitable for encapsulation into Enc. Due to time restrictions, no CLP-

functionalization was carried. However, it is unclear if the CLP-functionalization can be 

achieved with the described procedure. The ligand exchange takes place at 65 °C and the 

stability of the CLP at this temperature is not yet known. In addition, the CLP might be too short 

in comparison to TPEG ligands. Moreover, a protocol to add the CLP after the functionalization 

with TPEG ligands is not yet established. For first tests the established protocol for the AuNP 

CLP functionalization of already water soluble AuNPs is considerable and could be adapted. 

 

Figure 5.34: ζ-potential measurements of gQDs with PEG ligands. Particles are functionalized with two PEG 

ligands with different chain length. 
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In the end, it was possible to achieve water soluble gQDs with two ligand shell systems. One 

ligand shell system is based on negatively charged MUA with additional CLPs. For that particle 

system, the loading and yield of loaded protein after encapsulation seems low. Therefore, 

another ligand system based on PEG ligands was established. TPEG-stabilized particles 

feature positive ζ-potentials and show promising properties for encapsulation.  

So far, the encapsulation was carried out with a reassembly buffer consisting of 20 mM 

phosphate, a pH of 7.0 and a defined amount of NaCl. Prior to encapsulation, particle stability 

and compatibility towards different buffers were tested. In detail, TPEG-stabilized gQDs show 

high stability in HEPES pH 6.0, phosphate pH 7.0, Tris pH 7.5 and Tris pH 9.0. After incubation 

for 1 h and centrifugation at 14000 g for 10 min, an extremely small pellet is observed for each 

buffer. A longer incubation time and repeated centrifugation did not result in more 

agglomeration. Agglomerates were most likely less stable, precipitated and were pelleted. 

However, a phosphate buffer at pH 7.0 was chosen since this buffer system was already well 

established. Changing the buffer might also decrease the reassembly efficiency. Buffers at pH 

9.0 or 6.0 are not yet tested, but should also work, since the reassembly is triggered by dilution 

and pH change from very acidic condition towards neutral.[9] Both kind of TPEG-stabilized 

particles showed stability in the same buffer used for the encapsulation of 13 nm large AuNPs 

(20 mM phosphate buffer at pH 7.0 with 0.35 M NaCl).  

The encapsulation of gQDs stabilized with TPEG-3 or TPEG-5 is carried out according to an 

established protocol (chapter 7.7.4). After reassembly of Enc(neg), protein purification is 

performed. For the encapsulation of TPEG-3 no protein peak at a conductivity of 52 mS/cm is 

observed in IEC (Figure 5.35A). On the other hand, the encapsulation with TPEG-5 stabilized 

particles feature a protein peak at 52 mS/cm (Figure 5.35B). Nevertheless, the fractions of the 

peaks eluted at around 45 mS/cm were collected. Each peak at 45 and 52 mS/cm was 

investigated via SEC (Figure 8.24; Figure 5.35C). The species mostly contains aggregated 

protein (8.5 mL) and only a small amount of pure protein containers. However, the protein 

species eluted at 52 mS/cm derived from IEC show less aggregates, but significantly more 

pure protein (Figure 5.35D).  
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Figure 5.35: Purification of Enc(neg) gQDs encapsulation tests. IEC for TPEG-3 (A) and TPEG-5 (B) stabilized 

gQDs used for encapsulation into Enc(neg). Enc(neg) elutes at 52 mS/cm. The first (C) and second (D) eluted species 

from IEC (B) were separately purified via SEC.  

Typically, three peaks can be observed in SEC purification of Enc(neg): Larger aggregates elute 

at 8.6 mL, while dimeric protein containers elute at 10.5 mL and monomeric protein containers 

at 12.6 mL. For each SEC, there is no maximum absorbance for 280 nm at 12.6 mL. Instead, 

a shift to smaller volumes (12 mL) is observed (Figure 5.35). In previous SEC experiments, no 

peak between 10.5 mL and 12.6 mL was observed. Especially in Figure 5.35C, no shoulder or 

clear second peak is detected at 12.6 mL for 280 nm. The maximum at 280 nm shifts from 

11.8 mL in Figure 5.35C to 12.2 mL in Figure 5.35D. The absolute value of 280 nm is 3.5 and 

6.1 mAU, respectively. With an almost doubled absorbance, the elution volume is shifted 

towards 12.6 mL. Due to the low absorbance, the shift in elution volume might also be 

attributed to inaccuracies in the measurements. On the other hand, the absorbance at 380 nm 

and 400 nm is located at 12.6 mL with even lower numbers in absorbance. It is not yet clear 

what exactly causes the shift in absorption. Maybe a mix of protein containers with gQDs and 

a larger protein species formed. Not correctly reassembled protein containers, that are slightly 

larger and may cause the shift towards 12 mL. 

To evaluate the relative success of all shown gQD encapsulation experiments, the absorbance 

ratios at 380/280 and 400/280 are compared (Table 5.14). Due to the assumption that the 
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absorbance at 280 nm is shifted towards smaller volumes, the maximum is recognized to be 

at 12.6 mL and compared with the maxima at 380 nm and 400 nm at 12.6 mL. 

Table 5.14: Comparison of absorbance ratios to evaluate encapsulation of gQD into Enc(neg). 

protein gQD ligand A380/280 A400/280 SEC 

Enc(neg) 

MUA-CLP 0.01 0.01 Figure 5.31A 

TPEG-3 0.23 0.10 Figure 8.24 

TPEG-5 0.45 0.42 Figure 5.35D 

In conclusion, the encapsulation of negatively charged gQDs with CLP into Enc(neg) was not 

very efficient. A high ratio indicates the presence of many gQDs. For this sample, the ratios 

are both very low. On the other side, encapsulation of gQDs with positive ligand shell even 

without CLP already results in higher absorption ratios. Especially for TPEG-5-functionalized 

gQDs ratios of 0.45 and 0.42 for A380/280 and A400/280, respectively are the highest 

observed. Due to the low amount of protein used in these initial experiments, it was not 

possible to prepare negatively stained TEM images to evaluate, if both gQDs and completely 

reassembled protein containers are visible. Despite featuring the highest DDLS and lowest 

positive ζ-potential, gQDs with TPEG-5 yielded the purest gQD loaded Enc(neg) sample to this 

point. The question about the encapsulation efficiency is not addressed and a suitable 

technique or combination of methods is not yet applied. As mentioned earlier, EDX mapping 

of negatively stained TEM samples might resolve the question. Filled protein containers should 

feature spherically distributed metals such as Cd and Zn. Both metals do not appear in the 

native protein. Moreover, high-resolution TEM might be applied to investigate the protein 

container cavity in more detail than with conventional TEM. With conventional TEM, the 

contrast is not sufficient to observe any cargo inside the protein cavity. The cavity might be 

imaged with higher resolution thus visualizing the gQDs. The particles are periodically ordered 

matter, the protein container is not. Therefore, in TEM images a filled protein container with a 

periodically ordered material should contain a gQD. With both TEM-based approaches (EDX 

mapping and HR-TEM), the encapsulation efficiency could be determined by counting the 

number of loaded and empty containers. 

Particles functionalized with PEG ligands feature a positive ζ-potential and were used in 

encapsulation experiments. Apparently, the encapsulation does not seem to be successful due 

to the indication of uncomplete reassembly of protein containers observed in SEC 

experiments. TEM samples before and after SEC might give further inside if protein containers 

formed or not. Still, it would not be possible to see if the protein containers are partially or 

completely reassembled.  
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5.2.4 Protein functionalization 

5.2.4.1 Integration of fluorophores into positively charged ferritin 

In previous chapters the encapsulation of inorganic cargo into the protein container was 

discussed. Another approach to generate a new protein building block with novel properties is 

the incorporation of fluorophores. Previously, the loading of ferritin with fluorophores was 

established. In detail, the loading was mainly carried out by either diffusion or statistic 

encapsulation.[12] A new approach was pioneered within the BECK group by MADE BUDIARTA and 

HENDRIK BÖHLER. The thiol-maleimide reaction (chapter 2.2.1.1) is applied to label non-native 

cysteine residues in ferritin with maleimide fluorophores. In a recent publication, the labeling 

of the Ftn(neg)-Cys cavity with fluorophores is shown.[12] The characterization of Ftn(pos)-Cys is 

shown in a previous chapter (5.1.4). 

 

Figure 5.36: Overview of fluorophores used to label Ftn(pos)-Cys via thiol-maleimide reaction. Maleimide-

functionalized fluorophores (A): Alexa Fluor 488, rhodamine 3B and rhodamine 6G. Cutout of Ftn(pos)-Cys container 

(B). Cysteine at position 53 is highlighted in red. The shortest distance between C-α atoms is 2.6 nm. 

An overview of the chosen maleimide-functionalized fluorophores is given in Figure 5.36A. In 

later applications it is planned to achieve strong interactions between the fluorophore’s dipole 

and the AuNPs plasmonic properties. Therefore, three fluorophores with different optical 

properties were chosen. Each of the three fluorophores cover a different absorbance and 

emission range (Figure 8.25 and Figure 8.27). Later, it is planned to investigate properties 

between for example fluorophore and AuNP, where the fluorophore emission overlaps with the 

plasmon resonance of the AuNP. Via thiol-maleimide reaction, the fluorophores will label 

Ftn(pos)-Cys at the introduced Cys at position 53. The maximum amount of covalently bound 

fluorophores is 24 per container because the ferritin container is constructed out of 24 subunits 
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and only one Cys per subunit is present (Figure 5.36B). A full labeling of Ftn(pos)-Cys would 

increase the number of fluorophores in positively charged Ftn from around 2 molecules to 24. 

Moreover, the labeling will enable fixed positions and distances between the fluorophores to 

yield defined optical properties in three dimensional assemblies. In detail, Alexa Fluor 488 

(AF488), rhodamine 6G (Rh6G) and rhodamine 3B (Rh3B) are coupled with the ferritin 

container. 

To label the inner protein surface, the protein container must be disassembled (Figure 5.37). 

The ferritin disassembly can be triggered by either pH or chaotropic conditions (chapter 7.7.5). 

Ftn(pos)-Cys is incubated in either a buffered solution at pH 2.0 or in at least 7 M Gua. The 

disassembly via pH 2.0 or 7 M Gua might influence the efficiency of the labeling. For the 

disassembly triggered by acidic pH, most of the protein container is strongly charged and 

separated into its subunits. High concentrations of chaotropic agents such as Gua destroy non-

covalent forces in the protein assembly and lead to disassembly due to unfolding. Moreover, 

the protein refolding might be affected with chaotropic agents and yield less protein. Therefore, 

the choice of disassembly may affect the labeling with fluorophores. After incubation for 4 h at 

RT, the coupling of fluorophore to protein takes place. The disassembly solution is diluted with 

a buffer of neutral pH and containing 1 M NaCl. Then two equivalents of fluorophore are added. 

The coupling and reassembly occur during incubation overnight at RT. The next day, the 

sample is washed to remove excess fluorophore. 

 

Figure 5.37: Schematic illustration of Ftn(pos)-Cys fluorophore labeling. The ferritin container is first 

disassembled into its subunits by pH or chaotropic conditions. Fluorophores (yellow) are added to the disassembled 

Ftn(pos)-Cys for protein labeling. After reassembly, the inner cavity of the protein container is labeled with 

fluorophores. Cysteine residues are outlined in black. 

 

5.2.4.2 Purification of fluorophore-loaded positively charged ferritin 

As a first experiment, Ftn(pos)-Cys labeled with Rh3B after disassembly with pH 2.0 and 7 M 

Gua is purified (Figure 5.38). Both samples were treated the same way, only differing in their 

disassembly. In size-exclusion chromatography, Ftn(pos)-Cys is supposed to elute at around 

58 mL, which is also the case for the labeled protein. The typical absorbance at 534 nm and 

568 nm for Rh3B (Figure 8.25) is well pronounced at the elution volume of the protein, 
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indicating successful labeling. Uncoupled fluorophore would elute at a higher elution volume, 

due to its smaller size. The protocol seems to be very suitable due to the absence of larger 

aggregates at around 52 mL and only pure containers being present. In direct comparison, the 

overall absorbance is lower for the Gua disassembled sample (Figure 5.38B). Moreover, the 

absorption ratios A534/280 and A568/280 between both experiments are compared (Table 

8.7). Both ratios are slightly higher for the sample disassembled by acidic pH. Therefore, later 

coupling reactions are based on the acidic approach to yield more protein with a potentially 

higher labeling efficiency. 

 

Figure 5.38: Comparison of two SECs of Rh3BFtn(pos)-Cys. Prior the coupling, the protein was either 

disassembled at pH 2.0 (A) or with 7 M Gua (B). 

After establishing the coupling protocol and purification of Rh3B labeled Ftn(pos)-Cys, further 

labeling was carried out. In detail, Rh6GFtn(pos)-Cys and AF488Ftn(pos)-Cys were also purified 

via SEC (Figure 5.39). Each labeled protein features a significant absorption at the fluorophore-

specific maximum and elutes at the proper volume, expected for the full-size container.  

 

Figure 5.39: SECs of fluorophore-labeled-Ftn(pos)-Cys. Ftn(pos)-Cys is either labeled with Rh6G (A) or AF488 (B). 

After purification of fluorophore-labeled Ftn(pos)-Cys, the emission spectra were recorded 

(Figure 8.27). The absorbance and emission maxima are summarized in the following Table 
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5.15, with each labeled protein featuring the characteristic absorbance and fluorescence of the 

individual fluorophore. Three novel fluorescent protein variants are now available.  

Table 5.15: Summary of absorbance and emission maxima for fluorophore-labeled Ftn(pos)-Cys. 

Sample Absorbance [nm] Emission [nm] Spectra 

AF488Ftn(pos)-Cys 496 519 Figure 8.27A 

Rh3BFtn(pos)-Cys 534 / 568 612 Figure 8.27B 

Rh6GFtn(pos)-Cys 507 / 536 559 Figure 8.27C 

In conclusion, Ftn(pos)-Cys protein containers were successfully labeled and purified. Prior 

protein crystallization, additional characterization is carried out and discussed in the next 

chapter. 

 

5.2.4.3 Determination of degree of fluorophore labeling 

The degree of fluorophore labeling is not yet addressed. Each commercial (ThermoFisher 

Scientific; ATTO-TEC) fluorophores supplier proposes different approaches to determine if a 

full or partial labeling is achieved. In detail, each method is based on UV-Vis measurements, 

but these methods cannot be applied to this system here. First, these methods are based on 

the protein concentration after labeling. Some fluorophore-labeled protein is lost due to 

centrifugation steps to concentrate the reassembly solution. Small amounts of colored 

precipitate are observed. Due to protein loss, the degree of labeling would be incorrect. 

Second, for both rhodamine-based fluorophores the degree of labeling is proposed to be 

determined on the absorption maximum of the fluorophore. Due to the coupling, the maxima 

is not only shifted but the second maximum also increases in intensity. Therefore, a 

measurement based on the absorbance maximum is not possible. A third possibility is to 

determine the concentration of the uncoupled dye. Due to the concentration step, uncoupled 

dye passes through the filter, and the concentration could be determined. Besides, aggregated 

colored protein is observed. Whether or not the protein is aggregated throughout stronger 

interactions with the dye is not clarified. Therefore, additional fluorophores might be extracted 

from the solution. The final concentration of uncoupled fluorophore might be lower than 

measured and would result in a higher degree of labeling. Additionally, the protein container is 

dis- and reassembled. The possibility of randomly encapsulated fluorophore molecules must 

be considered since this might lead to incorrect results. In conclusion, a more suitable 

approach was desired. 
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Figure 5.40: MALDI-TOF MS spectrum of AF488Ftn(pos)-Cys.  

A method to determine if every protein subunit of the container is labeled or not can be 

achieved via mass spectroscopy. Labeled and unlabeled protein significantly differ in 

molecular weight. If labeled and unlabeled protein are present, two species would be expected. 

Since ESI MS turned out to be very suitable to determine protein masses, fluorophore-labeled 

samples were submitted for ESI MS. Surprisingly, it was not possible to determine any protein 

mass via ESI MS. In detail, no protein was detected at all (data not shown). In a recent 

publication by DRAGNEA and co-workers, the ionization of fluorophore-labeled macromolecule 

was not possible. No protein mass was accessed via ESI, only via MALDI-TOF MS.[289,309] 

Therefore, MALDI-TOF was also applied to determine the mass of fluorophore-labeled Ftn(pos)-

Cys. MS spectra for AF488 labeled Ftn(pos)-Cys is shown in Figure 5.40. Rhodamine-labeled 

protein MS spectra are found in Figure 8.26. Via MALDI-TOF, it was possible to access the 

molecular mass of the fluorophore-labeled protein. For example, in Figure 5.40 positively 

charged protein molecules [M]+, [M]2+, [M]3+ and [M]4+ for AF488Ftn(pos)-Cys are observed. 

Moreover, no single or multiple charged molecules corresponding to the unlabeled protein 

appear. In Table 5.16 the observed and calculated m/z values for AF488Ftn(pos)-Cys are listed. 

Additionally, calculated m/z values for Ftn(pos)-Cys are shown. 
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Table 5.16: Comparison of unlabeled and AF488 labeled Ftn(pos)-Cys charged ions in MALDI-TOF. Values for 

Ftn(pos)-Cys are calculated based on the prior determined [M]+ in chapter 5.1.4. 

Molecular masses [g/mol] [M]+ [M]2+ [M]3+ [M]4+ 

Ftn(pos)-Cys 21273.9 10702.6 7135.0 5351.3 

AF488Ftn(pos)-Cys 21977.8 10989.3 7326.7 5493.9 

None of the expected charged molecules for the unlabeled protein Ftn(pos)-Cys appear in MS 

spectra. Also, MS spectra for protein labeled with Rh3B or Rh6G do not feature any charged 

proteins corresponding to the unlabeled Ftn(pos)-Cys (Figure 8.26). Due to the absence of 

unlabeled protein in MALDI-TOF, a labeling degree of 100 % is achieved for every fluorophore-

protein combination. For the sake of completeness, the calculated molecular masses are 

compared with the measured masses (Table 8.8). For every labeled fluorophore-protein 

combination, the mass was determined showing a small deviation within a feasible error range 

from the calculated mass.  

Finally, the degree of labeling was determined via MALDI-TOF. Complete protein labeling was 

achieved. Moreover, the novel building block for the assembly of binary protein lattices is 

completely characterized, purified and available for crystallization. 
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5.3 Protein crystallization towards binary superlattices 

The upcoming chapter is about the crystallization of protein containers to achieve three 

dimensional assemblies. To find a suitable condition for protein crystallization empty proteins 

were used to screen commercially available conditions. Via robotic screening a high 

throughput is achieved. Various conditions with different buffers, pH values and precipitants 

were screened. In some cases, the protein concentration was varied as well.  

In general, vapor diffusion was used as the crystallization method. For this technique, a drop 

containing protein and reservoir solution is prepared and either placed above (hanging drop) 

or next to (sitting drop) the reservoir solution. Due to a difference in concentration in the drop 

and reservoir solution, water diffuses until both solutions have reached an equilibrium. Crystals 

will grow during this process (Figure 5.41).[310] 

 

Figure 5.41: Schematic illustration of a protein crystallization phase diagram. The vapor diffusion 

crystallization route starts at the red dot. Figure adapted from RUPP.[311] 

First, the drop containing protein and reservoir solution starts in the undersaturated phase. 

Yet, no interactions between protein containers occur because the solution is too dilute. 

Diffusion of water out of the drop leads to an increase in protein and precipitant concentration 

and the drop reaches the nucleation zone. Nuclei formation and crystal growth happen 

simultaneously. Protein concentration decreases and only crystal growth occurs, without 

forming new nuclei.[311] 

The approach turned out to be very effective. Unitary and binary crystallization conditions for 

supercharged ferritin variants have been found by the BECK group (PDB: 5JKK, 5JKL, 5JKM, 

6H6T, 6H6U). In the protein data bank (PDB), several hundred crystallization conditions for 

several ferritin variants from different organisms are reported from various research groups. 
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On the other hand, only two crystallization conditions for encapsulin are deposited. In detail, 

one of them is for the T. maritima Enc(wt) (PDB: 3DKT). A cubic lattice with the space group 

F4132 and a = 669.04 Å was published by SUTTER et. al. The crystallization was carried out at 

292 K in a vapor diffusion sitting drop experiment.[217] The published condition could not be 

reproduced. Therefore, crystallization conditions for unitary negative and positive Enc, but also 

binary Enc conditions were aimed for (chapter 5.3.1).  

In addition, hetero binary crystalline assemblies were investigated. MARCEL LACH initialized the 

screening of hetero binary crystals containing Ftn and Enc. His initial results were extended to 

assembling oppositely charged protein containers of different sizes loaded with nanoparticles 

or fluorophores towards novel biohybrid nanomaterials in this work (chapter 5.3.4). 

Moreover, the stabilization of protein crystals was analyzed. In previous work, only 

glutaraldehyde was used to fixate protein crystals.[13] Glutaraldehyde is easy to use but 

features two major drawbacks: To avoid glutaraldehyde’s self-polymerization and 

fluorescence, the suitability of other cross-linkers is investigated (chapter 5.3.5). 

 

5.3.1 Crystallization of negatively charged encapsulin  

For the crystallization of charged Enc(neg) and Enc(pos), both proteins were stored in their 

respective storage buffers (20 mM Tris pH 7.5, 0.3 M NaCl for Enc(neg) and 20 mM MES pH 

6.0, 1.0 M NaCl for Enc(pos)). The screening for unitary crystallization condition was carried out 

at 6 mg/mL protein, while binary conditions were additionally screened at 4 mg/mL. To identify 

suitable crystallization conditions, a robotic setup with sitting drop vapor diffusion was used. 

For unitary screening, 100 nL protein solution were added to 100 nL crystallization condition. 

In addition, binary screening was performed with 100 nL protein Enc(pos) and 100 nL protein 

Enc(neg) added to 200 nL crystallization condition. About 1,000 conditions were screened and 

over 30 drops yielded crystals with various morphologies such as rods, needles, plates as well 

as octahedral, cubic and rhombic. Conditions with crystals in robotic screening were chosen 

for further optimization in manual plates in a hanging drop setup. The main difference between 

robotic screening and manual plates is the increased size of the drops (10 times larger). To 

crystallize only one protein variant in a unitary setup, 1 μL protein is added to 1 μL 

crystallization condition with a final volume of 2 μL. In binary setups, 1 μL Enc(pos) and 1 μL 

Enc(neg) are added to 2 μL resulting in a 4 μL drop. In general, not every condition from robotic 

screening could be reproduced or yielded into crystalline material of high quality.  

The structure of single crystals was determined by X-ray crystallography using synchrotron 

radiation. High resolution could not be achieved with Enc crystals of any type. The highest 

resolution achieved was 4.94 Å for Enc(neg) crystal derived from the CaOAc condition (Table 
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8.9). In general, the introduced mutations were not resolved due to low resolution and absence 

of electron density at the side chain coordinates. Nevertheless, the resolution was sufficient to 

determine lattice type and unit cell parameters for all conditions. For most cases molecular 

replacement was possible and gave insights into the protein containers position and 

orientation. Crystallographic data and refinement details can be found in the appendix (Table 

8.9, Table 8.10 and Table 8.11). 

First, unitary conditions are discussed within this chapter. Even if binary conditions were aimed 

for, identifying unitary conditions is beneficial. A possible hit in binary screening may be 

excluded because it is already known that one of the proteins already crystallizes in this 

specific condition. Moreover, unitary crystallization conditions give information about the 

contacts between protein containers in a crystal. The protein-protein interfaces play a crucial 

role in crystallization and its modification may even lead to different structures. 

Crystallization conditions containing crystals in manual plates for Enc(neg) are listed in Table 

5.17. Three conditions were found to yield crystals with high reproducibility (Figure 5.42). 

Crystals grow up to 100 μm with well-defined shape. 

 

Figure 5.42: Protein crystals with different morphologies based on Enc(neg). Crystal conditions from left to right: 

CaOAc (A), Li2SO4 (B) and NaCl (C). Scale bars are 100 μm.  

For the calcium acetate (CaOAc) and lithium sulfate (Li2SO4) conditions the same space group 

with unit cell parameters were found in X-ray data analysis (Table 5.17.). A small deviation for 

the cell length is observed, due to low resolution data but still not significant. Here, a cubic 

F4132 lattice with a unit cell length of 669 Å is reported for Enc(neg), similar to what was 

published for Enc(wt). Both proteins differ only in one mutation (W90E), which is not surface 

exposed and does not to play a role in protein-protein interfaces (Figure 8.30). Moreover, for 

the NaCl condition a yet unknown smaller cubic lattice is found. 
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Table 5.17: Crystallization conditions for Enc(neg). 

Enc(neg) 

Acronym CaOAc Li2SO4 NaCl 

Condition 

0.2 M Calcium acetate 

0.1 M MES pH 6.0 

4 % (v/v) Isopropanol 

0.17 M Lithium sulfate 

0.1 M MES pH 6.0 

26 % (v/v) MPD 

0.2 M NaCl 

0.1 M HEPES pH 7.5 

35 % (v/v) MPD 

Lattice Cubic Cubic Cubic 

Space group F4132 F4132 P4232 

Unit cell 

parameters 

Length [Å] 669.36 / 669.36 / 669.36 668.57 / 668.57 / 668.57 334.73 / 334.73 / 334.73 

Angle [°] 90.0 / 90.0 / 90.0 90.0 / 90.0 / 90.0 90.0 / 90.0 / 90.0 

In direct comparison, the Li2SO4 and NaCl conditions are similar. Thus, the attempt to convert 

one condition to the other by changing the concentration of 2-Methyl-2,4-pentanediol (MPD) 

was carried out. The idea behind was to see if the crystal morphology changes, thus indicating 

a phase transition. The MPD concentration is higher in the Li2SO4 condition. Increasing the 

MPD concentration in the Li2SO4 condition from 26 % (v/v) towards 35 % (v/v) significantly 

influences the crystal formation. Till 28 % (v/v) MPD crystals get smaller until crystal growth is 

terminated above 28 % (v/v). Moreover, the addition of NaCl to the protein buffer does not 

support crystal formation. A decrease in MPD for the NaCl below 35 % (v/v) yielded in no 

crystals. For the NaCl condition, the pH is at 7.5 and NaCl is used as salt, instead of pH 6.0 

and Li2SO4 as for the other condition. Therefore, the pH and the bivalent ions seem to be 

crucial for the larger cell. Changing the pH and swapping the salt source was not further 

investigated.  

To further investigate the interfaces between the proteins in the cubic lattice, the corresponding 

interfaces are visualized. First, the larger cubic lattice (condition CaOAc and Li2SO4) is 

discussed and visualized in Figure 5.43. 
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Figure 5.43: Crystal lattice and protein interfaces in Enc(neg) conditions. Cubic protein lattice (A) based on 16 

Enc(neg) containers within one unit cell. Protein interface along the fivefold axis (B) and from the side (C).  

The crystal lattice is face-centered. The space filling of the cell is around 39 % and in 

comparison, to face-centered cubic close packing, where around 74 % are achieved, quite low. 

In a single unit cell, the 16 containers form a tetrahedra with hollow space. In 3D, the crystal 

has large channels due to the periodically arranged hollow tetrahedra. In terms of later 

applications, such a lattice might be beneficial for transport of small molecules or ions, because 

diffusion into or through the crystal might be easier than in a densely packed crystal without 

larger channels. Moreover, the hollow tetrahedra could act as a cage and host larger guest 

molecules. The only interface between the protein containers is the interface along the fivefold 

axis. Two pentamers are facing each other (Figure 5.43B+C). The same interface and 

container orientation are observed for the published structure by SUTTER et. al.[217] 

 

Figure 5.44: Visualization of crystal lattice and protein interfaces in NaCl conditions. Cubic protein lattice (A) 

based on four Enc(neg) containers. Protein interface along the fivefold axis (B) and from the side (C). Second interface 

along the twofold axis (C) is also shown by side (E). 



Results 

91 

On the other hand, the smaller cubic lattice found in the from the NaCl condition features a 

second interface between Enc(neg) along the twofold axis (Figure 5.44C+E). The protein 

containers are oriented the same way as in Figure 5.43 since the pentameric interface features 

the same orientation (Figure 5.44B).  

The new interface at the twofold axis is not present in the other Enc(neg) conditions. In both 

conditions the pH is at 6.0. The published structure was crystallized at pH 5.1, but in this case 

the pH is at 7.5. With decreasing the pH towards 14, the surface charge of the protein container 

gets more negative. In direct comparison between the pH 6.0 and pH 7.5 of the twofold 

interface only a small change in surface charge towards more negative is observed (Figure 

5.45). The change might not be strong, but still possible that at the right salt concentration at 

pH 7.5 the proteins are attracted to each other at the twofold interface. 

 
Figure 5.45: Electrostatic surface potential of one partially built protein container at the twofold interface in 

the NaCl condition of Enc(neg). Surface potential is calculated at pH 6.0 (A) and pH 7.5 (B). Colors are from red  

(-5 kT/e) to blue (+5 kT/e). 

Every crystallization condition contains a buffer to keep the pH fix, but the pH of the 

crystallization drop can still be influenced by temperature. Molecular vibrations in the solution 

rise with rising temperature resulting in the ionization and formation of H+ ions. Moreover, with 

an increased temperature, the ion product of water increases and causing an increase of H+ 

ions. Additional H+ ions lead to a more acidic solution. Therefore, the pH decreases with 

increasing temperature. Typically, the pipetting process is carried out at RT, but the 

crystallization plates stored at 20 °C. Crystallization solutions are also stored at RT. At a certain 

point, a temperature influence on the crystallization process for the CaOAc condition was 

observed. Storing all crystallization solutions and performing the crystallization experiment at 

higher temperatures resulted in a change in crystal morphology. To investigate this behavior, 

three buffers were prepared at 22.5 °C. Each buffer was incubated for at least 2 h at either 

15.0 °C or 30.0 °C prior pH determination (Figure 5.46). At every temperature, a range of 

around 0.2 in pH is covered. Afterwards, a crystallization experiment is carried out with 

solutions incubated and manual plates stored at 15.0 °C, 22.5 °C or 30.0 °C. 
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Figure 5.46: Crystallization screening with different buffers at different temperatures. For each screening 

condition, the composition was identical, but differed in the pH of the buffer. The pH meter calibration was carried 

out at 22.5 °C.  Bright green: crystals with cubic lattice; medium green: mixture of two crystal morphologies; dark 

green: crystals with monoclinic lattice. Scale bars are 100 μm. 

At 15 °C, for the pH range from 6.08 or 6.23 only the previous observed crystal morphology is 

found. In previous X-ray data analysis, a cubic lattice was determined. Increasing the 

temperature to 22.5 °C, a pH range from 5.95 to 6.15 is covered. At each data point two crystal 

morphologies are present in crystallization drops. Further increasing the temperature leads to 

a further decrease in pH range from 5.80 to 6.05. At 30 °C, only rhombic shaped crystals are 

found. From X-ray data analysis also a change of the crystal lattice is observed (Table 8.10). 

Rhombic shaped crystals in the CaOAc condition at 30 °C are based on a monoclinic crystal 

system. Due to the change of the crystal system, also the unit cell parameters change, and a 

dense packing is achieved (Figure 5.47). Again, residues at the fivefold and twofold axis are 

involved in protein-protein interfaces. However, the interface is not along the fivefold axis, but 

slightly shifted. In comparison to the previous interface along the twofold axis, the protein 

containers are rotated to each other.  

As discussed above, a change in crystal morphology and lattice is observed between 15 °C 

and 30 °C at different pH values. Increasing temperature results in adding additional energy to 

the crystallization process. Thus, the cubic might be the kinetically and the monoclinic the 

thermodynamically stable lattice type. The temperature influence on the crystallization is only 

observed for the CaOAc condition but not for the other two. The major difference is the 

precipitant. While MPD is used for Li2SO4 and NaCl conditions, isopropanol is used in CaOAc 

condition. MPD is more viscous than water and results in a larger drop than using isopropanol. 
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On the other hand, isopropanol evaporates faster than MPD. Isopropanol causes a spreading 

of the drop on the cover slide due to the loss of surface tension. A different drop shape 

influences the evaporation process.[312] Faster or slower evaporation based on additive, 

temperature and drop shape could result in faster or slower crystallization process and 

therefore different crystal phases. 

 

Figure 5.47: Visualization of crystal lattice and protein interfaces in CaOAc condition at higher 

temperatures. Monoclinic protein lattice (A) based on Enc(neg) containers. Protein interface along the fivefold axis 

(B) and from the side (C). Second interface along the twofold axis (C) is also shown by side (E). 

 

5.3.1.1 AuNP-loaded Enc(neg) crystals 

In previous chapters, the encapsulation of 13 nm large AuNPs and the crystallization of empty 

protein containers was discussed. The next step is the crystallization of NP-loaded protein 

containers towards highly ordered superlattices. In detail, AuEnc(neg) was crystallized in the 

CaOAc condition at higher temperatures, since this condition leads to a densely packed 

assembly (Figure 5.48).  

 

Figure 5.48: AuNP-loaded Enc(neg) crystals. AuNP loading is either 50 % (A) or 100 % (B). Scale bars are 200 μm. 



Results 

94 

First, empty Enc(neg) was mixed 1:1 with AuEnc(neg) to test the suitability of the CaOAc condition. 

Bright to dark red rhombic crystals are observed (Figure 5.48A). Pure AuEnc(neg) crystals are 

completely black, due to the high loading of AuNPs (Figure 5.48B). The crystallization condition 

showed high reproducibility with AuEnc(neg). In this case, a cross-linked AuEnc(neg) crystal was 

dried on a Si-wafer and further characterized via SEM (Figure 5.49). The EDX mapping of the 

crystal highlights the homogenous distribution of AuNP in the crystal. Moreover, it is even 

possible to visualize the Enc(neg) containers on the crystal surface via SEM and investigate the 

visible (100) orientation. (Figure 8.33). 

 

Figure 5.49: SEM measurement of AuEnc(neg) crystal and EDX mapping. SEM image of AuEnc(neg) crystal (A) 

and EDX mapping of Au Mα1 (B). Scale bar is 10 μm. 

To further characterize the superlattice, experiments were carried out at the beamline P14 at 

EMBL Hamburg. The applied approach enables to further characterize protein crystals loaded 

with NPs. Usually, small-angle X-ray scattering is carried out to determine the NP lattice.[15] 

The major disadvantage of a typical SAXS experiment, is the requirement of a large number 

of crystals in a capillary. The procedure consumes high amounts of NP-loaded protein, which 

might be difficult to achieve due to low yields. Moreover, the transfer process of crystals from 

protein drop to capillary leads to a loss of crystals. Measuring in such an experiment as 

presented here, requires single crystals. Beamline P14 is one of several at DESY, that features 

a robotic sample changer and high sample throughput. Measuring a dataset as discussed here 

takes a few minutes. Moreover, P14 beamline features an experimental setup to move the 

detector several meters away from the sample and to observe diffraction at lower angles.  

In such samples, the AuNP lattice is equal to the protein lattice, due to AuNPs encapsulated 

in the protein containers, which are responsible for the assembly. Since the crystal is loaded 

with AuNPs, the intensity of the diffraction spots will be stronger than for a usual protein crystal. 

Due to the interaction of the X-ray beam with the AuNPs, the beam is stronger scattered 

through the higher number of electrons. In general, the scattering factor increases with the 

number of electrons. In detail, the crystals were prepared as usual in a macromolecular X-ray 

experiment, but the detector distance was set to 2 m. The protein crystal itself does not diffract 
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very well, therefore the diffraction pattern of the AuNP lattice was of interest. One X-ray 

absorption edge for Au is at 11.9 keV and for this experiment, the energy was set to 12.7 keV. 

First, to have high absorption without damaging the crystal too much and secondly, to achieve 

intense diffraction. Still, the chosen energy led to stronger radiation damage than measuring 

below the absorption edge. Nevertheless, it was possible to characterize the AuNP lattice in a 

AuEnc(neg) crystals (Table 8.12). In detail, the unit cell parameters were determined (Table 

5.18). For the AuNP-loaded protein crystal, the cell length is slightly enlarged in every 

dimension. The deviation is likely caused by radiation damage, due to the strong absorption of 

the AuNP protein crystal.  

Table 5.18: Comparison of lattice parameters of empty and AuNP loaded Enc(neg) crystal. 

Crystal Length [Å] Angles [°] 

eEnc(neg) 410.90 / 224.80 / 389.36 90.0 / 108.7 / 90.0 

AuEnc(neg) 417.18 / 228.12 / 403.32 90.0 / 108.1 / 90.0 

At this point, other NP loaded Enc crystals were not available yet, due to the low encapsulation 

or protein yield after purification. Nevertheless, the unitary AuEnc(neg) crystals with sizes above 

100 μm might be interesting for applications such as SERS. The AuNPs are highly ordered, 

and hot spots should form between the AuNPs. To verify if 13 nm large AuNPs encapsulated 

in a 24 nm large protein container still form hot spots, a first simulation with the software 

Lumerical was carried out (Figure 8.32). The distance between the AuNPs is 24 nm, therefore 

exactly the size of one protein container and close to the distance between particles in a crystal 

derived from the CaOAc crystallization condition. The strongest interactions between the 

AuNPs are observed at 556 nm. Further simulations could focus on constructing several layers 

of AuNPs based on an Enc crystal structure and carry out simulations as done for AuNP lattices 

in work by MUELLER et. al to estimate the field enhancement for a future application as 

biocompatible SERS substrate.[25,111,245] In the end, additional simulations are required to 

discuss collective properties of the AuNPs (Au absorption, plasmon coupling) in AuEnc(neg) 

crystals. 

 

5.3.2 Crystallization of positively charged encapsulin  

In a second step, the crystallization of unitary Enc(pos) was carried out. The protein container 

Enc(pos) was established within this work and so far, no other positive Enc variant or any other 

crystal structures have been reported. In this work, three conditions were found to yield crystals 

with defined shapes and high reproducibility. Crystals with different morphologies than 

observed for Enc(neg) are shown in Figure 5.50. In detail, three conditions namely Na citrate, 

citrate-HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) and Phosphate are found 
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for Enc(pos) (Table 5.19). In addition to previously reported cubic and monoclinic lattices, 

orthorhombic and tetragonal lattices were found (Table 8.10). Comparing the three conditions, 

it is striking that not only MPD, but also citrate is found in every condition. Due to the positive 

surface charge of the positive Enc container, the citrate anion may play a crucial role in 

stabilization and crystallization. 

 

Figure 5.50: Protein crystals with different morphologies based on Enc(pos). Crystal conditions from left to right: 

CaOAc (A), Li2SO4 (B) and NaCl (C). Scale bars are 100 μm.  

Moreover, the pH of each condition is different. The pH of the Na citrate condition is 8.4, while 

the phosphate condition is more acidic with pH 4.2. The pH of the citrate-HEPES condition is 

determined by the mixture of HEPES pH 7.5 and the sodium citrate, resulting in a final pH of 

7.8. At pH 4.2 the protein surface is mainly positive. A change in pH towards 7.8 and 8.4 results 

in less positively charged Enc(pos) containers (Figure 8.31). Despite the minor difference in pH 

between citrate-HEPES and Na citrate condition, two different crystal systems are observed. 

Table 5.19: Crystallization conditions for Enc(pos). 

Enc(pos) 

Acronym Na citrate Citrate-HEPES Phosphate-citrate 

Condition 

0.1 M Trisodium citrate 

pH 5.5 

22 % (v/v) MPD 

0.2 M Trisodium citrate 

0.1 M HEPES pH 7.5 

30 % (v/v) MPD 

0.1 M Phosphate-citrate 

pH 4.2 

40 % (v/v) MPD 

Lattice Orthorhombic Monoclinic Tetragonal 

Space group P212121 C2 P42212 

Unit cell 

parameters 

Length [Å] 260.08 / 367.14 / 368.27 384.15 / 236.52 / 407.72 464.23 / 464.23 / 311.15 

Angle [°] 90.0 / 90.0 / 90.0 90.0 / 108.7 / 90.0 90.0 / 90.0 / 90.0 

To further understand the assembly, protein-protein interfaces are compared. First, the 

interfaces in the citrate condition between Enc(pos) containers are discussed (Figure 5.51). 

Here, the first protein interface is along the threefold axis (Figure 5.51B+D). A second interface 
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between containers is found close to the other one, but the containers are shifted to each other 

(Figure 5.51C+E). Strikingly, no interface at the fivefold or twofold axis is observed as before. 

The introduction of new residues on the outer surface towards positive charge and the acidic 

pH mainly causes these new interfaces. 

 

Figure 5.51: Visualization of crystal lattice and protein interfaces of Enc(pos) in Na citrate condition. 

Orthorhombic protein lattice (A) based on four Enc(pos) containers visualized with 14 full containers. Protein interface 

along the threefold axis (B) and from the side (D). Second interface shown in (C) and (E) from the side. 

In addition, the interfaces of the citrate-HEPES and phosphate structures are visualized 

(Figure 8.28 and Figure 8.29). Also, for these new structures, no interface at the fivefold axis 

is observed. Mainly residues at the threefold axis are involved in protein-protein interfaces. 

Moreover, the positive Enc variant seem to be more flexible in terms of possible crystal 

systems. While for Enc(neg) mainly cubic systems are reported, Enc(pos) also features 

orthorhombic or tetragonal crystals systems. Either way, the introduced mutations seemingly 

influence the assembly of the protein containers. The lack of the protein-protein interface at 

the fivefold axis for Enc(pos) is significant. Due to low resolution, it is not resolved which amino 

acids are involved in forming the interfaces, but at the fivefold axis two residues were mutated 

(E143K, E186K). Both times, glutamic acid is mutated in Enc(neg) to lysine in Enc(pos). Possibly 

the glutamic acids produce dimers connected through a linking metal ion. The mutation to 

lysine removes the possibility of forming this metal ion coordination. Thus, the interface along 

the fivefold axis remains apparently less favorable for Enc(pos). A future experiment to resolve 

this question could include a Enc(pos) variant that features the native amino acids at position 

143 and 186. Since these amino acids are part of the fivefold interface, it is questionable if the 

Enc(neg) conditions that lead to cubic crystal systems can also be applied on that variant.  
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5.3.3 Crystallization of negatively and positively charged encapsulin variants 

Since the overall aim was to achieve a binary lattice composed of Enc(neg) and Enc(pos), a 

screening with both proteins was carried out. The crystallization of both containers turned out 

to be difficult. In robotic screening, mostly already known unitary conditions contained crystals. 

In some cases, crystalline precipitation or not well-defined morphologies were observed. 

These conditions were taken and further investigated in manual plates. Crystallization 

experiments in manual plates led to four conditions that seem to yield binary assemblies. 

Control experiments were carried out to exclude unitary crystals. Instead of adding protein 

stored in buffer to the crystallization drop only the storage buffer is added to the drop containing 

crystallization condition and the second protein. If a drop containing only one of two proteins 

stays clear, but the drop containing both proteins feature a crystal, then this one is likely binary. 

Based on this approach the conditions listed in Table 5.20 were further investigated. 

Table 5.20: Promising conditions for binary Enc crystals. 

Enc(pos) + Enc(neg) 

Acronym EtOH HEPES MgCl2 Mg formate 

Condition 
0.1 M Tris pH 7.0 

2 % (v/v) Ethanol 

0.1 M HEPES pH 6.5 

2 % (v/v) MPD 

0.1 M MgCl2 

0.1 M Imidazole pH 8.0 

8 % (v/v) Ethanol 

0.25 M Magnesium 

formate 

Every condition was optimized in terms of pH, salt and precipitant concentrations as well as 

protein concentration. In the MgCl2 and Mg formate conditions both proteins form objects that 

do not appear as a well-shaped crystal (Figure 5.52C+D). On the other hand, the EtOH and 

HEPES conditions lead to very small objects (Figure 5.52A+B).  

 

Figure 5.52: Overview of crystallization conditions containing Enc(neg) and Enc(pos). Conditions shown are 

EtOH (A), HEPES (B), MgCl2 (C) and Mg formate (D). Scale bars are 50 μm. 
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Due to their small size and limited resolution of the setup, it is not definitely safe if the objects 

in Figure 5.52A+B have a defined morphology or not. To this point, it was not possible to 

increase the size of the objects. Further investigation is needed to verify if these objects indeed 

are binary crystals. Even if the control experiments were negative for unitary crystals, there is 

still the possibility that the first protein act as a precipitant that is needed for the second protein 

to crystallize. Since the resolution of Enc crystals is not high, other methods need to be applied 

to solve the structure. Labeling one protein variant with e.g. fluorophores on the inner cavity 

and crystallize it with unlabeled protein could give further insight into the composition of these 

objects. Nevertheless, the pH of both conditions is close with 6.5 and 7.0 and might indicate a 

suitable pH range for both containers to interact. To improve the crystallization further 

mutations could be carried out. As mentioned for Enc(pos), modifications at the pore along the 

fivefold axis might lead to stronger interactions between protein containers. Moreover, 

aromatic residues might also be implemented in interfaces to induce π-π stacking.[313]  

 

Figure 5.53: Schematic overview of available unitary crystal systems. Scale bars are 100 nm. 

In summary, all prior listed crystal systems based on two unique Enc variants highlight the 

suitability of protein containers as a basic building block. Depending on the crystallization 

condition, different systems are possible (Figure 5.53). The positive Enc can be crystallized 

with MPD and Na citrate in an orthorhombic lattice. Adjusting the pH towards pH 4.2 or 7.5 

leads to either a tetragonal or monoclinic lattice. For the negative Enc, a larger monoclinic 

crystal system is reported. Decreasing the temperature needed for the monoclinic structure, a 

cubic crystal system is achieved. In addition, a novel smaller cubic crystal system is reported 

for Enc(neg). For certain applications, such as efficient plasmon coupling short distances 

between nanoparticles are desired. Therefore, a crystal system that features a densely packed 

unit cell is beneficial in comparison to a unit cell with a low space filling. A densely packed unit 

cell features more neighbors in close contact, than with a lower space filling (Figure 5.43 vs. 
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Figure 5.47) All these crystal systems are a selection giving a choice to choose the suitable 

system depending on the application. Despite the low resolution some insights into the protein-

protein interfaces were gained. The knowledge gained by unitary protein-protein interfaces 

may be used to design novel Enc variants that are more likely to interact with each other and 

form binary crystals of high quality. 

 

5.3.4 Negatively charged encapsulin and positively charged ferritin 

The lack of a binary encapsulin crystallization condition was overcome by changing the positive 

container from Enc(pos) to Ftn(pos). The Ftn container is only half the size of Enc, namely 12 nm 

in diameter. Originally, MARCEL LACH screened crystallization conditions between Enc(wt) and 

Ftn(pos) and found crystals with hetero-binary composition, which is not yet published.  

 

Figure 5.54: Schematic illustration for the assembly of hetero binary crystals. Colors are from red  

(-5 kT/e) to blue (+5 kT/e). Scale bar is 200 μm. 

A crystallization condition containing ammonium sulfate (NH4)2SO4 yielded crystals with cubic 

morphology. The crystallization condition was successfully applied on flavin-free Enc(neg) with 

Ftn(pos) (Figure 5.54). Initial X-ray data analysis revealed that the resolution was not sufficient 

to determine the molecular structure. Despite low resolution, the crystal system and unit cell 

parameters were determined. A cubic lattice P432 with a = 242.6 Å was reported (Table 8.13). 

 

5.3.4.1 NP-loaded hetero binary crystals 

In a next step, nanoparticle-loaded protein containers were crystallized (Figure 5.55). Purified 

Ftn(pos) loaded with either magnetic iron oxide (FeOx) or cerium oxide (CeO2) was kindly 

provided by MARCEL LACH. The NP core is up to 5 nm and 6 nm large for FeOx and CeO2 NPs, 

respectively.[15] Together with AuEnc(neg), different combinations of binary systems could be  

obtained. 
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At times, the nanoparticle cargo affected the crystallization of the protein containers. Ftn loaded 

with FeOx NPs and empty Enc(neg) yielded crystals up to 80 μm, but with CeO2 loaded Ftn the 

size drops significantly towards 40 μm. AuEnc(neg) with empty Ftn(pos) yielded smaller crystals, 

up to 20 μm. Hetero binary crystals loaded with two kinds of nanoparticles resulted in crystals 

of same size. The small size of crystals complicates the handling and manipulation of these 

crystals. The incorporation of nanoparticles in one protein variant and the resulting color 

change of the crystal verify that the crystals are indeed a hetero binary assembly. 

AuEnc(neg)/eFtn(pos) crystals are black, based on the densely packed AuNPs. Crystals based on 

empty Enc(neg) and FeFtn(pos) feature a typical color observed for iron oxide nanoparticles 

(Figure 5.55). These NP-loaded protein crystals were further characterized. Since the 

resolution of empty crystals was not sufficient to solve the structure, other methods had been 

applied to verify the crystal system and unit cell parameters. 

 

Figure 5.55: Optical microscopy images of protein crystals with different nanoparticle cargo. Empty protein 

containers crystallized (A). Only one container loaded with either Au (B), FeOx (C) or CeO2 (E) nanoparticles. 

Combination of metal oxide NP and AuNP (D+F). Scale bars are 50 μm. 
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First, SEM measurements were carried out with a hetero binary AuEnc(neg)/eFtn(pos) crystal to 

visually verify the cubic arrangement of the protein containers. (Figure 5.56). In detailed 

analysis, spherical objects of one size are observed. The spherical objects are 24 nm large, 

indicating that only AuEnc(neg) is visualized. Due to the AuNP loading the Enc container gives 

stronger contrast than eFtn(pos). The cubic lattice of the crystal clearly sticks out. Very bright 

objects are on the top layer. Having less intensity, containers of lower levels appear greyish. 

The surface features darker spots, which are holes indicating a missing container in one layer. 

Also, empty protein containers would result in less intense or even not visible spots. The 

distance between the containers is around 24 nm and fits very well to the previous determined 

unit cell parameter of 24.6 nm. Moreover, in AFM measurements the AuNP-loaded protein 

containers are visible in phase imaging and roughly 24 nm apart from each other (Figure 8.34). 

Since the smaller eFtn(pos) is not observed, the AuNP-loaded Enc container seems to get more 

rigid, causing a stronger phase shift and is well pronounced in both SEM and AFM imaging.  

 

Figure 5.56: SEM image of a hetero binary AuEnc(neg)/eFtn(pos) crystal. The protein crystal is several microns 

large. Scale bar is 1 μm. Further zoom is shown in the inset. Bright spots are AuEnc(neg) containers on top layer. 

Having less intensity, containers of lower levels are visible. Inset scale bar is 100 nm. 

In TEM measurements, a hetero binary AuEnc(neg)/eFtn(pos) crystal is analyzed (Figure 5.57). 

Due to the low electron density, the protein container is not visible in TEM without further 

staining and only AuNPs encapsulated in Enc(neg) are visible. There are also free AuNPs 

particles visible, distributed around the crystal. The free AuNPs derive from AuEnc(neg), but the 
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protein shell is not visible due to the unstained TEM image. The cubic crystal is a few microns 

large, therefore too thick to look through the crystal. Milling the crystal with a focused ion beam 

into thin lamellas would simplify the investigation. Nevertheless, thinner parts of the crystal 

seemed suitable for imaging. In detail, one projection on the crystal is further analyzed. Well-

ordered AuNPs of a periodic lattice are observed.  Distances between AuNPs can be attributed 

to the (101) plane of a cubic crystal system. The determined distances of the AuNPs in TEM 

further strengthen and verify the presence of a cubic crystal system.  

 

Figure 5.57: TEM images of a cubic AuEnc(neg)/eFtn(pos) crystal. Single AuNP and highly ordered AuNPs are 

visible. Inset: schematic visualization of different lengths in (101) plane. Scale bar is either 100 nm (A) or 50 nm 

(B). 

For every experimental setup, hetero binary crystals with empty Enc and loaded Ftn were 

prepared. Each time, the protein surface was either uneven or no NP lattice was observed 

(data not shown). Due to the lack of information of the Ftn arrangement, single crystal 

diffraction experiments with NP loaded protein crystals were carried out (Table 5.21). The 

same experimental setup as for unitary AuEnc(neg) crystal was applied. 

Table 5.21: Comparison of single crystal X-ray data of empty and nanoparticle loaded protein crystals. 

Crystal Length [Å] Angles [°] 

eEnc(neg)/eFtn(pos) 242.57 / 242.57 / 242.57 90.0 / 90.0 / 90.0 

AuEnc(neg)/eFtn(pos) 244.48 / 244.48 / 244.48 90.0 / 90.0 / 90.0 

eEnc(neg)/CeFtn(pos) 244.00 / 244.00 / 244.00 90.0 / 90.0 / 90.0 

In comparison to the protein lattice of the empty protein crystal, the lattice of different NP 

loaded protein crystals did not result into strong deviations. Even for the Ftn loaded crystal, a 

cubic lattice with lengths in the expected region is found. In the end, sufficient data is gathered 
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and implies a cubic lattice for the hetero binary crystals (Table 8.12). The position of the 

encapsulins is fixed, but still the positions of the ferritin cannot be elucidated with the current 

methods. Also, the information about the container orientations is currently not accessible. Due 

to residual space inside a unit cell, a possible unit cell contains one Enc(neg) and four Ftn(pos) 

containers (Figure 5.58). Unit cells containing only one kind of protein container are also 

visualized. The Ftn(pos) containers are centered in the middle and on the faces of the unit cell, 

while the Enc(neg) containers form a primitive cubic lattice. The reported results will be carried 

on in further research within the BECK group to completely reveal protein container positioning 

and orientation.  

 

Figure 5.58: Hetero binary unit cell composed of Enc(neg) and Ftn(pos). Either both supercharged containers (A) 

or only Enc(neg) (B) or Ftn(pos) (C) containers are featured in a unit cell. Red: Enc(neg); blue: Ftn(pos)
. 

Nevertheless, hetero binary crystals composed of Enc(neg) and Ftn(pos) loaded with several NP 

combinations are presented. These binary superlattices containing AuNPs in Enc containers 

might be interesting for catalysis and SERS detection. In detail, iron or cerium oxide 

nanoparticles are suitable for oxidase- and peroxidase-like catalysis.[205] Moreover, plasmonic 

AuNP superlattices are suitable for SERS.[118] Combining both kinds of NPs would enable to 

track the catalytic conversion of a substance while detecting SERS signals.[314] On the other 

hand, magnetic FeOxNPs in Ftn(pos) combined with AuNPs Enc(neg) in a protein crystal result in 

a magneto-plasmonic superlattice. An external magnetic field can modify the properties of a 

surface plasmon and combined influence light through magneto-optical effects such as the 

FARADAY and KERR effect.[315-317] Such a magneto-plasmonic crystal might be applied in 

telecommunications, magnetic field sensing or optical magnetic data storage.[318] 
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5.3.4.2 AuNP and fluorophore-loaded hetero binary crystals 

The efficient labeling of a Ftn(pos) variant with additional cysteine on the inner surface Ftn(pos)-

Cys was discussed in chapter 5.2.4. As shown in the last chapter, Enc(neg) and Ftn(pos) can be 

crystallized yielding cubic crystals.  

 

Figure 5.59: Optical microscopy images of protein crystals with fluorophore labeling and AuNP cargo. Only 

one container loaded with either AF488 (A), Rh3B (C) or Rh6G (E) nanoparticles. Combination of AuNP and 

fluorophore (B+D+F). Scale bars are 50 μm. 

The new variant Ftn(pos)-Cys (without functionalization yet) forms crystals with Ftn(neg) and with 

Enc(neg) since no residue was mutated at the outer surface. Moreover, in an initial test, the 

Rh3B-labeled Ftn(pos)-Cys still crystallizes with Ftn(neg) (Figure 8.35). Therefore, the 

crystallization of fluorophore-labeled Ftn(pos)-Cys samples together with AuEnc(neg) was carried 

out (Figure 5.59). Depending on the fluorophore, the crystal color differs. Moreover, the protein 

labeling affected the crystal size. Cubic crystal composed of fluorophore-labeled Ftn(pos)-Cys 

and empty Enc(neg) grew up to 50 μm, while completely unmodified proteins grow double the 

size. Fluorophore-labeled Ftn(pos)-Cys and AuNP loaded Enc(neg) yielded in even smaller 

crystals with sizes below 10 μm. The handling of such small crystals is extraordinarily difficult. 

Transferring such a small object with usual crystallographic tools needs high precision. 
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Moreover, washing a crystal prior further analysis in water mainly causes losing the crystal 

either in the drop or to the crystallographic transfer tool. Besides, with currently available optical 

microscopes it is difficult to distinguish if an object of that small size really is a protein crystal, 

aggregated protein or contamination. Nevertheless, it was possible to characterize these 

crystals further. 

Optical microscopy and fluorescence images of the crystals loaded either only with fluorophore 

or combined with AuNPs are shown in Figure 5.60. However, optical properties of binary 

fluorophore-AuNP crystals are discussed in detail in a following chapter 5.3.6., see below. 

 

Figure 5.60: Optical microscopy images of fluorophore and fluorophore-AuNP loaded crystals. Bright field 

images of crystals with only fluorophore (A), (B) and (C) or AuNP and fluorophore (G), (H) and (I). Fluorescence 

microscopy images of crystals with only fluorophore (D), (E) and (F) or AuNP plus fluorophore (J), (K) and (L). Left 

to right column: AF488, Rh3B and Rh6G. Scale bar is either 10 μm in (A) to (F) or 5 μm in (G) and (L).  

For each fluorophore loaded hetero binary crystal either green (AF488), yellow (Rh6G) or 

orange (Rh3B) fluorescence is observed (Figure 5.60D, E and F). The incorporation of AuNPs 

into the hetero binary superlattice results in quenched fluorescence (Figure 5.60J, K and L). In 

fact, all pictures were taken at the same settings. The power of the lamp was at the lowest 

level. Increasing the illumination power mainly increased background luminescence.  

However, fluorophore-labeled protein crystal without AuNPs may even be of interest. Recently, 

the group of DRAGNEA reported a fluorophore-labeled brome mosaic virus (BMV) container in 
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solution with radiation brightening at room temperature. First, increasing the number of 

fluorophores towards 150 molecules per BMV container led to quenching. With additional 

labeling, the quenching was suppressed and fluorescence was restored. The BMV container 

was labeled with up to 300 fluorophores and properties such as superradiance and 

superfluorescence are under discussion. Due to the labeling, the labeled BMV features 

properties that isolated single fluorophores do not have. Based on fix positions and orientations 

the fluorophore dipoles are expected to interact even stronger with each other.[11] The current 

Ftn(pos)-Cys container only features up to 24 fluorophores per container but can be upgraded 

with additional labeling sites on the inner cavity. Moreover, the inner encapsulin surface can 

also act as a template for fluorophore labeling. There, one additional cysteine per subunit 

already makes it possible to covalently link 60 fluorophores per container and can even be 

increased. Investigating the properties in solution and in crystal towards superfluorescence or 

superradiance might be of interest, since not many systems report both phenomenon at room 

temperature. Moreover, these characteristics occur in a biocompatible system and might 

overcome limitations of inorganic probes. 

 

5.3.5 Protein cross-linkers and their influence on crystal properties 

A protein crystal either loaded with AuNPs or empty needs to be stabilized by a suitable cross-

linker for manipulations and characterizations outside the crystallization drop. Protein crystals 

are fragile and tend to break under mechanical stress. For stabilization, the cross-linking agent 

is added to the reservoir solution. Through evaporation glutaraldehyde slowly diffuses into the 

drop and gently cross-links the protein crystal. In detail, the glutaraldehyde is a dialdehyde that 

cross-links lysine residues of the protein container. After cross-linking the protein crystal can 

easily be manipulated without destruction. Usually, the protein crystal is washed with pure 

water to remove residual glutaraldehyde. One crucial drawback of using glutaraldehyde is the 

formation of polymeric glutaraldehyde species in solution. Moreover, the polymerization may 

start in solution forming a protein film from residual protein in solution. Or it can form a 

polymeric film and attach to the protein crystal. For AFM or SEM characterization, such a thin 

film is not desired. In addition, glutaraldehyde is expected to show green fluorescence at 

around 560 nm.[267] Since fluorophore-labeled and AuNP loaded protein crystals will be 

investigated, additional fluorescence should be avoided. Ideally the samples feature neither 

an attached polymeric film nor fluorescence at any wavelength.  

To overcome the problems associated with glutaraldehyde, three protein cross-linkers of 

different length were investigated (Figure 8.36). In detail, sulfosuccinimidyll-4-(N-

maleimidomethyl)cyclohexan-1-carboxylate (sulfo-SMCC), bis(sulfo-succinimidyl)suberate 

(BS3) and PEGylated bis(sulfosuccinimidyl)suberate (BS(PEG)5) were applied to stabilize 
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protein crystals. Both, BS3 and BS(PEG)5 are homofunctional cross-linkers and react with 

primary amines. On the other side, sulfo-SMCC is a heterofunctional cross-linker and links 

thiols with primary amines. The maleimide functionality is also reported to react with 

amines,[319] resulting in a mixture of lysine and cysteine residues reacting with sulfo-SMCC. 

Adding the cross-linker dissolved in water directly to the crystallization drop might lead to 

disintegration of the crystal due to destabilizing effects by the significant concentration 

decrease of salt and precipitant. Therefore, the cross-linker is dissolved in water and then 

mixed 1:1 with the crystallization condition. The protein cross-linker is added to the 

crystallization drop. After incubation for at least 16 h, no polymeric or protein skin is observed. 

It should be noted that the protein buffer is Tris, which features one primary amine. Tris 

molecules in the crystallization drop might also react in the cross-linking, but would not result 

in larger contamination and only consume cross-linker. The crystal is transferred from the 

crystallization drop into a water drop, to check the stability. Protein crystals cross-linked with 

either sulfo-SMCC, BS3 or BS(PEG)5 showed high stability in water. Afterwards, the cross-

linked protein crystals were transferred on a glass substrate, illuminated and imaged via optical 

microscopy (Figure 5.61).  

 

Figure 5.61: Optical microscopy images of cross-linked protein crystals. Unitary Enc(neg) cross-linked with 

glutaraldehyde (A, F) or Sulfo-SMCC (B, G). Hetero binary crystals composed of Enc(pos) and Enc(neg) cross-linked 

with either Sulfo-SMCC (C, H), BS3 (D, I) or BS(PEG)5 (E, J). Scale bar in (A), (B), (F) and (G) is 20 μm, the rest 

10 μm. 

The unitary Enc(neg) crystal features green fluorescence for both glutaraldehyde and sulfo-

SMCC. Aromatic amino acids are known to feature fluorescence in the ultraviolet (< 400 nm), 

but not in the green.[320,321] As expected, the Enc protein in solution does not feature any 

emission in the green (> 495 nm) (Figure 8.37). Hetero binary crystals cross-linked with sulfo-

SMCC, BS3 and BS(PEG)5 also show green fluorescence. Despite using no glutaraldehyde, 

crystals are still fluorescent. The observation is contradictory to previous assumptions, that the 

green fluorescence is caused by the glutaraldehyde.[13] The presence of the green 
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fluorescence may be caused by cross-linking agents in general. Due to the reaction of the 

cross-linker with two amino acids the local electronic structure could change and might lead to 

green fluorescence. On the other hand, novel properties may emerge with forming the protein 

crystal. Short hydrogen bonds are discussed to enhance fluorescence of non-aromatic amino 

acids in protein fibrils.[322] Moreover, self-assembled peptide nanostructures were reported to 

feature intrinsic semi-conductive properties.[323] In protein crystals, hydrogen bonding occurs 

not only intraproteinic but also interproteinic. Protein structures with a high content of hydrogen 

bonds may lead to proton transfer across hydrogen bonds which can lower electron excitation 

energies.[324] 

Nevertheless, three commercially available cross-linkers for protein crystal stabilization were 

established within this work. The cross-linking process was optimized towards the absence of 

protein or polymeric films in the crystallization drop. The origin of the fluorescence of protein 

crystals remains unsettled. Still, the fluorescence of sulfo-SMCC, BS3 and BS(PEG)5 cross-

linked protein crystals seem to be less intense (Figure 5.61). 

 

5.3.6 Optical properties of nanoparticle – fluorophore loaded protein crystals 

Hetero binary Enc(neg)/Ftn(pos)-Cys crystals cross-linked with sulfo-SMCC were chosen for 

optical characterization. In this work, crystals without cargo, loaded with AuNPs or labeled with 

fluorophore have already been shown (chapter 5.3.4.2). To achieve a large overlap and study 

the influence of the overlap between plasmon band of the AuNPs with the fluorophore 

emission, AF488, Rh6G and Rh3B were chosen. In Figure 5.62, the overlap of the absorbance 

and emission of the corresponding fluorophore-labeled protein is shown relative to the plasmon 

band of the encapsulated AuNPs in solution.  

 

Figure 5.62: Comparison between absorbance of AuEnc(neg) and emission and absorbance spectra of 

fluorophore-labeled Ftn(pos)-Cys. Spectra for AF488 (A), Rh6G (B) or Rh3B (C) labeled Ftn(pos)-Cys with AuEnc(neg) 

as reference. 

The coupling between fluorophores and AuNPs inside the binary crystal lattice were studied 

via fluorescence imaging. First, the loading of Enc(neg) is addressed, then the Ftn(pos)-Cys 

loading. Empty crystals (e/e), crystals filled with one component (e/AF488, e/Rh6G, e/Rh3B, 
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Au/e) and binary crystals (Au/AF488, Au/Rh6G, AuRh3B) were investigated with a confocal 

microscope at an excitation wavelength of 440 nm (Figure 5.63). Interference bands from the 

diode laser were filtered using a short path filter (450 nm). In addition, a long path filter 

(473 nm) is implemented to block the laser and pass light with wavelengths above 473 nm.  

On closer inspection, empty protein crystals (Figure 5.63, green line) do not feature the 

previous observed fluorescence at 560 nm caused by glutaraldehyde (Figure 2.19).[13] Here, 

an emission at 490 nm is observed. Emission at wavelengths below 473 nm are not recorded, 

due to the long path filter at 473 nm. The origin of the fluorescence of empty protein crystals 

remains unsettled, as discussed in previous chapter 5.3.5.  

For Au/e crystals, the maximum at 490 nm is no longer clearly visible in emission spectra 

(Figure 5.63, blue line). A broad emission with two maxima at 525 nm and 625 nm is observed. 

The origin of the fluorescence is not unequivocal clear but can be attributed to the protein 

containers and AuNPs, respectively. Depending on the AuNP size, differently pronounced 

processes are reported.[325] In size-independent systems, the emission is mainly influenced by 

the local binding geometry of AuNP ligands.[326] In a previously published report by the BECK 

group, Au/e crystals composed of smaller AuNPs showed a different optical behavior. With an 

excitation wavelength at 405 nm, an emission maximum at around 480 nm is found (Figure 

2.19).[13] Above 500 nm, no maximum is visible. Most likely, most of the fluorescence is 

quenched due to absorption of the AuNPs and leftover fluorescence is caused by the protein 

content. Therefore, at this point the emission spectrum of Au/e crystals (Figure 5.63, blue line) 

is not clarified. FDTD simulations with the Lumerical software could assist in clarifying the 

properties of the AuNP lattice.  

 

Figure 5.63: Emission spectra of hetero binary Enc(neg)/Ftn(pos)-Cys crystals with AuNPs and fluorophores. 

Fluorescence spectra of AF488 (A), Rh6G (B) and Rh3B (C) hetero binary crystals either empty or with AuNPs. 

Excitation wavelength: 440 nm. 
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For a clearer presentation and direct comparison, the emission spectra of empty/fluorophore 

and AuNP/fluorophore crystals are extracted to Figure 5.64. Discussed emission maxima are 

also summarized in Table 5.22. 

 

Figure 5.64: Emission spectra of empty/fluorophore and AuNP/fluorophore protein crystals. For direct 

comparison, the presented data is extracted from Figure 5.63. 

The emission spectrum for e/AF488 crystals appears quite noisy, due to fluorescence of low 

intensity (Figure 5.64A, green line). Moreover, the emission peak with a maximum at 530 nm 

is broad in comparison to other emission spectra. The broad peak may be caused by an 

overlay of protein fluorescence and AF488 fluorescence. In solution, an emission maximum at 

519 nm is shown (Figure 5.62). For the e/AF488 crystal, a shift of 11 nm towards longer 

wavelength (530 nm) occurs. For e/Rh6G and e/Rh3B crystals, fluorescence below 500 nm is 

observed, which is most likely present due to the protein or cross-linker content (Figure 5.64A, 

pink and magenta line, respectively). Also in other experiments within the BECK group, 

fluorescence in the region below 500 nm is found, that is probably caused by the protein 

content and not as strong as the fluorophore emission.[13] Both e/Rh6G and e/Rh3B crystals 

have an emission maximum at 597 nm, while the peak of e/Rh6G is quite broad. In comparison 

between emission maxima in crystal and solution (Figure 5.62), shifts towards longer 

wavelength for Rh6G and shift towards smaller wavelengths for Rh3B are detected. 

Transitions from solution to solid state are known to cause shifts of emission. In solution, 

particles are free to move and rotate, but have fixed positions and orientations in a crystal 

lattice.[327,328] The distance between fluorophores from one labeled container to another is 

shorter than in solution. Plus, the control over placement and orientation of fluorophores results 

in a molecular fluorophore superlattice. Most likely fluorophore-fluorophore interactions inside 

the lattice or collective coupling are causing the shifts. 
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In Figure 5.64B, emission spectra of hetero binary crystals composed of AuNPs and 

fluorophores are shown. In direct comparison between both green lines (Figure 5.64A and B), 

a shift from 530 nm towards 516 nm is found. The introduction of AuNPs into protein crystals 

containing AF488 seem to cause this shift. The protein crystals Au/Rh3B also feature a small 

shift towards smaller wavelengths (from 597 nm to 586 nm). Moreover, a significant shift of 

emission maxima is observed for the system Au/Rh6G. The protein crystal containing AuNPs 

and Rh6G features a maximum at 555 nm, while without AuNPs a maximum at 597 nm is 

found (Figure 5.64, pink line). The strong shift might indicate strong exciton-plasmon 

interactions. Additionally, only Au/Rh6G and Au/Rh3B feature a clearly visible second 

maximum at around 520 nm. It can be assumed that this fluorescence derives from the protein 

matrix, since the fluorescence was also found in crystal containing only AuNPs (Figure 5.63, 

blue line, Au/e). The measured fluorescence is quite weak, indicated by the high signal-to-

noise ratio. In conclusion, the AuNPs do not completely quench the fluorescence, but absorb 

most of the energy.  

Table 5.22: Summary of observed emission maxima of protein crystals composed of fluorophores and 

AuNPs.  

Crystal composition AF488Ftn(pos)-Cys Rh6GFtn(pos)-Cys Rh3BFtn(pos)-Cys 

eEnc(neg) 530 nm 597 nm 597 nm 

AuEnc(neg) 516 nm 555 nm 586 nm 

In comparison to a previously published system containing smaller AuNPs and less 

fluorophores per protein container (more detailed description found in chapter 2.5.3), e/RhB 

crystals feature a maximum at 580 nm, while Au/RhB crystals at 575 nm. The implementation 

of AuNPs leads to a shift of 5 nm towards smaller wavelength.[13] In this work, a shift of 11 nm 

is observed (Table 5.22). Larger AuNPs and a higher number of fluorophore molecules are 

expected to cause stronger exciton-plasmon interactions, indicated by a stronger shift in 

emission. 

AF488 and Rh6G have the largest spectral overlap with the absorption spectra of the 

plasmonic AuNPs, while Rh3B the lowest (Figure 5.62). Therefore, interactions in Au/AF488 

and Au/Rh6G crystals are expected to be the strongest. Based on the shifts in emission 

maxima, this trend is not visible in current data. Au/AF488 and Au/Rh3B spectra feature shifts 

of similar dimensions, while the largest shift is found for Au/Rh6G. The emission maximum for 

Rh6G functionalized Ftn(pos)-Cys is slightly shifted towards longer wavelengths in relation to 

the maximal absorption of the plasmonic AuNPs. It seems like a larger spectral overlap in 

terms of absorption between AuNP and fluorophore and a smaller spectral overlap between 

AuNP absorption and fluorophore emission lead to strong interactions. Possibly, each spectral 
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overlap is not allowed to be either too large or too small. Further FDTD simulations are required 

to investigate and verify this observation. Moreover, expanding the library of fluorophores to 

further screen different spectral overlaps might help to understand the requirements for strong 

interactions and the observations described in this work. 

In addition, fluorescence decay curves of the three systems were recorded (Figure 5.65). 

Empty crystals (e/e) feature the longest lifetime, while Au/e crystals by far the shortest lifetime.  

 

Figure 5.65: Lifetime curves for fluorophore and fluorophore-AuNP loaded protein crystals determined in 

confocal microscopy. Lifetimes curves of AF488 (A), Rh6G (B) and Rh3B (C) hetero binary crystals either empty 

or with AuNPs.  

As shown in Figure 5.65, the coupling between fluorophores and AuNPs seem to be stronger 

as in previous work (Figure 2.19), due to strong exciton-plasmon coupling. Lifetimes of 

AuFtn(pos)/RhBFtn(neg) crystals were significantly longer, indicating weaker coupling. In this 

work, both the AuNP size and the number of fluorophores increased significantly: From 3 to 

13 nm large AuNPs and from 2 to 24 fluorophores per container.[13] As discussed in previous 

chapters, AuNPs of a size of 3 nm are not expected to show as strong plasmonic properties 

as 13 nm large particles. Also, decay curves for eFtn(pos)/RhBFtn(neg) crystals (Figure 2.19) 

feature longer lifetimes than observed for eEnc(neg)/Rh3BFtn(pos)-Cys crystals (Figure 5.65C). 

This indicates, that not only coupling with gold nanoparticles but also the collective interactions 

between the increased number of fluorophores with fixed positions and orientations are 

stronger. 

The lifetime curves for empty/fluorophore and AuNP/fluorophore crystals are extracted into 

Figure 5.66 to directly compare each of the novel systems in more detail. Lifetime curves for 

e/AF488 and e/Rh6G are quite similar. Besides, the curve for e/Rh3B indicates a slightly longer 

lifetime. In general, the addition of AuNPs to the fluorophore-loaded protein crystals lead to a 

significant decrease in fluorescence lifetimes. Such a strong decrease is based on energy 

transfers between fluorophores and gold plasmons via exciton-plasmon coupling. Also, the 
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decay curves for Au/AF488 and Au/Rh6G are very similar. For Au/Rh3B crystals, the lifetime 

is slightly shorter. Interestingly, the spectral overlap of Rh3B and AuNP was the lowest, but 

feature the shortest lifetime. Usually, a shorter lifetime caused by strong coupling effects. 

Based on the large shift of emission maxima, the strongest coupling is determined to occur in 

the Au/Rh6G system. On the other hand, the fluorescence lifetime curves indicate that the 

strongest coupling is found in the Au/Rh3B and not Au/Rh6G crystal. Therefore, the shift of 

emission might not be the perfect property to evaluate a strong or weak coupling. The 

investigation of fluorescence lifetimes might be more suitable for evaluation. 

 

Figure 5.66: Lifetimes curves for empty/fluorophore and AuNP/fluorophore protein crystals. For direct 

comparison, the presented data is extracted from Figure 5.65. 

To further understand the system, additional modelling is needed. The distance between AuNP 

and fluorophore plays a significant role in the type and strength of interaction. Based on the 

crystal structure model (Figure 5.58), the distance between AuNPs is estimated to be 24.4 nm. 

The closest distance calculated on the C-α atom distance between C53 residues within a 

Ftn(pos)-Cys container is 2.6 nm. The longest distance is across the container cavity with 

8.3 nm. Between two Ftn(pos)-Cys containers, the shortest distance of two C-α atoms is 4.2 nm. 

The distance between AuNP surface to the closest C-α atom of a C53 residue is assumed to 

be between 7 nm to 8 nm. From AuNP core to C53 residue the distance is roughly 14.2 nm. 

Future FDTD simulations could make it possible to simulate the plasmonic properties of the 

AuNP lattice, but also add dipoles as emitters into the simulation and calculate the coupling. 

Due to the crystal structure, a fluorophore-labeled Ftn(pos)-Cys container is located between 

four AuNP loaded Enc(neg) containers. Between the AuNPs hot spots are expected to occur 

and the location of the fluorophores at the hot spot region might be beneficial for effective 

coupling.  
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In the end, measurements were carried out to investigate the properties of binary superlattices 

composed of fluorophores and AuNPs. The incorporation of AuNPs led to a significant 

decrease in fluorescence lifetime, indicating strong interactions between AuNPs and 

fluorophores. Moreover, emission spectra of AuNP and fluorophore-loaded protein crystals 

feature properties their single components have. Even assemblies with AuNPs show 

characteristic emission spectra. In the end, detailed comparisons between previously 

published and the here reported novel hetero binary system were conducted. Still, further 

simulations are required to understand and explain the described results. 
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6 Summary and perspective 

In conclusion, protein containers were organized into highly ordered nanomaterials with unique 

properties. For this purpose, supercharged protein containers based on encapsulin and ferritin 

were produced and purified. Subsequently, the protein containers were either loaded with 

nanoparticles or labeled with fluorophores and assembled in a crystalline lattice.  

The first part is about the generation of novel building blocks for the assembly of binary 

superlattices. The supercharging and removal of the flavin binding-site of the T. maritima 

encapsulin was carried out by mutagenesis. Both Enc(neg) and Enc(pos) were produced, purified 

and characterized by ESI MS, TEM, DLS and ζ-potential. In addition, a positively supercharged 

ferritin with additional cysteine on the inner surface was produced, purified and characterized.  

The second part is about the incorporation of nanoparticles and fluorophores in protein 

containers. To encapsulate nanoparticles into encapsulin, the dis- and reassembly process 

was investigated with TEM. In previous works, the disassembly at pH 2.0 was possible, but 

had to be adjusted to a pH value of 1.0 to achieve complete disassembly. Subsequently, gold 

nanoparticles of a size of 13 nm were encapsulated in both supercharged Enc variants. To 

achieve high encapsulation efficiencies, the salt concentration was screened and adjusted. 

Then, the encapsulation was upscaled to milligrams of protein because larger amounts are 

needed for crystallization. Moreover, the synthesis of smaller gold nanoparticles was carried 

out. After CLP functionalization and characterization via TEM, DLS and ζ-potential, the 

encapsulation in supercharged Enc containers was shown. Encapsulation experiments were 

evaluated with TEM. Protein containers featured multiple small gold nanoparticles inside their 

cavity. The ability to encapsulate multiple smaller objects highlights that the cargo can also be 

significantly smaller and opens the possibility of incorporating multiple particles. To further 

exploit the encapsulation on other spherical particles, semiconductor particles were chosen. 

Two ligand systems based on small organic molecules and longer PEGylated ligands were 

applied on giant core/shell quantum dots. First characterization via TEM and emission spectra 

indicates successful encapsulation, but further optimization is needed. The encapsulation of 

another type of cargo highlights the universal approach of the encapsulation of nanoparticles 

into protein containers. Since it was shown that multiple smaller gold nanoparticles can be 

encapsulated, the option to encapsulate single or multiple quantum dots into the encapsulin 

cavity is opened. Also, the encapsulation of anisotropic particles may be possible. Moreover, 

the inner ferritin container surface was functionalized with fluorophores. In detail, three different 

fluorophores were integrated into the ferritin container. Mass spectroscopy verified full labeling 

for each fluorophore-labeled protein, indicating the high efficiency of the thiol-maleimide 

coupling. Here, it is possible to incorporate more fluorophores into the ferritin cavity by 

increasing the number of cysteines per subunit. Moreover, the inner encapsulin container 
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surface can also be altered with additional cysteines for fluorophore labeling. Based on the 

larger size of the encapsulin container, even more fluorophores can be incorporated. Protein 

containers act as a template for fluorophore labeling and enable the control of position and 

orientation of fluorophores. Optical properties such as superradiance or superfluorescence 

might be enabled with such systems. 

The last part is about the crystallization of novel protein containers towards binary 

superlattices. First, oppositely charged encapsulin variants were screened in a robotic 

screening setup. Several unitary crystallization conditions were found, but no binary encapsulin 

structure. X-ray diffraction experiments were carried out at DESY and EMLB in Hamburg to 

collect data and solve structures of unitary protein crystals. Despite the low resolution, it was 

possible to determine unit cell parameters and position the containers. Detailed analysis of all 

crystal structures revealed which protein container surface areas are involved in protein-

protein interfaces. Based on these results, further design could be carried out on encapsulin 

containers to enable binary encapsulin crystals. The introduction of aromatic residues in 

interfaces may enable π-π stacking between oppositely charged protein containers. In 

addition, introduced mutations along the fivefold axis in positively supercharged encapsulin 

could be removed. No interface was observed for positive encapsulin, while negatively charged 

encapsulin possess interfaces along the fivefold axis. The Rosetta software suite features 

modules to analyze protein-protein interfaces and may give further hints towards feasible 

protein design for binary protein crystals. Binary encapsulin crystals could combine gold 

nanoparticles and quantum dots towards binary superlattices with properties such as energy 

transfer. 

Moreover, gold nanoparticle-loaded protein crystals were achieved with high reproducibility 

and characterized with SEM and EDX. Protein crystal surfaces were imaged and highlight the 

high order of the protein crystals. In addition, gold nanoparticle-loaded encapsulin crystals 

were characterized by X-ray diffraction at beamline P14 (EMBL, Hamburg) to study the 

nanoparticle lattice. Such a gold nanoparticle-loaded protein crystal might act as a 

biocompatible SERS substrate. Moreover, gold nanoparticle-loaded protein containers may 

also be deposited on surfaces to achieve thin layers. Analytes might not be able to diffuse into 

thick protein crystals, therefore several layers of gold nanoparticles might be sufficient. Further 

knowledge of the suitability of protein-based SERS substrates is needed. FDTD simulations 

should be performed to calculate enhancement factors of possible assemblies. Different 

crystallization conditions with different densely packed crystal systems were established. 

Some systems feature larger channels between protein containers, while others are tightly 

packed. Moreover, protein crystals based on protein containers loaded with 13 nm or 3.5 nm 

gold nanoparticles may exhibit varying degrees of catalytic activity.  
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Since no binary encapsulin crystals were obtained, an alternative route was taken using 

encapsulin and positively charged ferritin. Ferritin combined with encapsulin enabled binary 

superlattices based on two differently sized protein containers. In conclusion, the aim of 

establishing binary protein crystals composed of two oppositely charged protein containers 

was successful. Despite the low resolution, a cubic crystal system was determined. 

Crystallization of both protein containers with different cargo verified that these crystals are 

indeed binary. Binary superlattices based on gold nanoparticles in encapsulin with magnetic 

iron oxide or cerium oxide nanoparticles in ferritin were characterized by TEM, AFM and SEM. 

Additionally, single crystals were characterized by X-ray diffraction at beamline P14 (EMBL, 

Hamburg). It was possible to determine cubic crystal systems in nanoparticle loaded hetero 

binary protein crystals. Based on these methods, it was possible to verify the cubic crystal 

system.  

Binary protein crystals loaded with gold and cerium oxide nanoparticles may be a suitable 

platform to track catalyzed reactions directly via SERS. Cerium oxide nanoparticles were 

shown to be applied in e.g. peroxidase, while gold nanoparticles are suitable for SERS. In 

addition, the combination of plasmonic and magnetic nanoparticles may result in a protein 

crystal with unique properties. Such a material could feature magneto-optical properties not 

yet reported for any protein-based assembly. Since the iron oxide nanoparticles synthesized 

inside the ferritin container does not feature strong magnetic properties, larger magnetic 

nanoparticles could be encapsulated in encapsulin. The CLP-mediated encapsulation seems 

to be very promising for the encapsulation of nanoparticles.  

Moreover, binary protein superlattices composed of gold nanoparticles and fluorophores were 

prepared. Despite their small size, crystals composed of fluorophores and combined with gold 

nanoparticles were characterized by confocal microscopy. Interactions between plasmonic 

particles and fluorophores were observed. In presence of gold nanoparticles, fluorescence 

lifetimes are significantly decreased. Emission spectra of gold nanoparticle and rhodamine-

based crystals look like a combination of their single components. To further understand the 

kind of interactions, additional FDTD simulations are required. The encapsulins are densely 

packed and should enable plasmon coupling between the encapsulated gold nanoparticles. 

Ideally, hot spots form between the gold nanoparticles. Since each encapsulin is also 

surrounded by fluorophore-labeled ferritins, interactions between gold nanoparticles and 

fluorophores are very likely. In addition, protein crystals only composed of fluorophore-labeled 

proteins might be of interest. The incorporation of even more fluorophores per protein container 

in a protein crystal might result in a superfluorescent crystalline material. Such a material might 

gain interest in optical applications.
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7 Experimental part 

7.1 General 

All syntheses, buffer preparations, labeling and crystallization experiments were carried out 

with ultrapure water. Ultrapure water was prepared with a Purelab Flex 2 system (resistivity 

18.2 MΩ cm) manufactured by ELGA LabWater. Glassware and magnetic stir bars used for 

gold nanoparticle synthesis were cleaned with aqua regia and rinsed with ultrapure water to 

remove residual adsorbents. Prepared buffers were filtered with a 0.22 μm membrane filter 

(Carl Roth). For general sample storage or labeling experiments, 15 mL and 50 mL polystyrene 

tubes (Carl Roth) or 1.5 mL and 2.0 mL reaction tubes (Carl Roth) were used. The 

centrifugation of larger polystyrene tubes (15 mL and 50 mL) was performed with an Eppendorf 

5810R centrifuge, while smaller tubes (1.5 mL and 2.0 mL) were centrifugated in a Heraeus 

Fresco 21 microcentrifuge from Thermo Scientific. Volumes above 50 mL were centrifugated 

in a Multifuge X4R Pro manufactured by Thermo Scientific. Experiments that require sterile 

conditions were performed under a biosafety cabinet Maxisafe 2030i from Thermo Scientific. 

Cryo-cultures and competent cells were stored at -80 °C. Protein containing cell pellets were 

stored at -20 °C. Purified protein solutions and solutions with loaded or labeled protein 

containers were stored at 4 °C. Crystal plates were stored at 20 °C unless stated otherwise. 

Protein concentrations were determined with a NanoDrop One C spectrophotometer 

manufactured by Thermo Scientific. Centrifugal filter units Vivaspin® Turbo 15 from Sartorius 

and Amicon® Ultra-0.5 from Merck with molecular weight cut-offs (MWCO) of either 30 kDa or 

100 kDa were used for dialysis (including concentration, washing and buffer exchange). 

 

7.2 E. coli strains 

Table 7.1: List of used E. coli strains. 

Strain Genotype Supplier 

DH5α 
F- Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17(rk-, 

mk+) phoA supE44 thi-1 gyrA96 relA1 λ-  
Invitrogen 

BL21(DE3) E. coli B F- dcm ompT hsdS(rB- mB-) gal λ(DE3) Agilent 

C43(DE3) F- ompT hsdSB (rB- mB-) gal dcm (DE3) NEB 
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7.3 Chemicals 

All chemicals were purchased from commercial suppliers and used without further purification 

(chapter 13).  

 

7.4 Analytical methods 

7.4.1 Transmission electron microscopy 

In general, carbon-coated copper grids with 400 mesh size (Ted Pella, 01814-F-X) were used 

for transmission electron microscopy (TEM) measurements. Protein or nanoparticle containing 

samples were investigated by Stefan Werner (University of Hamburg, Germany) on a JEOL 

JEM 1011 operated at 100 kV. Unstained samples were prepared by drying 2 μL of the sample 

on the TEM grid. For uranyl acetate-stained samples, a 2 % solution is used. First, the grid is 

incubated 1 min on a droplet of 10 μL sample. Afterwards, the grid is washed three times in 

ultrapure water, followed by one wash and one incubation step (60 s) on a 2 % uranyl acetate 

droplet. Residual solution is blotted and the grid dried. Protein crystals were investigated on a 

Tecnai G2 Spirit TWIN at 120 kV. 10 μL ultrapure water are placed on a TEM grid and the 

crystal transferred into the drop, prior removal of the drop.  

Images were analyzed with the ImageJ software.[329] The size of AuNPs was determined by 

converting the images into binary images (black/white) with the threshold function and to 

enable automatic counting and area determination. At least 200 NPs were considered for size 

determination. Protein containers were measured manually by analyzing 100 particles per 

sample. Around the whole protein container, a circle was drawn to determine the size. 

 

7.4.2 Scanning electron microscopy  

Scanning electron microscopy (SEM) measurements of unitary Enc(neg) crystals were carried 

out by Robert Schön (University of Hamburg, Germany) on a Zeiss Leo1550 scanning electron 

microscope and operated at 2.0 kV. Energy-dispersive electron X-ray (EDX) spectroscopy was 

performed with an EDX detector (SDD 100 mm2). Hetero binary Enc(neg)/Ftn(pos) crystals were 

investigated on a FEI (Thermo Fisher) Nova NanoSEM 450 operated by Dr. Thomas F. Keller 

(DESY, Hamburg, Germany) at 10.0 kV. Protein crystals were washed with ultrapure water, 

transferred into a drop of ultrapure water on a silicon wafer and dried under air. 

 

7.4.3 Electrospray ionization mass spectrometry 

Protein samples were rebuffered to ultrapure water with a centrifugal filter. The sample is filled 

up with ultrapure water to a maximum volume and concentrated until dead volume is reached. 
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The process is repeated five times. Protein concentrations is set to be around 2 mg/mL. 

Molecular masses of proteins are determined with electrospray ionization (ESI) time of flight 

mass spectrometry (Agilent 6224 ESI-TOF). Measurements were carried out by the MS 

Service (University of Hamburg, Germany) in positive mode with a tracked mass range of m/z 

values between 110 and 3200 with a rate of 1.03 spectra per second. The instruments source 

temperature was set to 325 °C, the gas flow at 10 L/min and nebulizer pressure at 15 psig. 

The capillary voltage was set to 4 kV.  

Data interpretation was carried out with the software MestreNova.[330] Each signal observed in 

MS spectra can be attributed to an ion with a specific charge z and mass m. Based on the 

mass to charge ratio (m z⁄ ) of two neighboring signals and the mass of a proton (mH) the 

charge z can be calculated as shown in equation (1).  

𝑧 =  

𝑚2
𝑧2

 −  𝑚𝐻

𝑚1
𝑧1

 −  
𝑚2
𝑧2

 (1) 

The molecular mass of the protein can be calculated for one signal and its specific mass to 

charge ratio (m z⁄ ) if the charge is known (equation 2). 

𝑀𝑃𝑟𝑜𝑡𝑒𝑖𝑛  =  𝑧1 (
𝑚1

𝑧1
 −   𝑚𝐻) (2) 

 

7.4.4 Matrix-assisted laser desorption/ionization mass spectrometry 

The protein sample preparation was carried out as for ESI. For the measurement setup, either 

dihydroxybenzoic acid (DHB) or 2’,5’-Dihydroxyacetophenon (DHAP) were used as a matrix. 

DHB was dissolved in an acetonitrile water mixture (3:7) supplemented with 0.1 % 

trifluoroacetic acid to a final concentration of 20.0 mg/mL. DHAP was dissolved in an ethanol 

di-ammonium citrate (18.0 mg/mL) mixture in a ratio of 3:1 with a final DHAP concentration of 

15.2 mg/mL. For each DHB and sample 0.7 μl were mixed and crystallized. DHAP, sample 

and 2 % trifluoroacetic acid were mixed in equal volumes (2.0 μL) and 1 μL of the mixture 

applied and crystallized. The MALDI measurements were carried out by the MS Service 

(University of Hamburg, Germany) on an ultrafleXtreme manufactured by Bruker in positive 

reflection mode. Data interpretation and evaluation was done as described in chapter 7.4.4. 

 

7.4.5 SDS-Page and native PAGE 

For SDS-PAGE, protein samples were denaturated for 10 min at 95 °C in a 1:1 mixture with 

SDS loading buffer (50 mM Tris pH 6.8, 10 % (v/v) glycerol, 0.1 % (w/v) bromophenol blue, 

2 % (w/v) SDS and 250 mM DTT). The samples were then loaded on the gel and 

electrophoresis was carried out at 200 V using 1x Tris-Glycine SDS buffer (25 mM Tris, 
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250 mM Glycine, 0.1 % (w/v) SDS). Precast Tris-Glycine (4 % - 20 %) gels were purchased at 

Biotrend. 

For native PAGE gels, SDS was omitted for all buffers. The native dye solution (20 % (v/v) 

1.5 M Tris pH 8.8, 60 % (v/v) glycerol and 0.6 % (w/v) bromophenol blue) is added in a 5:1 

ratio to the sample. The electrophoresis was carried out at constant voltage of 150 V using 1x 

Tris-Glycine buffer. Samples were separated with 4 % native gels. The native gel was prepared 

as described in Table 7.2. 

Table 7.2: Native-PAGE gel composition. 

4 % Native gel 

Chemical Volume [mL] 

Ultrapure water 6.1 

1.5 M Tris pH 8.8 2.5 

30 % Acrylamide / 3.3 % Bisacrylamide 1.3 

10 % (w/v) APS 0.1 

TEMED 0.01 

After electrophoresis, gels were stained using Coomassie Brilliant Blue stain solution (40 % 

(v/v) methanol, 10 % (v/v) acetic acid, 0.2 % (w/v) Coomassie Brilliant Blue R250) overnight. 

Excess stained was removed by a destain solution consisting of 20 % (v/v) isopropyl alcohol 

and 10 % (v/v) acetic acid.  

 

7.4.6 UV-Vis spectroscopy  

Absorbance spectra were recorded on a Cary 60 UV-Vis spectrophotometer manufactured by 

Agilent. Disposable UV microcuvettes (Brand) with 1 cm path length were used. As reference 

either ultrapure water or respective buffer acted as reference.  

Emission spectra were recorded on a Fluoromax 4000 by Horiba Jobin Yvon. Disposable UV 

microcuvettes (Brand) with 1 cm path length were used. As reference either ultrapure water or 

respective buffer acted as reference.  

 

7.4.7 Dynamic light scattering 

Dynamic light scattering (DLS) measurements were carried out on a Zetasizer Nano S from 

Malvern Instrument. The device is equipped with HeNe laser (633 nm). All measurements were 

performed at a backscattering angle of 173 ° and at a temperature of 25 °C. Protein container 

samples were stored in the respective storage buffer. The protein concentration was 1 mg/mL. 
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Nanoparticles were measured in ultrapure water. The nanoparticle solution was diluted until 

the plasmonic peak intensity was below 0.1 AU. Aqueous solutions were measured in 

disposable cuvettes (Brandt) and organic solvents in quartz cuvettes. First, the samples were 

equilibrated for 120 s and then measured. At least three runs were performed and averaged.  

 

7.4.8 Zeta potential 

Zeta potential measurements were performed on a Zetasizer Nano S from Malvern Instrument 

furnished with HeNe laser (633 nm). Measurements were conducted at 25 °C in micro zeta 

disposable capillary cells (DTS1070, Malvern Instrument). Protein and nanoparticles samples 

were prepared as described in chapter 7.4.7. The samples were equilibrated for 120 s and at 

least three measurements were performed and averaged. For data analysis, the 

SMOLUCHOWSKI approximation is applied to convert the electrophoretic mobility to the zeta 

potential.  

 

7.4.9 Atomic absorption spectroscopy 

Atomic absorption spectroscopy (AAS) measurements to determine Au concentrations were 

performed by Zentrale Element-Analytik Service (University of Hamburg, Germany) on a 

AAnalyst 600 manufactured by Perkin Elmer. Prior the measurement, the samples were 

treated with aqua regia. Each sample was measured three times. 

 

7.4.10 Optical microscopy 

Imaging of crystals were performed with three different setups. For imaging of empty or 

nanoparticle crystals, either a Leica S9D equipped with a Flexacam C1 or a CrysCamTM Digital 

Microscope (Dunn Labortechnik) was used. The scale bar is based on a microscope calibration 

millimeter. To investigate the fluorescence of protein crystals a BX51 fluorescence microscope 

from Olympus equipped with a X-Cite 120PC Q illumination system is used. 

 

7.4.11 Confocal imaging 

Emission spectra and fluorescence decay curve measurements on protein crystals were 

performed by Dr. Christian Strelow (University of Hamburg, Germany) on a home-built 

confocal microscope.  
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7.5 Gold nanoparticle synthesis 

For the synthesis of AuNPs, two different syntheses were performed to obtain AuNPs of the 

desired size. After synthesis, native ligands were removed via ligand exchange reaction. All 

samples were analyzed by TEM, DLS, zeta-potential and UV-Vis. 

 

7.5.1 Improved TURKEVICH synthesis 

AuNPs were synthesized by the protocol of SCHULZ et. al.[41] Trisodium citrate dihydrate 

(121.0 mg) and citric acid (29.0 mg) were dissolved in 150 mL ultrapure water. The citrate 

buffer was stirred (3 cm stir bar, 300 rpm) and heated until boiling. The flask was covered with 

a small beaker to prevent excessive evaporation. The gold precursor tetrachloroauric(III) acid 

trihydrate (16.0 mg) was dissolved in 50 mL ultrapure water and heated at 80 °C. After boiling 

the citrate buffer for 14 min, EDTA (1.5 mg) was dissolved in 0.1 mL ultrapure water and added 

to the solution. After one additional minute, the hot gold precursor solution was quickly added 

to the reaction mixture. After color change from colorless to wine-red the mixture was 

continuously stirred and heated for additional 20 minutes. In the end, the reaction mixture was 

cooled at room temperature until the lukewarm solution is stored at 4 °C until further treatment.  

 

7.5.2 PENG synthesis 

Smaller gold nanoparticles were synthesized by a protocol published by PENG et. al.[294] A 

precursor solution containing 2 mL tetralin (1.94 g), 2 mL oleylamine (1.63 g) and 20 mg 

tetrachloroauric(III) acid trihydrate were prepared in a SCHLENK flask. Under nitrogen 

atmosphere, the solution was stirred for 2 min followed by 30 min heating at 30 °C. 

Subsequently, a reducing solution containing tetralin (0.2 mL), oleylamine (0.2 mL) and tert-

butylamine borane complex (32.2 mg) was added under nitrogen stream. The color of the 

solution immediately changes from orange to dark red. The reaction mixture was stirred for an 

additional hour at 30 °C. Afterwards, 40 mL acetone were added terminate the reaction. The 

black precipitate was centrifugated (6000 g, 8 min), washed with 9 mL acetone and one 

additional time repeated. The pellet was resuspended in dichlormethane (10 mL). 

 

7.5.3 Calculation of gold nanoparticle concentration 

The AuNP concentration is required to calculate the number of ligands to be used for the ligand 

exchange. The gold concentration 𝑐(𝐴𝑢) was determined by AAS. Subsequently, the AuNP 

concentration 𝑐(𝐴𝑢𝑁𝑃) can be calculated by using the number of atoms per NP 𝑁𝐴𝑡𝑜𝑚 𝑁𝑃⁄  

(equation 3). 
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𝑐(𝐴𝑢𝑁𝑃) = 𝑐(𝐴𝑢) 𝑁𝐴𝑡𝑜𝑚 𝑁𝑃⁄⁄  (3) 

The number of atoms per NP can be calculated according to equation (4). The density of gold 

𝜌𝐴𝑢 (19.32 g/cm3), volume of a spherical AuNP 𝑉𝐴𝑢𝑁𝑃 in cm3 determined by TEM, the molar 

mass of Au 𝑀𝐴𝑢 (196.97 g/mol) and the Avogadro constant 𝑁𝐴 (6.022 ∙ 1023 mol-1) are required. 

𝑁𝐴𝑡𝑜𝑚 𝑁𝑃⁄ =
𝜌𝐴𝑢𝑉𝐴𝑢𝑁𝑃𝑁𝐴

𝑀𝐴𝑢
 (4) 

  

7.6 Ligand exchange 

7.6.1 Citrate stabilized AuNPs 

Citrate stabilized AuNPs based on the TURKEVICH method were first used for ligand exchange. 

The ligand exchange was performed as described elsewhere.[10] For the ligand exchange from 

citrate to 11-(Mercaptoundecyl)-N,N,N-trimethyl ammonium bromide (MUTAB), the latter one 

is dissolved as a 100-fold excess as referred to the maximum number of ligands on the 

nanoparticle surface in a 2 M HCl solution. The MUTAB containing HCl solution is added to 

the NP solution resulting in a HCl concentration of 0.1 M HCl. The sample was incubated at 

room temperature for 48 h. Excess MUTAB and exchanged citrate were removed via 

centrifugal concentration steps. First, the sample is washed five times with 0.1 M HCl, followed 

by five washing steps with ultrapure water. Finally, the sample is concentrated to a volume of 

1 mL.  

Prior CLP functionalization, a CLP stock solution (0.5 mg/mL in DMF) is prepared. MUTAB-

stabilized AuNPs are diluted 1:10 with DMF. Subsequently, an amount of CLP corresponding 

to 20 peptides per NP were added to the NP solution. After 16 h incubation at room 

temperature, the NP solution was diluted 1:10 with water. In the end, the solution is 

concentrated and washed five times with water using a centrifugal filter and concentrated to a 

volume of 1 mL. 

 

7.6.2 Oleyl amine stabilized AuNPs 

Oleyl amine stabilized AuNPs based on the PENG synthesis were rigorously mixed with a 

MUTAB containing solution of ultrapure water in equal volumes. MUTAB is added in a 100-

fold excess. The ligand exchange reaction is incubated at room temperature for 16 h. Then, 

the aqueous solution is extracted and five times washed with water with a centrifugal filter. The 

sample is concentrated to a final volume of 1 mL.  

For CLP functionalization, a CLP stock solution (0.5 mg/mL in DMF) was used. MUTAB 

stabilized AuNPs were diluted 1:10 with DMF. Either 5 or 10 CLPs per NP were added to the 

ligand exchange. After incubation for 16 h at room temperature, the sample was diluted 1:10 
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with water and washed five times with water. In the end, the sample was concentrated to a 

final volume of 1 mL. 

 

7.6.3 Giant core/shell QDs 

The ligand exchange for short organic molecules was based on a biphasic system containing 

chloroform and water. First, 1.5 mg gQDs were taken and the solvent hexane was removed 

under reduced pressure. Subsequently, 10 mL of the ligand solution (0.5 mg/mL) in chloroform 

was added to the yellow solid. In a 1:2 ratio aqueous potassium hydroxide (KOH, 89 mM) is 

added to the reaction mixture. The biphasic system was stirred gently for 16 h at room 

temperature. The organic phase was separated and washed with 2 mL of an 89 mM KOH 

solution. Both aqueous phases were combined and precipitated with methanol at 12000 g for 

10 min. Methanol was removed and the resulting yellow solid resuspended in 2 mL ultrapure 

water.  

For CLP functionalization, a CLP stock solution (0.5 mg/mL in chloroform) was used. The 

protocol was carried out as described above. Either 10 or 100 CLP molecules per nanoparticle 

were added to the MUA ligand solution. 

PEG based ligands were applied in a direct approach.[204] A solution containing 1 mg of gQDs 

was taken and the solvent hexane was removed under reduced pressure. 10 mg of PEG ligand 

were dissolved in 1 mL chloroform and added to the dried gQDs. The solution was heated 

overnight at 65 °C. On the next day, the solvent was removed under reduced pressure. The 

residue was suspended in 2 mL of a 1:1 mixture of ultrapure water and ethanol. After 

centrifugation at 12000 g for 10 min, the supernatant is taken for further experiments and the 

pellet discarded. 

 

7.7 Protein related protocols 

7.7.1 QuikChangeTM site-directed mutagenesis 

The protein supercharging was performed by multiple cycles of QuikChangeTM site-directed 

mutagenesis using a two-step polymerase chain reaction (PCR).[279] Primers designed for the 

different mutations are shown in Table 8.4 and ordered at Eurofins Genomics. 

First, a mixture was prepared by combining 2.9 μL pET-22b(+) plasmid (7 ng/μL) containing 

the gene of interest, 1 μL 10 mM dNTP mix, 5 μL buffer (200 mM Tris-HCl pH 8.8, 100 mM 

ammonium sulfate, 100 mM KCl, 1 % (v/v) Triton X-100, 1 mg/mL BSA), 1 μL Pfu DNA 

polymerase (2.5 U/μL) and 38.1 μL ultrapure water. Then, the mixture is split equally in two 

microtubes. In each tube 1 μL of either forward or reverse primer (100 pmol/μL) is added. 
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Subsequently, the PCR (Eppendorf Mastercycler Nexus PCR Cycler) is performed with the 

following parameters (Table 7.3). After segment 2 (“Hold”), both mixtures containing forward 

and reverse primers were combined.  

Table 7.3: Two-step PCR cycling protocol. 

Segment Cycles Temperature [°C] Time Total time 

1 1x 95 30 s 

23.5 min 
2 3x 

95 30 s 

58 1 min 

68 6 min 

Hold - 4 ∞ - 

3 16x 

95 30 s 

120 min 58 1 min 

68 6 min 

4 - 68 10 min 10 min 

Storage - 4 ∞ - 

The finished PCR is followed by a digestion of parental plasmid by adding 1 μL DpnI (10 U/μL) 

and incubation overnight at 37 °C. The next day, DpnI is deactivated by 20 min heating at 

80 °C and purified by using NucleoSpinTM Gel and PCR Clean-up Kit (Macherey-NagelTM) 

according to the manuals protocol. Next, 100 μL competent cells were mixed with 200 ng of 

the plasmid and incubated for 30 min on ice, followed by a heat shock for 45 s at 42 °C. After 

two minutes on ice, the competent cells were added to 0.9 mL super optimal broth (SOB) 

media and incubated for 1 h at 37 °C, shaking at 250 rpm. Afterwards the cells were gently 

pelleted by centrifugation at 1000 g for 1 min. The cells were resuspended in 100 μL media, 

plated onto LB agar plates with ampicillin (150 μg/mL) and incubated for 16 h at 37 °C. The 

next day, a single colony was picked and incubated at 37 °C and 250 rpm in 5 mL sterile LB 

medium supplemented with 150 μg/mL ampicillin. After 16 h incubation, the plasmids were 

extracted by NucleoSpinTM Plasmid Miniprep Kit (Macherey-NagelTM). 

DNA sequencing was carried out at Eurofins Genomics. 500 ng Plasmid were mixed with 

25 pmol T7 forward or reverse primer in a 10 μL solution. The results were analyzed by CLC 

Sequence Viewer (QIAGEN Bioinformatics). Plasmids containing the desired mutations were 

chosen as parental plasmids for further mutations, until all mutations were present. 
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7.7.2 Protein production and purification 

Either an ÄKTA pure 25 M or ÄKTA go fast protein liquid chromatography (FPLC) system by 

Cytiva were used for purification and analysis of empty, loaded and labeled protein samples. 

All buffers were prepared with ultrapure water, filtered and degassed for at least 30 min.  

 

7.7.2.1 Negatively charged Enc 

The production of Enc(neg) was slightly changed in comparison to previously published 

production of Enc(wt).[10] 

First, 100 μL calcium competent E.coli C43 cells were thawed on ice for 10 min. Then 200 ng 

plasmid was added to the cells and incubated on ice. After 30 min incubation, a heat shock 

was done at 42 °C for 45 s, followed by additional 2 min incubation on ice. Cells were then 

suspended in 0.9 mL SOB media and incubated for 1 h at 37 °C. The cells were pelleted at 

1000 g at 1 min and 0.9 mL of the mixture was removed. The pellet is then resuspended in 

100 μL media and plated on a LB agar plate containing ampicillin (150 μg/mL). After incubation 

at 37 °C for 16 h, a preculture is prepared by incubation of single colonies in 5 mL sterile LB 

medium supplemented with ampicillin (150 μg/mL) at 37 °C and 250 rpm overnight. The next 

day, 4 mL of the preculture are added to 400 mL terrific broth (TB) containing ampicillin 

(150 μg/mL). The cells were grown at 37 °C and 250 rpm to an OD600 of 0.7. Protein 

overexpression was induced by isopropyl-β-D-1-thiogalactopyranoside (IPTG) at a final 

concentration of 0.5 mM. After 24 h expression at 37 °C, cells were harvested via centrifugation 

at 4000 g. Pellets were stored at -20 °C until further use. 

For protein purification, cell pellets were resuspended in 20 mL buffer (50 mM Tris pH 9.0, 

0.3 M NaCl) supplemented with 30 mg RNase A and 15 mg DNase I. Cell lysis was achieved 

by 15 times sonication at 60 % amplitude for 1 min on ice with 1 min breaks between each 

sonication step with a Vibra-Cell VCX-130 Ultrasonic Processor (Sonics). The lysed 

suspension was centrifuged at 14000 g for 20 min. The pelleted cell debris is discarded and 

the supernatant supplemented with MgCl2 (2.5 mM) and CaCl2 (0.5 mM) prior incubation for at 

least 4 h at 37 °C. Subsequently, the solution was cleared by centrifugation at 14000 g for 

15 min. Residual E. coli proteins were denaturated by heating the solution for 15 min at 65 °C 

in a water bath and removed by subsequent centrifugation at 14000 g for 15 min. Proteins left 

in solution were precipitated with ammonium sulfate at a final concentration of 70 % of its 

saturation. After centrifugation at 14000 g for 20 min, the pellet was redissolved in 10 mL buffer 

(50 mM Tris pH 9.0) and a second ammonium sulfate precipitation step carried out. The 

resulting protein pellet was dissolved in 50 mL buffer (50 mM Tris pH 9.0) and purified by ion-

exchange chromatography using a 5 mL HiTrapTM Q HP anion exchange column (Cytiva). A 

linear gradient from 0 M to 1 M NaCl is used. Both Enc(neg) and nanoparticle loaded Enc(neg) 
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samples were collected and concentrated with a centrifugal filter unit to a final volume of 

1.5 mL. Further purification was performed on a Superose 6 Increase 10/300 GL gel filtration 

column (Cytiva) in SEC buffer (20 mM Tris pH 7.5, 0.3 M NaCl). For crystallization, three runs 

were performed in total on a sample to achieve high purity.  

 

7.7.2.2 Positively charged Enc 

The production of Enc(pos) was similar to previously described production of Enc(neg). The 

preculture was produced as described above. After the cells were grown at 37 °C to an OD600 

of 0.7 in 400 mL TB containing ampicillin (150 μg/mL), protein overexpression was induced 

with IPTG (0.5 mM). Cell cultures were incubated at 250 rpm and 18 °C for 48 h. 

The purification protocol was similar to Enc(neg) with minor changes. The cell pellet was 

resuspended in 20 mL buffer (50 mM MES pH 6.0, 1.5 M NaCl) and supplemented only with 

30 mg RNase A. The subsequent steps were carried out as for Enc(neg), but protein pellets were 

resuspended with 10 mL buffer of different pH and salt concentration (50 mM MES pH 6.0, 

0.5 M NaCl).  

The IEC was performed with a linear gradient from 0 M to 1 M NaCl, but a 50 mM MES pH 6.0 

buffer was used on a 5 mL HiTrapTM SP HP cation exchange column (Cytiva). Enc(pos) and 

nanoparticle loaded Enc(pos) samples were collected and concentrated with a centrifugal filter 

unit to a final volume of 1.5 mL. Further purification via SEC were carried out on a Superose 6 

Increase 10/300 GL gel filtration column (Cytiva) with another SEC buffer (20 mM MES pH 6.0, 

1.0 M NaCl). For crystallization experiments, the protein sample was two additional times 

purified via SEC. 

 

7.7.2.3 Positively charged Ftn with additional cysteine 

Positively charged Ftn(pos)-Cys was produced and purified as reported for Ftn(pos).[15] 

Transformation was performed as described above, but E. coli BL21 cells were used for Ftn. 

Single colonies were incubated in 5 mL LB medium supplemented with ampicillin (150 μg/mL) 

at 37 °C and 250 rpm for 16 h. Subsequently, 400 mL LB medium were supplemented with 

4 mL preculture and ampicillin (150 μg/mL) and incubated at 37 °C and 250 rpm. Cell cultures 

were grown to and OD600 of 0.2. Protein overexpression was induced with IPTG (0.25 mM). 

After 5 h incubation at 37 °C, cells were harvested by centrifugation at 4000 g for 20 min. Cell 

pellets were stored at -20°C until further use. 

For purification, a cell pellet was resuspended in 20 mL buffer (50 mM Tris pH 7.5, 1.0 M NaCl). 

The suspension was sonicated six times for 1 min (60 % amplitude) with 1 min break in 
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between with a Vibra-Cell VCX-130 Ultrasonic Processor (Sonics). Then, the lysed suspension 

was centrifuged for 15 min at 14000 g. The supernatant was incubated with 25 mg RNase A 

at 37 °C for 3.5 h. After digestion, the solution was centrifuged at 14000 g for 15 min. 

Subsequently, the supernatant was heated at 65 °C in a water bath for 10 min and centrifuged 

at 14000 g for 15 min. Saturated ammonium sulfate was added until 70 % of its saturation was 

reached. The solution was centrifuged at 14000 g for 20 minutes. The pellet was redissolved 

in 10 mL buffer (50 mM MES pH 6.0, 0.5 M NaCl) and again precipitated with saturated 

ammonium sulfate. Finally, the pellet was resuspended in 50 mL buffer (50 mM MES pH 6.0, 

0.5 M NaCl). 

Unlabeled and labeled protein samples were taken for further purification. For IEC the sample 

was purified on a 5 mL HiTrapTM SP HP cation exchange column (Cytiva) with a linear gradient 

from 0.5 M to 1.5 M NaCl based on 50 mM MES pH 6.0 buffers. The Ftn(pos)-Cys containing 

fractions were collected and concentrated to a final volume of 2 mL. The sample was further 

purified via SEC on a Hiload 16/600 Superdex 200 PG gel filtration column (Cytiva) with buffer 

(50 mM Tris pH 7.5, 1.0 M NaCl). Two additional SEC runs were performed for protein 

crystallization.  

 

7.7.3 Encapsulin dis- and reassembly 

Encapsulin disassembly was achieved by acidic pH. In detail, 1.0 mg Enc (52.2 μL, 19.2 mg/mL 

stock solution) in storage buffer (20 mM Tris pH 7.5, 0.3 M NaCl) was diluted ten times with 

10 mM phosphate pH 1.0 for 1 h at 4 °C. Reassembly was initiated by diluting the sample 100-

fold with reassembly buffer (20 mM phosphate pH 7.0) and incubation at room temperature 

overnight. After complete reassembly, the sample was concentrated using a centrifugal filter 

unit.  

 

7.7.4 Nanoparticle encapsulation 

For nanoparticle encapsulation 1.0 mg Enc was disassembled as described above, if not stated 

otherwise. While initiating protein container reassembly, the NP solution is added dropwise 

and gently swirled. After incubation at room temperature overnight, the sample was 

concentrated using a centrifugal filter unit. Either further purification via FLPC or 

characterization was carried out. Depending on the NP cargo, different wavelengths were 

detected simultaneously in FPLC purification. 
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7.7.5 Fluorophore functionalization 

Positively supercharged Ftn with additional cysteine on the inner surface was disassembled 

either at pH 2.0 or in 7 M Gua. In detail, 1.0 mg Ftn(pos)-Cys (43.4 uL, 23.05 mg/mL stock 

solution) was incubated in 1.5 mL 10 mM phosphate pH 2.0, 20 mM NaCl for 4 h at room 

temperature. Subsequently, 30 mL reassembly buffer (50 mM Tris pH 7.6, 1 M NaCl) was 

added to trigger Ftn reassembly. For functionalization, two equivalents of fluorophore were 

added per cysteine residue. After overnight incubation at room temperature in the dark, the 

sample is concentrated and washed with 15 mL SEC buffer (50 mM Tris pH 7.5, 1.0 M NaCl). 

Either further purification via FLPC or characterization was carried out. Depending on the 

fluorophore, different wavelengths were detected simultaneously in FPLC purification. 

 

7.7.6 Determination of flavin content  

The concentration of riboflavin was determined from the absorption at λ = 450 nm. The protein 

concentration was determined from the absorption at 280 nm after subtracting the absorption 

of riboflavin at 280 nm. Here, it is assumed that the absorption ratio of 280/450 is constant at 

any concentration. For both, protein and riboflavin standard calibration curves were prepared 

in the range of 2 μM to 100 μM. In the end the riboflavin concentration is the ratio of riboflavin 

concentration to protein concentration.  

 

7.8 Protein crystallography 

7.8.1 Hanging drop vapor diffusion 

For the crystallization of proteins, the hanging drop vapor diffusion method was applied in pre-

greased 4 x 6 well CrystalClear plates (Jena Bioscience). The protein concentration was 

6 mg/mL, if not stated otherwise. The reservoir was filled with 500 μL crystallization condition. 

The crystallization drop was placed on a siliconized cover slide. For unitary crystals, the volume 

of the crystallization drop was set through 1 μL crystallization condition and 1 μL protein 

solution was. For binary crystals, 2 μL crystallization condition were mixed with 1 μL Ftn and 

1 μL Enc. In the end, the cover slide was flipped over and used to close the reservoir well. The 

crystallization plate was stored at 20 °C, if not stated otherwise.  

 

7.8.2  Stabilization of protein crystals 

7.8.2.1 Glutaraldehyde 

For the stabilization of protein crystals, the cover slide with the drop containing crystals was 

briefly removed to add 10 μL of 25 % glutaraldehyde to the reservoir solution. After mixing the 
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cross-linker and crystallization condition, the cover slide was placed back to seal the well. 

Cross-linking was carried out for 16 h at 20 °C. In the end, the glutaraldehyde containing 

reservoir is exchanged with water. 

 

7.8.2.2 Alternative cross-linkers 

Alternative cross-linkers such as sulfosuccinimidyll-4-(N-maleimidomethyl)cyclohexan-1-

carboxylat (Sulfo-SMCC), bis(sulfo-succinimidyl)suberate (BS3) and PEGylated bis(sulfo-

succinimidyl)suberate (BS(PEG)5) were used for crystal stabilization. Fresh stock solutions of 

Sulfo-SMCC (4.8 mg/mL), BS3 and BS(PEG)5 (both 10 mg/mL) were prepared with ultrapure 

water. The cover slide was briefly removed and 100 μL of the stock solution are added to the 

crystallization condition and mixed. Depending on the crystal drop size, half the volume of drop 

is taken from the mixed reservoir and added for crystal cross-linking. The well is sealed with 

the cover slide and crystals were cross-linked for 16 h at 20 °C. 

 

7.8.2.3 Structure determination and refinement 

Protein crystals were soaked for 30 s in a solution containing 2 μL 50 % (v/v) MPD (unitary 

Enc) or glycerol (binary/NP loaded) and 2 μL of the respective reservoir solution, prior 

vitrification in liquid nitrogen. 

Diffraction data were collected at 100 K on the P11 (DESY) or P14 (EMBL) beamline in 

Hamburg, Germany. Data were processed and scaled with XDS.[331] Molecular replacement 

was done with Phaser[332] using a modified structure model based on the PDB 3DKT. In detail, 

CLP and water molecules were removed. Subsequent refinement was carried out with 

Refmac[333] within the CCP4 suite.[334] Mutations were introduced with Coot.[335] Manual 

rebuilding of mutated residues, placing of water molecules and metal ions and subsequent 

iterations of refinements were not possible due to low resolution. 

Data collection statistics and results are shown in the appendix (Table 8.9, Table 8.10, Table 

8.11, Table 8.12, Table 8.13).  

Figures of single protein containers and crystals were prepared with PyMOL (DeLano Scientific 

LLC). Electrostatic surface potential of protein containers were visualized with the APBS 

plugin.[336] 
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8 Appendix 

Table 8.1: Weights used for the protein redesign in Rosetta. 

Run Aspartic acid (D) Glutamic acid (E) Arginine (R) Lysine (L) 

01 -0.25 -0.30 -0.30 -0.15 

02 -0.33 -0.40 -0.40 -0.27 

03 -0.41 -0.50 -0.50 -0.33 

04 -0.50 -0.60 -0.60 -0.40 

05 -0.58 -0.70 -0.70 -0.46 

06 -0.66 -0.80 -0.80 -0.53 

07 -0.74 -0.90 -0.90 -0.60 

08 -0.83 -1.00 -1.00 -0.66 

09 -0.91 -1.10 -1.10 -0.73 

10 -0.99 -1.20 -1.20 -0.80 

11 -1.08 -1.30 -1.30 -0.86 

12 -1.16 -1.40 -1.40 -0.93 

13 -1.24 -1.50 -1.50 -0.99 

 

 

Figure 8.1: Supercharging of T. maritima Encapsulin towards positive charge based on a run with chain j. 
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Figure 8.2: Supercharging of T. maritima Encapsulin towards positive charge based on a run with chain i. 

 

Figure 8.3: Supercharging of T. maritima Encapsulin towards negative charge based on a run with chain j. 
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Figure 8.4: Supercharging of T. maritima Encapsulin towards negative charge based on a run with chain i. 

Table 8.2: Feasible positions for the supercharging of the encapsulin container based on Rosetta 

calculations. Considered positions for a final design of a positively charged encapsulin variant are colored in blue. 

Position Native amino acid Mutation – positive Mutation – negative 

60 V R E 

63 D K - 

65 N K D 

84 T - E 

86 T R - 

106 S - D 

113 K - E 

116 E R - 

127 E K - 

128 K - D 

132 K - E 

136 S K D 

143 E K - 

146 S - D 

164 K - D 

176 N K - 

178 D R - 



Appendix 

136 

182 N R D 

186 E R - 

241 E R - 

242 K - E 

243 D R - 

244 A K E 

267 K - E 

 

Table 8.3: Sequence of primers used for the mutagenesis of Ftn(pos). 

Mutation Forward primer 

K53C 5’-GATGTTGCTCTGAAGAACTTTGCGTGCTACTTTCTGCATCAGTCTCATGAA-3’ 

C130A 5’-AGAACGATCCGCATCTCGCCGACTTCATCGAAACCC-3’ 

 

Table 8.4: Sequence of all primers used for the supercharging of T. maritima wild type encapsulin. Asterix 

marked mutations refer to Enc(pos). 

Mutation Forward primer 

W90A CGTTCACACTCGACTTGGCGGAGTTGGACAATCTCG 

W90E CGTTCACACTCGACTTGGAGGAGTTGGACAATCTCG 

W90A* CGTTCAGACTCGACTTGGCGGAGTTGGACAATCTCG 

W90R* CGTTCAGACTCGACTTGAGGGAGTTGGACAATCTCG 

D63K CGAGGTGTTAAGCAAGGAAAACGAGGTTGTGAAATGGGG 

T86R GCGTGCGACGTTCAGACTCGACTTGTGGGAGTTGG 

E116R CGGTTCGCAAAGTTGCCAGATTTGAAGATGAAGTG 

E127K CTTTCGTGGATGTAAGAAAAGTGGCGTCAAAGGCC 

E143K CCTTTGAAGAACGCAAGATTAAATGCGGCTCTACCCCG 

E186K GGATCAACTTTCTGAAAAAGGAAGCAGGCCACTATCCGC 

E241R CGGTTACGAAGATCGCAGGAAAGATGCTGTACGGC 
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Table 8.5: Protein sequences for protein variants of this work. 

Protein 

variant 
Protein sequence 

Enc(wt) 

MVNMEFLKRSFAPLTEKQWQEIDNRAREIFKTQLYGRKFVDVEGPYGWEYAAHPLGEVEVL

SDENEVVKWGLRKSLPLIELRATFTLDLWELDNLERGKPNVDLSSLEETVRKVAEFEDEVIFR

GCEKSGVKGLLSFEERKIECGSTPKDLLEAIVRALSIFSKDGIEGPYTLVINTDRWINFLKEEAG

HYPLEKRVEECLRGGKIITTPRIEDALVVSERGGDFKLILGQDLSIGYEDREKDAVRLFITETFT

FQVVNPEALILLKF 

Enc(neg) 

MVNMEFLKRSFAPLTEKQWQEIDNRAREIFKTQLYGRKFVDVEGPYGWEYAAHPLGEVEVL

SDENEVVKWGLRKSLPLIELRATFTLDLEELDNLERGKPNVDLSSLEETVRKVAEFEDEVIFR

GCEKSGVKGLLSFEERKIECGSTPKDLLEAIVRALSIFSKDGIEGPYTLVINTDRWINFLKEEAG

HYPLEKRVEECLRGGKIITTPRIEDALVVSERGGDFKLILGQDLSIGYEDREKDAVRLFITETFT

FQVVNPEALILLKF 

Enc(neg)-Ala 

MVNMEFLKRSFAPLTEKQWQEIDNRAREIFKTQLYGRKFVDVEGPYGWEYAAHPLGEVEVL

SDENEVVKWGLRKSLPLIELRATFTLDLAELDNLERGKPNVDLSSLEETVRKVAEFEDEVIFR

GCEKSGVKGLLSFEERKIECGSTPKDLLEAIVRALSIFSKDGIEGPYTLVINTDRWINFLKEEAG

HYPLEKRVEECLRGGKIITTPRIEDALVVSERGGDFKLILGQDLSIGYEDREKDAVRLFITETFT

FQVVNPEALILLKF 

Enc(pos)-Fla 

MVNMEFLKRSFAPLTEKQWQEIDNRAREIFKTQLYGRKFVDVEGPYGWEYAAHPLGEVEVL

SKENEVVKWGLRKSLPLIELRATFRLDLWELDNLERGKPNVDLSSLEETVRKVARFEDEVIFR

GCKKSGVKGLLSFEERKIKCGSTPKDLLEAIVRALSIFSKDGIEGPYTLVINTDRWINFLKKEAG

HYPLEKRVEECLRGGKIITTPRIEDALVVSERGGDFKLILGQDLSIGYEDRRKDAVRLFITETFT

FQVVNPEALILLKF 

Enc(pos)-Ala 

MVNMEFLKRSFAPLTEKQWQEIDNRAREIFKTQLYGRKFVDVEGPYGWEYAAHPLGEVEVL

SKENEVVKWGLRKSLPLIELRATFRLDLAELDNLERGKPNVDLSSLEETVRKVARFEDEVIFR

GCKKSGVKGLLSFEERKIKCGSTPKDLLEAIVRALSIFSKDGIEGPYTLVINTDRWINFLKKKAG

HYPLEKRVEECLRGGKIITTPRIEDALVVSERGGDFKLILGQDLSIGYEDRRKDAVRLFITETFT

FQVVNPEALILLKF 

Enc(pos) 

MVNMEFLKRSFAPLTEKQWQEIDNRAREIFKTQLYGRKFVDVEGPYGWEYAAHPLGEVEVL

SKENEVVKWGLRKSLPLIELRATFRLDLRELDNLERGKPNVDLSSLEETVRKVARFEDEVIFR

GCKKSGVKGLLSFEERKIKCGSTPKDLLEAIVRALSIFSKDGIEGPYTLVINTDRWINFLKKEAG

HYPLEKRVEECLRGGKIITTPRIEDALVVSERGGDFKLILGQDLSIGYEDRRKDAVRLFITETFT

FQVVNPEALILLKF 

Ftn(pos) 

MTTASTSQVRQNYHQDSEKAINRQIRLELYASYVYLSMSYYFDRDDVALKNFAKYFLHQSHE

EREHAEKLMKLQNQRGGRIFLQDIQKPDKDDWESGLRAMEKALKLEKKVNQSLLELHKLATK

KNDPHLCDFIETHYLNEQVKAIKELGDHVTNLRKMGAPRSGLAEYLFDKHTLGDSDNES 

Ftn(pos)-Cys 

MTTASTSQVRQNYHQDSEKAINRQIRLELYASYVYLSMSYYFDRDDVALKNFACYFLHQSHE

EREHAEKLMKLQNQRGGRIFLQDIQKPDKDDWESGLRAMEKALKLEKKVNQSLLELHKLATK

KNDPHLADFIETHYLNEQVKAIKELGDHVTNLRKMGAPRSGLAEYLFDKHTLGDSDNES 
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Table 8.6: DNA sequences for protein variants of this work. 

Protein 

variant 
DNA sequence 

Enc(wt) 

ATGGTGAACATGGAATTTCTGAAACGCTCTTTTGCGCCACTGACCGAGAAGCAATGGCAGGAAATCG

ACAATCGTGCTCGCGAAATTTTCAAGACACAGCTGTATGGCCGCAAATTTGTCGACGTAGAAGGTCC

ATACGGGTGGGAGTATGCCGCACATCCGTTAGGCGAAGTCGAGGTGTTAAGCGATGAAAACGAGGT

TGTGAAATGGGGTCTGCGCAAATCACTTCCGCTGATTGAACTGCGTGCGACGTTCACACTCGACTTG

TGGGAGTTGGACAATCTCGAACGCGGGAAACCGAATGTCGACCTGTCCTCGCTGGAAGAAACGGTT

CGCAAAGTTGCCGAATTTGAAGATGAAGTGATCTTTCGTGGATGTGAGAAAAGTGGCGTCAAAGGCC

TTCTGTCCTTTGAAGAACGCAAGATTGAATGCGGCTCTACCCCGAAAGACCTCTTGGAAGCGATTGT

TCGTGCGCTTAGCATCTTCAGCAAAGATGGCATTGAAGGACCTTACACCCTCGTGATCAACACGGAT

CGCTGGATCAACTTTCTGAAAGAGGAAGCAGGCCACTATCCGCTGGAAAAGCGTGTTGAAGAGTGC

TTACGTGGTGGGAAAATTATTACCACTCCTCGGATTGAGGATGCACTGGTGGTATCGGAACGTGGTG

GCGATTTCAAACTGATTCTGGGTCAAGATCTGTCAATCGGTTACGAAGATCGCGAGAAAGATGCTGT

ACGGCTGTTCATTACCGAGACTTTTACCTTTCAGGTGGTGAATCCCGAAGCCTTAATCCTGTTGAAAT

TCTAA 

Enc(neg) 

ATGGTGAACATGGAATTTCTGAAACGCTCTTTTGCGCCACTGACCGAGAAGCAATGGCAGGAAATCG

ACAATCGTGCTCGCGAAATTTTCAAGACACAGCTGTATGGCCGCAAATTTGTCGACGTAGAAGGTCC

ATACGGGTGGGAGTATGCCGCACATCCGTTAGGCGAAGTCGAGGTGTTAAGCGATGAAAACGAGGT

TGTGAAATGGGGTCTGCGCAAATCACTTCCGCTGATTGAACTGCGTGCGACGTTCACACTCGACTTG

GAGGAGTTGGACAATCTCGAACGCGGGAAACCGAATGTCGACCTGTCCTCGCTGGAAGAAACGGTT

CGCAAAGTTGCCGAATTTGAAGATGAAGTGATCTTTCGTGGATGTGAGAAAAGTGGCGTCAAAGGCC

TTCTGTCCTTTGAAGAACGCAAGATTGAATGCGGCTCTACCCCGAAAGACCTCTTGGAAGCGATTGT

TCGTGCGCTTAGCATCTTCAGCAAAGATGGCATTGAAGGACCTTACACCCTCGTGATCAACACGGAT

CGCTGGATCAACTTTCTGAAAGAGGAAGCAGGCCACTATCCGCTGGAAAAGCGTGTTGAAGAGTGC

TTACGTGGTGGGAAAATTATTACCACTCCTCGGATTGAGGATGCACTGGTGGTATCGGAACGTGGTG

GCGATTTCAAACTGATTCTGGGTCAAGATCTGTCAATCGGTTACGAAGATCGCGAGAAAGATGCTGT

ACGGCTGTTCATTACCGAGACTTTTACCTTTCAGGTGGTGAATCCCGAAGCCTTAATCCTGTTGAAAT

TCTAA 

Enc(neg)-Ala 

ATGGTGAACATGGAATTTCTGAAACGCTCTTTTGCGCCACTGACCGAGAAGCAATGGCAGGAAATCG

ACAATCGTGCTCGCGAAATTTTCAAGACACAGCTGTATGGCCGCAAATTTGTCGACGTAGAAGGTCC

ATACGGGTGGGAGTATGCCGCACATCCGTTAGGCGAAGTCGAGGTGTTAAGCGATGAAAACGAGGT

TGTGAAATGGGGTCTGCGCAAATCACTTCCGCTGATTGAACTGCGTGCGACGTTCACACTCGACTTG

GCGGAGTTGGACAATCTCGAACGCGGGAAACCGAATGTCGACCTGTCCTCGCTGGAAGAAACGGTT

CGCAAAGTTGCCGAATTTGAAGATGAAGTGATCTTTCGTGGATGTGAGAAAAGTGGCGTCAAAGGCC

TTCTGTCCTTTGAAGAACGCAAGATTGAATGCGGCTCTACCCCGAAAGACCTCTTGGAAGCGATTGT

TCGTGCGCTTAGCATCTTCAGCAAAGATGGCATTGAAGGACCTTACACCCTCGTGATCAACACGGAT

CGCTGGATCAACTTTCTGAAAGAGGAAGCAGGCCACTATCCGCTGGAAAAGCGTGTTGAAGAGTGC

TTACGTGGTGGGAAAATTATTACCACTCCTCGGATTGAGGATGCACTGGTGGTATCGGAACGTGGTG

GCGATTTCAAACTGATTCTGGGTCAAGATCTGTCAATCGGTTACGAAGATCGCGAGAAAGATGCTGT

ACGGCTGTTCATTACCGAGACTTTTACCTTTCAGGTGGTGAATCCCGAAGCCTTAATCCTGTTGAAAT

TCTAA 
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Enc(pos)-Fla 

ATGGTGAACATGGAATTTCTGAAACGCTCTTTTGCGCCACTGACCGAGAAGCAATGGCAGGAAATCG

ACAATCGTGCTCGCGAAATTTTCAAGACACAGCTGTATGGCCGCAAATTTGTCGACGTAGAAGGTCC

ATACGGGTGGGAGTATGCCGCACATCCGTTAGGCGAAGTCGAGGTGTTAAGCAAGGAAAACGAGGT

TGTGAAATGGGGTCTGCGCAAATCACTTCCGCTGATTGAACTGCGTGCGACGTTCAGACTCGACTTG

TGGGAGTTGGACAATCTCGAACGCGGGAAACCGAATGTCGACCTGTCCTCGCTGGAAGAAACGGTT

CGCAAAGTTGCCAGATTTGAAGATGAAGTGATCTTTCGTGGATGTAAGAAAAGTGGCGTCAAAGGCC

TTCTGTCCTTTGAAGAACGCAAGATTAAATGCGGCTCTACCCCGAAAGACCTCTTGGAAGCGATTGTT

CGTGCGCTTAGCATCTTCAGCAAAGATGGCATTGAAGGACCTTACACCCTCGTGATCAACACGGATC

GCTGGATCAACTTTCTGAAAAAGGAAGCAGGCCACTATCCGCTGGAAAAGCGTGTTGAAGAGTGCTT

ACGTGGTGGGAAAATTATTACCACTCCTCGGATTGAGGATGCACTGGTGGTATCGGAACGTGGTGG

CGATTTCAAACTGATTCTGGGTCAAGATCTGTCAATCGGTTACGAAGATCGCAGGAAAGATGCTGTA

CGGCTGTTCATTACCGAGACTTTTACCTTTCAGGTGGTGAATCCCGAAGCCTTAATCCTGTTGAAATT

CTAA 

Enc(pos)-Ala 

ATGGTGAACATGGAATTTCTGAAACGCTCTTTTGCGCCACTGACCGAGAAGCAATGGCAGGAAATCG

ACAATCGTGCTCGCGAAATTTTCAAGACACAGCTGTATGGCCGCAAATTTGTCGACGTAGAAGGTCC

ATACGGGTGGGAGTATGCCGCACATCCGTTAGGCGAAGTCGAGGTGTTAAGCAAGGAAAACGAGGT

TGTGAAATGGGGTCTGCGCAAATCACTTCCGCTGATTGAACTGCGTGCGACGTTCAGACTCGACTTG

GCGGAGTTGGACAATCTCGAACGCGGGAAACCGAATGTCGACCTGTCCTCGCTGGAAGAAACGGTT

CGCAAAGTTGCCAGATTTGAAGATGAAGTGATCTTTCGTGGATGTAAGAAAAGTGGCGTCAAAGGCC

TTCTGTCCTTTGAAGAACGCAAGATTAAATGCGGCTCTACCCCGAAAGACCTCTTGGAAGCGATTGTT

CGTGCGCTTAGCATCTTCAGCAAAGATGGCATTGAAGGACCTTACACCCTCGTGATCAACACGGATC

GCTGGATCAACTTTCTGAAAAAGAAAGCAGGCCACTATCCGCTGGAAAAGCGTGTTGAAGAGTGCTT

ACGTGGTGGGAAAATTATTACCACTCCTCGGATTGAGGATGCACTGGTGGTATCGGAACGTGGTGG

CGATTTCAAACTGATTCTGGGTCAAGATCTGTCAATCGGTTACGAAGATCGCAGGAAAGATGCTGTA

CGGCTGTTCATTACCGAGACTTTTACCTTTCAGGTGGTGAATCCCGAAGCCTTAATCCTGTTGAAATT

CTAA 

Enc(pos) 

ATGGTGAACATGGAATTTCTGAAACGCTCTTTTGCGCCACTGACCGAGAAGCAATGGCAGGAAATCG

ACAATCGTGCTCGCGAAATTTTCAAGACACAGCTGTATGGCCGCAAATTTGTCGACGTAGAAGGTCC

ATACGGGTGGGAGTATGCCGCACATCCGTTAGGCGAAGTCGAGGTGTTAAGCAAGGAAAACGAGGT

TGTGAAATGGGGTCTGCGCAAATCACTTCCGCTGATTGAACTGCGTGCGACGTTCAGACTCGACTTG

AGGGAGTTGGACAATCTCGAACGCGGGAAACCGAATGTCGACCTGTCCTCGCTGGAAGAAACGGTT

CGCAAAGTTGCCAGATTTGAAGATGAAGTGATCTTTCGTGGATGTAAGAAAAGTGGCGTCAAAGGCC

TTCTGTCCTTTGAAGAACGCAAGATTAAATGCGGCTCTACCCCGAAAGACCTCTTGGAAGCGATTGTT

CGTGCGCTTAGCATCTTCAGCAAAGATGGCATTGAAGGACCTTACACCCTCGTGATCAACACGGATC

GCTGGATCAACTTTCTGAAAAAGGAAGCAGGCCACTATCCGCTGGAAAAGCGTGTTGAAGAGTGCTT

ACGTGGTGGGAAAATTATTACCACTCCTCGGATTGAGGATGCACTGGTGGTATCGGAACGTGGTGG

CGATTTCAAACTGATTCTGGGTCAAGATCTGTCAATCGGTTACGAAGATCGCAGGAAAGATGCTGTA

CGGCTGTTCATTACCGAGACTTTTACCTTTCAGGTGGTGAATCCCGAAGCCTTAATCCTGTTGAAATT

CTAA 

Ftn(pos) 

ATGACCACAGCTAGTACGTCCCAAGTACGTCAGAACTATCACCAAGATAGCGAGAAAGCCATTAATC

GCCAAATTCGCTTGGAACTGTATGCATCGTATGTCTACCTGTCAATGAGCTACTACTTTGATCGTGAT

GATGTTGCTCTGAAGAACTTTGCGAAATACTTTCTGCATCAGTCTCATGAAGAACGCGAACATGCCGA

GAAACTGATGAAACTGCAGAATCAGCGTGGTGGACGCATCTTCTTACAGGACATTCAGAAACCGGAT

AAAGACGATTGGGAAAGCGGGTTGCGTGCGATGGAGAAAGCACTGAAACTGGAAAAGAAAGTGAAT

CAGTCTCTGCTGGAACTCCACAAATTAGCGACGAAGAAGAACGATCCGCATCTCTGCGACTTCATCG

AAACCCACTATTTAAACGAGCAAGTGAAAGCGATCAAAGAACTTGGCGATCACGTTACCAACCTTCG

GAAAATGGGTGCACCACGCAGTGGCTTGGCCGAATATCTGTTCGACAAACATACTCTGGGCGATTCC

GACAATGAGTCGTAA 
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Ftn(pos)-Cys 

ATGACCACAGCTAGTACGTCCCAAGTACGTCAGAACTATCACCAAGATAGCGAGAAAGCCATTAATC

GCCAAATTCGCTTGGAACTGTATGCATCGTATGTCTACCTGTCAATGAGCTACTACTTTGATCGTGAT

GATGTTGCTCTGAAGAACTTTGCGAAATACTTTCTGCATCAGTCTCATGAAGAACGCGAACATGCCGA

GAAACTGATGAAACTGCAGAATCAGCGTGGTGGACGCATCTTCTTACAGGACATTCAGAAACCGGAT

AAAGACGATTGGGAAAGCGGGTTGCGTGCGATGGAGAAAGCACTGAAACTGGAAAAGAAAGTGAAT

CAGTCTCTGCTGGAACTCCACAAATTAGCGACGAAGAAGAACGATCCGCATCTCGCCGACTTCATCG

AAACCCACTATTTAAACGAGCAAGTGAAAGCGATCAAAGAACTTGGCGATCACGTTACCAACCTTCG

GAAAATGGGTGCACCACGCAGTGGCTTGGCCGAATATCTGTTCGACAAACATACTCTGGGCGATTCC

GACAATGAGTCGTAA 

 

 

Figure 8.5: Aligned sequences of wild type encapsulin and positively supercharged encapsulin variants. 

Nucleobase triplets for planned mutations are marked green. Red highlighted letters indicate a variance of 

nucleobases at a specific position. 
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Figure 8.6: Aligned sequences of wild type encapsulin and two encapsulin variants with a mutation at W90. 

Nucleobase triplets for planned mutations are marked green. Red highlighted letters indicate a variance of 

nucleobases at a specific position. 

 

 

Figure 8.7: SDS gel of novel encapsulin variants. From left to right: Enc(neg), Enc(neg)-Ala, marker, Enc(pos)-Fla, 

Enc(pos), Enc(pos)-Ala. 
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Figure 8.8: ESI MS spectra to characterize novel Enc variants. Enc(neg) (A), Enc(pos) (B), Enc(neg)-Ala (C) and 

Enc(pos)-Fla (D) ESI MS spectra. 

 

Figure 8.9: TEM images of novel Enc variants. Negative stained TEM images of Enc(neg)-Ala (A) and Enc(pos)-Ala 

(B). Visible contamination origin from aggregated staining material or contaminated tweezers. Scale bars are 50 

nm. 

 

Figure 8.10: Ion-exchange and size-exclusion chromatograms for Enc(neg)-Ala. (A) IEC chromatogram for 

Enc(neg)-Ala. (B) SEC chromatogram for Enc(neg)-Ala. Absorbance was monitored at 280 nm (black), 260 nm (blue) 

and 450 nm (orange). Conductivity is shown in red. 
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Figure 8.11: Ion-exchange and size-exclusion chromatograms for wild type encapsulin. (A) IEC 

chromatogram for Enc(wt). (B) SEC chromatogram for Enc(wt). Absorbance was monitored at 280 nm (black), 260 

nm (blue) and 450 nm (orange). Conductivity is shown in red. 

 

Figure 8.12: Ion-exchange and size-exclusion chromatograms for Enc(pos)-Ala. (A) IEC chromatogram for 

Enc(pos)-Ala. (B) SEC chromatogram for Enc(pos)-Ala. Absorbance was monitored at 280 nm (black), 260 nm (blue) 

and 450 nm (orange). Conductivity is shown in red. 

 

Figure 8.13: Ion-exchange and size-exclusion chromatograms for Enc(pos)-Fla. (A) IEC chromatogram for 

Enc(pos)-Fla. (B) SEC chromatogram for Enc(pos)-Fla. Absorbance was monitored at 280 nm (black), 260 nm (blue) 

and 450 nm (orange). Conductivity is shown in red. 
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Figure 8.14: ESI MS spectra to distinguish which flavin is bound to encapsulin. Enc(wt) with higher 

concentration (A) and Enc(pos)-Fla (B). ESI MS spectra with m/z range from 110 Da to 1025 Da. 

 

Figure 8.15: UV-Vis calibration curves and linear fits to estimate flavin concentration. Absorbance maxima 

measured at 280 nm (A) and 450 nm (B) for riboflavin at each calibration point. 
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Figure 8.16: Volume-weighted hydrodynamic diameters determined by DLS for AuNPs. 3.5 nm (A) and 13 nm 

(B) large AuNPs with different ligand shell composition. 

 

Figure 8.17: Native gel of Enc(wt) at different pH values to investigate disassembly behavior. From left to right: 

pH 1.0, pH 1.5 and pH 2.0. Protein subunits are smaller and found at the lower part of the gel, while complete 

protein container is large and found at the upper part of the gel.  

 

Figure 8.18: Salt screening for efficient AuNP encapsulation into supercharged Enc variants. From left to 

right: 200 mM to 500 mM NaCl in 50 mM steps. Screening of Enc(neg) (A) to (G) and Enc(pos) (H) to (N). Scale bar 

equals 100 nm. 
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Figure 8.19: UV-Vis absorbance spectra of AuEnc(neg) after SEC.  

 

Figure 8.20: IEC with a higher salt gradient to elute AuNPs from cation exchange column. 
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Figure 8.21: Size-exclusion chromatograms for positively surface charged encapsulin loaded with small 

AuNPs. SEC chromatograms for Enc(pos) with encapsulated 3.5 nm large AuNPs with 5 (A) and 20 (B) CLP 

molecules per NP surface. Absorbance was monitored at 280 nm (black), 260 nm (blue) and 520 nm (pink).  

 

Figure 8.22: Volume-weighted hydrodynamic diameters determined by DLS for gQDs with different ligand 

shells. 



Appendix 

148 

 

Figure 8.23: Volume-weighted hydrodynamic diameters determined by DLS for gQDs with different PEG 

ligands. 

 

Figure 8.24: SEC of Enc(neg) encapsulation test of gQDs functionalized TPEG-3 ligand. Absorbance at 280 nm, 

380 nm and 400 nm is tracked. 

Table 8.7: Absorption ratios for RhB3 labeled Ftn(pos)-Cys in SEC. 

disassembly A534/280 A568/280 SEC 

pH 2.0 2.05 1.36 Figure 5.38A 

7 M Gua 2.02 1.33 Figure 5.38B 
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Figure 8.25: UV-Vis spectrum featuring the characteristic absorption features of maleimide fluorophores. 

 

Figure 8.26: MALDI-TOF MS spectra of fluorophore-labeled Ftn(pos)-Cys. MS spectra of labeled protein with 

Rh3B (A) and Rh6G (B) 
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Figure 8.27: UV-Vis and emission spectra of purified fluorophore-labeled Ftn(pos)-Cys. AF488 (A), Rh6G (B) 

and Rh3B (C) labeled Ftn(pos)-Cys spectra. 

 

Table 8.8: Summarized MS results for fluorophore-labeled Ftn(pos)-Cys 

Molecular masses [g/mol] AF488Ftn(pos)-Cys Rh3BFtn(pos)-Cys Rh6GFtn(pos)-Cys 

Calculated 21971.0 21938.7 21910.6 

MALDI-TOF 21977.8 21942.7 21913.8 

 

 

 

 

Figure 8.28: Visualization of crystal lattice and protein interfaces of Enc(pos) in citrate-HEPES condition. 

Monoclinic protein lattice (A) based on four Enc(pos) containers. Protein interface close to the twofold axis (B) and 

from the side (E). Other interfaces are close to the threefold axis but either shifted (C+F) or angled to each other 

(D+G). 
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Figure 8.29: Visualization of crystal lattice and protein interfaces of Enc(pos) in phosphate condition. 

Tetragonal protein lattice (A) based on eight Enc(pos) containers depicted with 12 complete containers. Protein 

interface along the twofold axis (B) and from the side (E). Second interface is found along the threefold axis (C) and 

visualized from the side (F). Another interface is found close to threefold axis with containers shifted to each other. 

 

Figure 8.30: Overview of all introduced mutations in Enc. Two pentamers are visualize Enc(neg) are visualized. 

Every residue that was chosen for mutation is colored. Dark green: D63; bright green: T86; black: W90; magenta: 

E116; orange: E127; red: E143; blue: E186; purple: E241. 
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Table 8.9: Data statistics and refinement details for unitary Enc(neg) crystals. (*) Value in parentheses indicates 

number of reflections used for Rfree calculation. 

   

CaOAc Li2SO4 NaCl 

Data collection    

 
Wavelength (Å) 1.033 1.033 1.033 

 Space group F4132 F4132 P4232 

 

Unit cell dimensions  

(a, b, c [Å]; α, β, γ [°]) 

669.36 

90 

668.57 

90 

334.73 

90 

 
Resolution range (Å) 102.10 - 4.94 96.50 - 5.97 83.68 - 7.16 

 
Highest resolution shell (Å) 5.12 - 4.94 6.18 - 5.97 7.42 - 7.16 

 
No. of observed reflections 4645658 2645850 773587 

 

No. of unique reflections* 
57724 

(5656) 

33004 

(3235) 

9946  

(963) 

 
Multiplicity 80.5 (84.7) 80.2 (82.3) 77.8 (72.2) 

 
Completeness (%) 99.86 (99.96) 99.71 (99.97) 99.50 (100.00) 

 
<I/σI> 21.39 (2.59) 23.30 (1.95) 16.56 (2.02) 

 
Rmerge (%) 22.38 (256.7) 24.23 (346.8) 32.89 (273.8) 

 
Rmeas (%) 22.53 (258.2) 24.39 (348.9) 33.12 (275.8) 

 CC1/2 0.99 (0.83) 0.99 (0.71) 0.99 (0.75) 

 
Wilson B-factor 258.6 335.69 337.53 

   

 

 

 

Refinement  
 

 

 
Rwork (%) 25.50 21.96 21.23 

 
Rfree (%) 28.84 22.15 23.54 

 
No. atoms 21920 21970 21970 

  
macromolecules 21920 21970 21970 

  
ligands 0 0 0 

  
solvent 0 0 0 

 
B-factor (Å2) 293.11 314.53 309.66 

  
macromolecules 293.11 314.53 309.66 

  
ligands 0 0 0 

  
solvent 0 0 0 

 
R.m.s. deviations  

 
 

  
bond lengths (Å) 0.016 0.014 0.013 

  
bond angles (deg) 2.27 1.89 1.75 

 
Ramachandran statistics (%)    

  
favored 93.5 98.2 98.3 

  
outliers 6.5 1.8 1.7 



Appendix 

153 

Table 8.10: Data statistics and refinement details for unitary Enc(neg) crystal in CaOAc condition at higher 

temperature. (*) Value in parentheses indicates number of reflections used for Rfree calculation. 

   
CaOAc - 30°C 

Data collection 
 

 
Wavelength (Å) 1.033 

 
Space group C2 

 

Unit cell dimensions  

(a, b, c [Å]; α, β, γ [°]) 

410.90, 224.80, 389.36  

90.0, 108.7, 90.0 

 
Resolution range (Å) 64.89 - 7.65 

 
Highest resolution shell (Å) 7.92 - 7.65 

 
No. of observed reflections 287247 

 

No. of unique reflections* 
40525  

(4053) 

 
Multiplicity 7.1 (7.4) 

 
Completeness (%) 98.56 (99.63) 

 
<I/σI> 5.08 (0.78) 

 
Rmerge (%) 32.25 (261.8) 

 
Rmeas (%) 34.86 (281.5) 

 CC1/2 0.99 (0.30) 

 
Wilson B-factor 399.98 

   
 

Refinement  

 
Rwork (%) 27.99 

 
Rfree (%) 34.69 

 
No. atoms 128460 

  
macromolecules 128460 

  
ions / glycerol 0 

  
water 0 

 
B-factor (Å2) 425.66 

  
macromolecules 425.66 

  
ions / glycerol 0 

  
solvent 0 

 
R.m.s. deviations  

  
bond lengths (Å) 0.013 

  
bond angles (deg) 1.71 

 
Ramachandran statistics (%)  

  
favored 98.9 

  
outliers 1.1 
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Table 8.11: Data statistics and refinement details for unitary Enc(pos) crystals. (*) Value in parentheses 

indicates number of reflections used for Rfree calculation. 

   

Na citrate Citrate-HEPES Phosphate-citrate 

Data collection    

 
Wavelength (Å) 1.033 1.033 1.033 

 Space group P212121 C2 P42212 

 

Unit cell dimensions  

(a, b, c [Å]; α, β, γ [°]) 

260.08, 367.14, 368.27 

90.0, 90.0, 90.0 

384.15, 236.52, 407.72 

90.0, 108.7, 90.0 

464.23, 464.23, 311.15 

90.0, 90.0, 90.0 

 
Resolution range (Å) 73.51 - 4.82 96.53 - 7.81 54.48 - 9.87 

 
Highest resolution shell (Å) 4.99 - 4.82 8.09 - 7.81 10.22 - 9.87 

 
No. of observed reflections 1157583 277652 494579 

 

No. of unique reflections* 
169758  

(16797) 

38988 

(3740) 

19538 

(1927) 

 
Multiplicity 6.8 (7.1) 7.1 (6.4) 25.3 (20.6) 

 
Completeness (%) 99.85 (99.99) 98.73 (95.65) 98.77 (100.00) 

 
<I/σI> 7.98 (1.65) 5.80 (1.76) 7.24 (1.92) 

 
Rmerge (%) 17.42 (110.3) 30.60 (103.5) 41.83 (246.6) 

 
Rmeas (%) 18.87 (119.0) 33.03 (112.5) 42.71 (252.9) 

 CC1/2 0.99 (0.73) 0.99 (0.60) 0.99 (0.66) 

 
Wilson B-factor 211.43 194.04 280.37 

   

 

  

Refinement    

 
Rwork (%) 21.33 25.93 29.73 

 
Rfree (%) 25.81 27.95 32.76 

 
No. atoms 128460 128820 128820 

  
macromolecules 128460 128820 128820 

  
ions / glycerol 0 0 0 

  
water 0 0 0 

 
B-factor (Å2) 236.85 214.59 278.31 

  
macromolecules 236.85 214.59 278.31 

  
ions / glycerol 0 0 0 

  
solvent 0 0 0 

 
R.m.s. deviations    

  
bond lengths (Å) 0.017 0.013 0.014 

  
bond angles (deg) 1.89 1.71 1.72 

 
Ramachandran statistics (%)    

  
favored 98.5 98.9 99.0 

  
outliers 1.5 1.1 1.0 
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Figure 8.31: Surface charge of Enc(pos) at different pH values. From left to right: pH 4.2 (A), 7.8 (B) and 8.4 (C). 

Colors are from red (-5 kT/e) to blue (+5 kT/e). 

 

Figure 8.32: Initial simulation of plasmonic interactions between two AuNPs. The diameter of each AuNP is 

13 nm. The distance between both AuNPs is 24 nm. The electric field distribution is shown from 1.830 V/m (red) to 

0.438 V/m (blue). The calculation is based on a finite difference time domain (FTDT) simulation. 

 

Figure 8.33: SEM image of AuEnc(neg) crystal surface. View from above on the (100) orientation. Several levels 

of the protein surface are visible. Not every position seems to be filled and leaves a hole on the surface. Scale bar 

is 200 nm. Inset: Overview of protein crystal. Scale bar in inset is 2 μm. 
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Figure 8.34: AFM images of a hetero binary crystal. Enc(neg) is loaded with AuNPs, while Ftn(pos) remains empty. 

AFM images based on either height (A+C) or phases (B+D). Bright (C) or dark spots (D) indicate AuEnc(neg). 

Distance between spots is around 24 nm and fits very well to the unit cell (a = 24.6 nm). Scale bar in (A) and (B) is 

2 μm. Scale bar in (C) and (D) is 40 nm. 

 

Figure 8.35: Optical microscopy images of protein crystals. Ftn(pos)-Cys crystallized with either Enc(neg) (A) or 

Ftn(neg) (B). Rh3B labeled Ftn(pos)-Cys protein crystallized with Ftn(neg) (C). Scale bars are 50 μm. 
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Figure 8.36: Overview of cross-linker and their length. 

 

Figure 8.37: Normalized emission spectra of Enc(neg). 
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Table 8.12: Data statistics for nanoparticle loaded protein crystals. 

   

AuEnc(neg) AuEnc(neg)/eFtn(pos) eEnc(neg)/CeFtn(pos) 

Data collection    

 
Wavelength (Å) 0.984 0.984 0.984 

 Space group C2 P432 P432 

 

Unit cell dimensions  

(a, b, c [Å]; α, β, γ [°]) 

417.18, 228.12, 403.32 

90.0, 108.1, 90.0 

244.48, 244.48, 244.48 

90.0, 90.0, 90.0  

244.00, 244.00, 244.00 

90.0, 90.0, 90.0 

 
Resolution range (Å) 383.28 - 18.00 109.33 - 30.09 244.00 - 18.09 

 
Highest resolution shell (Å) 18.23 - 18.00 30.32 - 30.09 18.18 - 18.09 

 
No. of observed reflections 20673 3563 18177 

 
No. of unique reflections 3366 123 510 

 
Multiplicity 6.1 28.97 35.64 

 
Completeness (%) 97.0  96.9 99.4 

 
<I/σI> 12.54 10.31 8.61 

 
Rmerge (%) 5.94 37.30 4.45 

 

Table 8.13: Data statistics for hetero binary protein crystals 

   

eEnc(neg)/eFtn(pos) 

Data collection  

 
Wavelength (Å) 1.033 

 Space group P432 

 

Unit cell dimensions  

(a, b, c [Å]; α, β, γ [°]) 

242.57, 242.57, 242.57 

90.0, 90.0, 90.0 

 
Resolution range (Å) 49.51 - 10.00 

 
Highest resolution shell (Å) 11.18 - 10.00 

 
No. of observed reflections 52052 

 
No. of unique reflections 1515 

 
Multiplicity 34.36 

 
Completeness (%) 98.1 

 
<I/σI> 3.51 

 
Rmerge (%) 53.15 
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10 Abbreviations 

4-AP 4-Aminophenol 

4-NP 4-Nitrophenol 

AF488 Alexa Fluor 488 

AF488Ftn(pos)-Cys AF488 labeled Ftn(pos)-Cys 

AgNP Silver nanoparticles 

Arg Arginine 

AS Ammonium sulfate 

Asp Aspartic acid 

AuEnc(neg) Enc(neg) loaded with gold nanoparticles 
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MPD 2-Methyl-2,4-pentanediol 
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MW Molecular weight 

NaCl Sodium chloride 

NC Nanocrystals 

OA Oleic acid 

ODE Ocatecane 

PA Photoacoustic 

PCR Polymerase chain reaction 

PDB Protein data bank 

PEG Polyethylene glycol 

QD Quantum dot 

QY Quantum yield 

Rh3B Rhodamine 3B 

Rh3BFtn(pos)-Cys Rh3B labeled Ftn(pos)-Cys 

Rh6G Rhodamine 6G 

Rh6GFtn(pos)-Cys Rh6G labeled Ftn(pos)-Cys 

RhFtn(neg) Ftn(neg) loaded with rhodamine 

RhFtn(pos) Ftn(pos) loaded with rhodamine 

RT Room temperature 

SC SpyCatcher 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SEC Size-exclusion chromatography 

SEM Scanning electron microscopy 

SERS Surface-enhanced Raman scattering 

SOB Super optimal broth 

ST SpyTag 

Sulfo-SMCC Sulfosuccinimidyll-4-(N-maleimidomethyl)-cyclohexan-1-carboxylat 

T. maritima Thermotoga maritima 

TB Terrific broth 

TCA Trichloroacetic acid 

THFA Tetrahydrofolate 

TEM Transmission electron microscopy 
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321-330-391-403+233-405-501 

GHS06, GHS08, 

GHS09 
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Do or do not. There is no try. 

-  Yoda  - 

 


