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Abstract 
 

The application of ferritin containers as a promising drug delivery vehicle is hampered by proteolytic 

degradation in systemic circulation. Here, a novel strategy to improve the stability of ferritin containers 

against protease is presented: Ferritin containers were integrated into the polymeric network of 

polyelectrolyte microgels. First, ferritin was labeled with fluorophores and nanoparticles (NPs) to 

enable tracking their integration and release from microgels by fluorescence microscopy and 

transmission electron microscopy (TEM), respectively. To obtain a high fluorophore loading and yield, 

a new encapsulation strategy based on the cysteine-maleimide coupling reactions was developed.  

The integration of ferritin into microgel systems was performed by the electrostatic interactions 

between the charged co-monomers of microgels and the surface charges of ferritin. Initially, ferritin 

was integrated into microgels with randomly distributed ionizable groups. However, the integration 

was characterized by precipitation, and the resulting microgels could not be purified from the excess 

ferritin. Therefore, next, ferritin was integrated into a charged core-neutral shell microgel. Although 

the neutral shell prevented precipitation, ferritin could leak out from the microgels and ferritin was 

inhomogeneously distributed among the microgels. All these problems were solved when ferritin was 

integrated during the microgel synthesis. The integration was very effective because about 80% of the 

applied ferritin containers were integrated into the microgels. To enable ferritin release from 

microgels, an acid-degradable crosslinker was applied in the synthesis. It is shown that about 85% and 

50% of the integrated ferritin can be released rapidly in buffer with pH 2.5 and 4.0, respectively. 

However, total degradation of the microgels was not observed due to the self-crosslinking of N-

isopropylacrylamide (NIPAM). Finally, proteolytic degradation by chymotrypsin proved that the 

microgels could protect ferritin against protease. 

For drug delivery purposes, the anti-cancer drug doxorubicin (DOX) was encapsulated into various 

ferritin variants. The resulting DOX-ferritin variants then were integrated into the microgel system. 

However, the cell experiments show that the cytotoxicity of DOX-ferritin variants is lower than the 

free-DOX. One possible reason is the attachment of DOX molecules on the surface of ferritin cages, 

which obstructs the ferritin uptake into the cells. Further investigations are needed to confirm and 

overcome this problem. 

In this work, a protein containers-microgel system is developed for the first time. Interestingly, the 

same synthesis could be applied to integrate ferritin containers containing different cargos into the 

microgels. This approach describes an innovative, previously not considered strategy for integrating 

various materials into the microgels. Thereby, this work expands the areas for the applications of 

colloidal microgel systems. 



 
 

Zusammenfassung 
 

Die Anwendung von Ferritincontainern als vielversprechender Wirkstoffträger wird durch 

proteolytischen Abbau im systemischen Kreislauf behindert. Hier wird eine neuartige Strategie zur 

Verbesserung der Stabilität von Ferritincontainern gegen Protease vorgestellt: Ferritincontainern 

wurden in das polymere Netzwerk von Polyelektrolyt-Mikrogelen integriert. Zunächst wurde Ferritin 

mit Fluorophoren und Nanopartikeln (NPs) markiert, um ihre Integration und Freisetzung aus 

Mikrogelen mittels Fluoreszenzmikroskopie bzw. Transmissionselektronenmikroskopie (TEM) 

verfolgen zu können. Um eine hohe Fluorophorbeladung und -ausbeute zu erzielen, wurde eine neue 

Einkapselungsstrategie entwickelt, die auf den Cystein-Maleimid-Kupplungsreaktionen basiert.  

Die Integration von Ferritin in Mikrogelsysteme erfolgte durch die elektrostatischen 

Wechselwirkungen zwischen den geladenen Comonomeren der Mikrogele und den 

Oberflächenladungen des Ferritins. Zunächst wurde Ferritin in Mikrogele mit zufällig verteilten 

ionisierbaren Gruppen integriert. Jedoch führte die Integration zur Ausfällung, und die resultierenden 

Mikrogele konnten nicht von dem überschüssigen Ferritin getrennt werden. Daher wurde als nächstes 

Ferritin in ein geladenes Kern-Neutral-Schale-Mikrogel integriert. Obwohl die neutrale Schale eine 

Ausfällung verhinderte, konnte Ferritin aus den Mikrogelen austreten, sodass das Ferritin zwischen 

den Mikrogelen inhomogen verteilt war. All diese Probleme wurden gelöst, als Ferritin während der 

Mikrogel-Synthese integriert wurde. Die Integration war sehr effektiv, da etwa 80% der verwendeten 

Ferritincontainern in die Mikrogele integriert wurden. Um die Freisetzung von Ferritin aus den 

Mikrogelen zu ermöglichen, wurde bei der Synthese ein säureabbaubarer Vernetzer eingesetzt. Es wird 

gezeigt, dass etwa 85% bzw. 50% des integrierten Ferritins in Puffer mit pH 2.5 bzw. 4.0 schnell 

freigesetzt werden können. Ein vollständiger Abbau der Mikrogele wurde jedoch aufgrund der 

Selbstvernetzung von N-Isopropylacrylamid (NIPAM) nicht beobachtet. Schließlich bewies ein 

proteolytischer Abbau durch Chymotrypsin, dass die Mikrogele Ferritin vor proteolytischem Abbau 

schützen konnten. 

Für die Anwendung zum Wirkstofftransport wurde das Krebsmedikament Doxorubicin (DOX) in 

verschiedene Ferritin-Varianten eingekapselt. Die resultierenden DOX-Ferritin-Varianten wurden dann 

in das Mikrogel-System integriert. Die Zellexperimente zeigen jedoch, dass die Zytotoxizität von DOX-

Ferritin-Varianten geringer als die von freiem DOX ist. Ein möglicher Grund ist die Anheftung von DOX-

Molekülen auf der Oberfläche von Ferritin-Käfigen, die die Ferritinaufnahme in die Zellen behindern. 

Weitere Untersuchungen sind notwendig, um dieses Problem zu bestätigen und zu überwinden. 



 
 

In dieser Arbeit wird zum ersten Mal ein Ferritincontainer-Mikrogel-System entwickelt. 

Interessanterweise konnte die gleiche Synthese angewandt werden, um Ferritincontainer mit 

unterschiedlichen Inhalten in die Mikrogele zu integrieren. Dieser Ansatz beschreibt eine innovative, 

bisher nicht in Betracht gezogene Strategie zur Integration verschiedener Materialien in die Mikrogele. 

Damit erweitert diese Arbeit die Anwendungsbereiche für kolloidale Mikrogelsystem. 
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1 Introduction 
 

Rapid progress in nanotechnology has brought remarkable advances in the development of drug 

delivery systems (DDS) to overcome problems related to conventional therapeutics.[1,2] Various 

nanomaterials have been designed to precisely deliver drugs to the target site or to improve their 

bioavailability and release properties, therefore enhancing their efficacy while alleviating their adverse 

effects.[3,4] Some examples for these nanomaterials are polymeric micelles,[5] liposomes,[6] 

dendrimers,[7,8] quantum dots,[9] metallic NPs,[10] and protein NPs.[11,12]  

Recently, the ferritin nanocage has attracted considerable interest due to its unique characteristics as 

DDS.[13,14] Ferritin is an iron-storage protein with an inner cavity that can be used as a reaction vessel 

or for cargo loading. It is biocompatible and robust to extreme conditions. Ferritin was shown to 

withstand a broad range of pH values, from 3 to 10, or can be heated up to 80 °C.[15,16] The cages can 

be opened and closed to load a broad range of materials, such as small drugs,[17–20] therapeutic 

protein,[13] photosensitizers,[21] fluorophores,[22,23] and NPs[24] among others. Ferritin cages are also 

amenable for further chemical or genetic engineering modifications.[25,26] More interestingly, human 

heavy-chain ferritin (HF) has been known to bind with transferrin receptor 1 (TfR-1) and internalized 

into the cells. As TfR-1 is overexpressed in many cancer cells, HF offers an easy way to deliver drugs to 

cancer cells.[22,27,28]  

Despite these interesting properties, the application of HF as DDS is limited by its low bioavailability. 

The plasma half-life of HF is rather too short (~1 h)[29] for its sufficient accumulation in the targeted 

sites. Two problems are responsible for this low bioavailability. The first is degradation by protease, 

which is a common problem shared by therapeutic peptides or proteins in general.[30,31] Secondly, HF 

also has been known to be rapidly removed from the systemic circulation by liver clearance.[32,33]  

Several attempts have been made to increase the plasma half-life of ferritin. For example, Vannucci et 

al. attached polyethylene glycol (PEG) along with α-melanocyte-stimulating hormone as the targeting 

peptide on the surface of ferritin, thereby increasing the half-life of ferritin up to 24 h.[29] Similarly, 

Falvo et al. improved both DOX encapsulation and ferritin circulation time by the genetic fusion of 

ferritin with stabilizing polypeptides rich in proline, serine, and alanine.[34] Recently, Wang et al. 

performed the genetic fusion of ferritin and albumin-binding domain to reach the same objective.[35]  

In this work, a novel strategy to improve the stability of ferritin against proteolytic degradation is 

presented. Here, ferritin was integrated into the microgel systems. Microgels are colloidal systems that 

consist of crosslinked polymer networks.[36] It is presumed that the polymer chains may protect ferritin 

against protease. Microgels also have other interesting properties.[37,38] They are hydrophilic, 
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biocompatible, and have an open structure enabling a large uptake capacity. They can be easily 

produced with controllable size and high monodispersity. A wide variety of monomers is also available 

to provide microgels multifunctionality. More interestingly, microgels are stimuli-responsive materials. 

Guest-molecule release can be triggered by various stimuli: pH,[39,40] temperature,[41,42] ionic 

strength,[43,44] chemicals,[45,46] light,[47] ultrasound,[48] and magnetic field.[49,50]  

The integration of ferritin into microgels carries great potential. The ferritin containers can be used as 

a cargo vessel in a modular approach. Once the integration has been established, the containers can 

be loaded with different drugs, or used to combine multiple drugs, or to couple drugs with imaging 

agents. Furthermore, the integration of protein containers into microgels also has the potential to 

protect ferritin from liver clearance. With all these properties and potential applications, an interesting 

stimuli-responsive ferritin DDS is expected from the integration of ferritin containers and microgels. 
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2 Concept of the work 
 

The integration of ferritin containers into microgel systems will be based on the electrostatic 

interactions between the containers and the microgel polymer. For this, ferritin containers with a 

redesigned outer surface, named supercharged ferritin will be used. Previously, my group has 

successfully developed two variants of supercharged ferritin for the self-assembly of binary protein 

crystals: Ferritin(neg) and Ferritin(pos), designated as Ftn(neg) and Ftn(pos), respectively.[24] Both variants 

were obtained by substituting the amino acids on the surface of HF with a negatively charged amino 

acid (glutamic acid) or positively charged amino acids (arginine or lysine, Figure 2.1). These two ferritin 

variants are suitable for the integration of ferritin containers into the polyelectrolyte microgel system 

because the charged co-monomers of the microgels can favorably interact with the charged ferritin 

surface.  

 

Figure 2.1 Two variants of supercharged ferritin generated by the surface-charging of wild-type ferritin. These 
are the electrostatic surface potential of the three ferritin variants (red: -5 kT/e, blue: +5 kT/e). The surface 
charging was performed by the mutation of amino acids on the outer surface of wild-type ferritin. 

This work has two main parts. In the first part, it is planned to establish the integration of ferritin into 

microgel systems, while in the second part the ferritin-microgel system obtained in the first part will 

be investigated for a potential application in drug delivery. The strategies for the first part are 

illustrated in Figure 2.2. To be able to monitor the integration and the release of ferritin from the 

microgels, ferritin needs to be labeled. This can be done by encapsulating fluorophores or 

nanoparticles inside ferritin. In this way, ferritin can be tracked by fluorescence microscopy and TEM, 

respectively. Therefore, I will start by encapsulating fluorophores and NPs in both supercharged ferritin 

variants. Subsequently, the labeled ferritin will be integrated into readily synthesized microgels: (i) 

microgels with randomly distributed ionic groups and (ii) the core-shell microgels. Alternatively, ferritin 

will be integrated during the microgel synthesis. After establishing the integration of ferritin into 

microgels, the ferritin release will be studied in acidic conditions by TEM, UV/Vis, and fluorescence 

microscopy. Finally, it will be investigated if the microgels can protect the encapsulated ferritin from 

proteolytic degradation. 
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Figure 2.2 Overview of the strategies for establishing the integration of ferritin into microgels.  

 
Figure 2.3 Overview of strategies for the application of ferritin-microgels as drug delivery vehicles. 

  



5 
 

The strategies for the second part of the work are illustrated in Figure 2.3. First, DOX will be 

encapsulated in both of the supercharged ferritin variants, as well as in the wild-type ferritin. This is 

because the microgels can be prepared with the positively charged or the negatively charged co-

monomers. Furthermore, there is a concern that the surface modifications in supercharged ferritin 

variants may alter the binding property of ferritin with the TfR-1. Subsequently, the DOX ferritin 

variants will be integrated into microgels using the same protocol as established in the first part of the 

work. Finally, the anti-tumor activities of DOX-ferritin variants will be studied against cancer cells. 
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3 Scientific background 
 

3.1 Drug delivery systems 

Conventional drug molecules are very effective for treating illnesses, and they comprise most of the 

medicines available in the market.[51,52] However, they are also characterized by several problems. A 

large number of small organic molecule drugs have a low aqueous solubility which limits their 

applications.[53,54] Although their small sizes enable rapid diffusion through biological barriers, such as 

cell membranes, to reach their site of actions,[55,56] the small sizes also lead to rapid clearance from the 

body.[57,58] As a result, only a small fraction of the applied drugs reaches the target site, thereby 

delivering insufficient therapeutic effect. Moreover, small drug molecules also have a non-specific 

distribution in the body. They are taken up by both the healthy and the diseased cells, therefore 

causing severe side effects.[59] This is obvious in many cases of chemotherapeutic treatments. 

Furthermore, due to the low bioavailability, the drugs need to be administered repeatedly, which is 

not only ineffective by cost but also uncomfortable for the patients. Drug delivery systems (DDS) are 

developed to overcome these limitations. 

DDS are defined as formulations or technologies that are designed to selectively deliver drugs to the 

required site[59] or to improve the drug’s bioavailability and release properties, therefore enhancing 

efficacy while alleviating the adverse effects.  

Rapid progress in nanotechnology has brought remarkable advances in the development of DDS.[1,2] 

Nanomaterials can be defined as materials with sizes between 1 and 100 nm.[60] With this range of 

sizes, nanomaterials can move more freely in the body as compared to larger materials. Furthermore, 

nanoscale materials show interesting physical, chemical, and biological properties that can be utilized 

in DDS. For example, they can be used for encapsulating drugs to protect drugs from enzymatic 

degradation[61] or as carriers to precisely deliver drugs to the target site.[62] Some nanomaterials are 

stimuli-responsive, and various stimuli can be used to trigger the release of drugs in a controlled 

manner.[63] Nanomaterials also enable the development of theranostic DDS which combines both 

therapy and diagnostic (imaging).[64] All these properties make DDS suitable applications for 

nanomaterials.  

In the context of cancer treatments, there are two main strategies to deliver drugs to the tumor sites: 

passive targeting and active targeting.[57,59] The inner cellular lining of blood vessels in tumor tissues is 

known to be more permeable than in normal tissues.[65] These leaky blood vessels come about due to 

the rapid and defective formation of new blood vessels to feed the growing tumor with nutrients and 

oxygen. Nanomaterials with the size of 10 – 100 nm can escape these leaky blood vessels and enter 
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into the interstitial space of tumor tissues. Furthermore, tumor tissues have poor lymphatic drainage, 

which prevents the nanomaterials to be cleared rapidly. Therefore, by longer circulation in the 

bloodstream, nanomaterials accumulate more and more in the tumor tissue. This is called enhanced 

permeability and retention (EPR) effect or passive targeting (Figure 3.1).[65] To exploit this EPR effect, 

the size of the nanomaterials is crucial. They must be larger than 10 nm to avoid removal by filtration 

in the kidney. However, the upper size limit is less defined because the tumor permeability is not 

constant. It varies between the tumor type and microenvironment, and may even vary in the same 

tumor. Some studies comment that the size must be under 100 nm,[66] while others mention 100-400 

nm as a size range that is still possible to show the EPR effect.[67]  

 

Figure 3.1 Enhanced permeability and retention (EPR) effect. Nanomaterials with sizes of 10-100 nm can escape 
through the leaky blood vessels into the interstitial space of tumor tissues. Due to the ineffective lymphatic 
drainage and prolonged circulation in the bloodstream nanomaterials accumulate inside the tumor tissue.  

In active targeting, targeting ligands are attached to the surface of nanomaterials, for example by 

various types of conjugation chemistry. These targeting ligands will actively recognize cancer cells and 

bind specifically to the over-expressed receptors on the surface of cancer cells.[68] If the nanomaterials 

bind to the internalizing receptors, they will be taken into the cells via small vesicles called endosomes. 

These early endosomes rapidly mature into late endosomes and then fuse with lysosomes. In the 

lysosome, acidic pH and enzymatic digestion can be used to trigger the release of drugs from 

nanomaterials.[69] Next, the drugs molecule are released from the lysosome to the cytosol to deliver 

their actions on specific organelles. For example, binding to the DNA inside the nucleus to cause 

programmed cell death. Various molecules can be applied as targeting ligands: small molecules,[69] 

aptamers,[70] short peptides,[71] proteins,[72] or antibodies.[73] In principle, these ligands must bind 

specifically to the cancer cells and leave out the normal and healthy cells. 
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In short, passive targeting promotes the accumulation of nanomaterials in the tumor tissue 

environment, while active targeting improves the selectivity and the internalization of nanomaterials 

into cancer cells. Both strategies can also be combined to increase the efficacy of DDS.  

Some examples for nanomaterial-based DDS are polymeric micelles,[74,75] liposomes,[6,76] 

dendrimers,[7,8] quantum dots,[9] metallic NPs,[10] protein-based DDS,[11,12] among others (Figure 3.2). 

Polymeric micelles are nanostructures formed by the spontaneous self-assembly of amphiphilic block 

copolymers in an aqueous solution when their concentration is above critical micelle concentration. 

The formation of a core-shell structure in polymeric micelles is driven by the solubility difference 

between the hydrophilic-block and the hydrophobic-block of amphiphilic copolymers in aqueous 

media. The hydrophobic core can be filled with lipophilic drugs, while the hydrophilic shell solubilizes 

the polymeric micelles and stabilized the cores.  

Polymeric micelles are very useful for the delivery of poorly water-soluble drugs. The drug 

encapsulation is rather simple: it does not need chemical conjugation between the cargo and the 

polymer as the drug will bind to the hydrophobic core. Moreover, polymeric micelles have a narrow 

distribution with sizes between 10 nm to 100 nm, which is suitable for exploiting the EPR effect and 

for avoiding clearance by macrophages. Despite these benefits, polymeric micelles also have a 

disadvantage. They are increasingly unstable when diluted in the bloodstream after the injection.[63,75]  

Liposomes are small vesicles composed of a spherical double layer of amphiphilic phospholipids 

surrounding an aqueous core region. The lipid double layer can be loaded with hydrophobic drugs, 

while the aqueous phase can be filled with hydrophilic drugs. Liposomes have the size of 50 – 450 nm 

and they are among the most clinically established nanomaterial-based DDS.[76] However, liposomes 

also have some drawbacks: low drug loading, abrupt drug release profile, poor stability during storage, 

lack of tunable stimuli to trigger drug release. Furthermore, they usually do not penetrate the cell 

membrane, therefore drugs are released in the extracellular environment.[69]  

Dendrimers are synthetic and hyperbranched polymeric macromolecules that form a tree-like 

structure. They are synthesized either starting from the core to the outside (divergent approach) or by 

connecting prepared building blocks. Drugs are loaded into the dendrimer’s open structure by 

encapsulation, electrostatic interactions, or covalent conjugation. Dendrimers are highly 

monodisperse and small in size: 1 – 10 nm.[77] Therefore, they have a limited drug loading and are 

subject to renal clearance by the kidney. Furthermore, the presence of the positively charged amine 

groups from the polymeric materials makes dendrimers toxic to the cells.[7]  

Quantum dots (QDs) are semiconductor nanocrystals with size-dependent optical properties which are 

very useful for bioimaging. QDs can be integrated with the other DDS to provide real-time monitoring 

of the DDS transport and drug release. Alternatively, QDs can also be used as direct DDS through 
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surface functionalization chemistry. However, the latter approach remains questionable due to the 

potential long-term toxicity of the QDs.[9] Similar to QDs, the surface of noble metal like Au NPs can be 

functionalized and used as a scaffold for drugs and other targeting ligands. Au NPs can also be used for 

bioimaging and photodynamic therapy.[10] The main challenge for AuNPs DDS lies in the engineering of 

the particle surface for better bioavailability and non-immunogenicity.[77]  

 
Figure 3.2 Nanomaterial-based DDS.  A) Nanocrystal. B) Liposome. C) Polymeric micelle. D) Protein-based NPs. 
E) Dendrimer F) Carbon nanotube G) Polymer-drug conjugate H) Metallic NP I) Quantum dots. Adapted from 
Ref. [77]. 

Protein-based DDS offer several benefits compared to the other DDS: biocompatibility, 

biodegradability, abundant resources, as well as identical and uniform sizes (in certain types of protein 

DDS). In general, protein-based DDS can be divided into three classes. The first one, crosslinked protein 

NPs, are prepared from natural polymers such as gelatin, albumin, casein, collagen, zein (corn protein), 

and whey protein. There are various methods to synthesize this type of DDS, but the main one is 

coacervation.[78] The protein is first dissolved along with drugs in an aqueous solution and then added 

dropwise to a solution of desolvating agent. Protein and the drugs co-precipitates due to the decrease 
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in solubility. After sonication, glutaraldehyde is added to crosslink the protein. As a result, the drugs 

are encapsulated inside the protein NPs. The crosslinked protein particles are in the size range from 

nm to several µm.  

The second class is protein-drug conjugates. Here, the drugs are directly conjugated to the protein 

either by chemical conjugation, physical attractions, or genetic fusion. A famous example of this type 

of DDS is Abraxane, the first albumin DDS approved in oncology, developed by American Biosciences, 

Inc. In Abraxane, the hydrophobic drug paclitaxel and albumin are passed through a high-pressure jet. 

As a result,  paclitaxel binds physically to the surface of albumin; subsequently, these paclitaxel-

albumin conjugates assemble to form NPs with the size of 130 nm.[79] This DDS removes the inherent 

problem related to the insolubility of paclitaxel. Previously, paclitaxel had to be dissolved in 

polyethoxylated castor oil which causes hypersensitivity and neurotoxicity.[80] 

The third class is protein containers, which are a special category of hollow proteins formed by the 

precise self-assembly of individual protein building blocks (subunits).[81,82] Based on their origin, protein 

containers can be classified as viral containers and non-viral containers.[83] Viral containers, also 

referred to as capsids, are the protein shell of viruses without the genetic material of the virus. In 

nature, viral containers function to transport and protect the DNA of the virus from the harsh 

environment and release the DNA in the appropriate cell environment. Examples for these viral 

containers are tobacco mosaic virus (TMV),[83] M13 bacteriophage,[84] MS2 bacteriophage,[85] cowpea 

mosaic virus (CPMV),[86] and cowpea chlorotic mottle virus (CCMV).[87] Non-viral containers are protein 

cages from sources other than viruses. One example is ferritin,[88] a universal protein cage that is 

common in nature and used for iron sequestration and mineralization. There are various shapes of 

protein containers (Figure 3.3). The most common one is spherical, but rods, rings, and other complex 

structures are also possible.[89–92]  Nevertheless, all these protein containers share the same features: 

their robust nanostructures are formed by the assembly of protein subunits. 

Protein containers can be assembled from multiple copies of identical subunits or from a limited 

number of different subunits.[93–95] As a hollow cage, protein containers have three distinct surfaces: 

the outer surface, which determines the interactions with the environment; the inner surface, which 

is responsible for the properties of the cavity; and the interface between subunits, which is important 

for the self-assembly.[89] Moreover, protein containers also have small pores/channels that are formed 

at the intersections of the subunits. These channels function as selective gates, which control the 

access to the internal cavity. Only small molecules and ions can pass through the channels.[96-98] 

Furthermore, some channels are hydrophobic or have high electrostatic potentials that allow only 

molecules with certain polarity or charges to diffuse into the cavity.[99,100] Interestingly, the protein 

container structure can be reversibly disassembled and reassembled by pH change[101] or using 
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chaotropic agents.[27] Different materials, including drug molecules, can be loaded into the protein 

containers either by opening the cages or via diffusion through channels. 

As DDS, protein containers offer several advantages: they are highly biocompatible, robust, amenable 

to both chemical and bioengineering modifications, and have precisely defined structures and uniform 

sizes.[12] 

 

Figure 3.3 Structures of commonly used natural protein containers.  A) Small heat-shock protein (HSP) 
(PDB: 1SHS). B) Apoferritin (PDB: 1DAT). C) Pyruvate dehydrogenase multienzyme complex (PDB: 1EAA). 
D) Thermosome (THS) (PDB: 1A6D). E) Cowpea mosaic virus (CPMV) (PDB: 1NY7). F) Brome mosaic virus (BMV) 
(PDB: 1JS9). G) Cowpea chlorotic mottle virus (CCMV) (PDB: 1CWP). H) Bacteriophage lambda (PDB: 1QBE). I) 
Bacteriophage MS2 (PDB: 2MS2). J) Human adenovirus (AdV) (PDB: 1VSZ). K) Vault particle (PDB: 4V60). L) 
Bacteriophage P22 (PDB: 2XYY). Reproduced from Ref. [83] with permission from the Centre National de la 
Recherche Scientifique (CNRS) and The Royal Society of Chemistry. 

3.2 The ferritin containers as drug delivery vehicles 

3.2.1 Structure and properties 

Ferritin is a protein family that is ubiquitous in almost all kinds of organisms. Its natural function is to 

regulate the iron level and store iron in a bioavailable and safe form.[83] The ferritin family can be 

classified into three subfamilies: (1) classical or maxi-ferritin, the most common ferritin which consists 

of 24 subunits; (2) bacterioferritin, which also consists of 24 subunits but has a heme group covalently 

attached to the protein; and (3) DNA-binding protein from starved cells (Dps) or mini-ferritin, that only 
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consists of 12 subunits.[82,102,103] All the ferritin subfamilies share many structural similarities.[104,105] In 

this work, I will focus on classical ferritin, in particular the human heavy-chain ferritin (HF) and its 

derivatives. 

The classical ferritin consists of 24 subunits, which assemble to form a protein cage with an outer 

diameter of 12 nm and an inner cavity of 7 – 8 nm (Figure 3.4A-B).[82] Each subunit is composed of 

about 180 amino acids, which form four bundles of parallel helixes and a small helix (E helix) orientated 

at 60° relative to the four helixes (Figure 3.4C). The ferritin cages are usually formed by a mixture of 

two types of subunits: the heavy-chain (H) subunits (21 kDa) and the light-chain (L) subunits (19 kDa). 

Both of the subunits are highly similar in structure. Therefore, they can form ferritin cages in any ratio 

or composition. This ratio varies in different organisms and also in different tissues, e.g. in humans, 

the H-chain is predominant in the heart, while the L-chain is predominant in the spleen and liver.[88] 

The H-chain possesses a ferroxidase-center that binds and catalyzes the oxidation of Fe2+ ions. The L-

chain lacks this catalytic site, but it provides a favorable nucleation site to form the iron mineral 

crystal.[22] In this way, ferritin protects cells from the oxidative damages that may be caused by the 

reactive oxygen species produced by the free Fe2+ via the Fenton reaction.[103] Human ferritin that is 

composed of only the H-chains is called human heavy-chain ferritin. Moreover, the intersection of 

ferritin subunits forms channels/pores with the size of 4 Å, through which ions or guest molecules can 

enter or leave the ferritin cage. In total, there are six channels with 4-fold symmetry, which are 

hydrophobic (Figure 3.4A), and eight channels with 3-fold symmetry, which are hydrophilic 

(Figure 3.4B).[106]   

The cavity inside the ferritin cages can be used to load a broad range of materials, such as small 

drugs,[17–20] therapeutic protein,[13] photosensitizers,[21] fluorophores,[22,23] and NPs[24] among others. 

There are two major strategies to perform such an encapsulation. The first strategy is by opening and 

closing ferritin cages in a solution containing the cargo molecules, thereby some molecules will be 

trapped inside the cages. Several conditions can be used to open the ferritin cages: (1) by acidic 

conditions (pH 2-3),[107] (2) basic conditions (pH 11-12),[14] or using (3) chaotropic agents such as urea 

or guanidine hydrochloride (Gua-HCl, > 6 M).[108] The reassembly of ferritin cages then can be 

performed by returning the solution to physiological pH (7.4) or diluting the solution to a low 

concentration of the chaotropic agent, e.g. to 0.5 M.  
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Figure 3.4 Structure of human heavy-chain ferritin. A) The four-fold channel. B) The 3-fold channel. C) A single 
ferritin subunit. Here, the four bundles of helixes were annotated as αA to αE, starting from the N terminus. The 
C terminus is located at the end of αE helix (PDB: 2FHA). Adapted from Ref. [82] with permission from the Centre 
National de la Recherche Scientifique (CNRS) and The Royal Society of Chemistry. 

When exposed to extreme pH, either in acidic or basic conditions, ferritin cages gradually disassemble 

into subunits as the intramolecular forces between subunits are broken due to the conformational 

changes of the protein. This process is almost reversible. The reconstitution of pH back to neutral 

reverses the process, in which the monomers progressively form higher oligomers and finally the fully 

reassembled cages. Several mechanisms have been proposed to explain this reassembly 

process.[16,109,110]  

Chaotropic agents can also be used to disassemble ferritin cages. In this case, the ferritin subunits are 

completely unfolded into linear, random coil polypeptide chains. Diluting or removing the chaotropic 

agents via dialysis or ultrafiltration will fold back and restore the ferritin cages structure. However, 

since this disassembly approach involves a more drastic structural changes, the reassembly process 

tends to give a lower yield compared to the disassembly via pH control. Nevertheless, this approach 

provides an alternative way to perform encapsulation, e.g. when the encapsulation by extreme pH is 

not applicable. 

In the second strategy, the ferritin cages are not opened. Instead, the cargo molecules are loaded into 

the cages by diffusion through ferritin channels. There are several ways to expand ferritin channels so 

that larger molecules can be encapsulated, and higher loading can be reached. For example, 

Ma-Ham et al. used pH 5 to enlarge the ferritin channels and encapsulate daunomycin, an 

anthracycline antibiotic, with the help of poly-L-aspartic acid (PLAA).[111] Yang et al. exploited the high 

thermal stability of ferritin to encapsulate nutritional biomolecules. They showed that thermal 

treatment at 60 °C also expanded ferritin channels and promoted the encapsulation of rutin and 

epigallocatechin gallate (EGCC).[106] However, this approach may not be suitable for thermal-sensitive 

cargo molecules. They also reported that 2 mM Gua-HCl worked similarly to enlarge the ferritin 

channels. They achieved even a higher loading of rutin and EGCC using this strategy.[112]  
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Recently, ferritin containers have attracted considerable interest due to their unique characteristics as 

DDS.[13,14] In addition to its biocompatibility and biodegradability, the ferritin cage is also robust and 

highly stable. Ferritin was shown to withstand a broad range of pH (3 - 10)[16] and temperature (up to 

80 °C for 10 min).[113] As discussed, the cages can be opened and closed reversibly for drug 

encapsulation purposes. Ferritin is easily produced in high purity and monodispersity. It is also 

amenable to various post modifications, either by chemical reactions or genetic engineering.[26] For 

examples, fluorophores or drugs can be attached to the surface of ferritin by chemical conjugation,[114] 

targeting ligands can be easily be displayed on the surface of ferritin by genetic fusion at the N-

terminus,[115] or amino acid substitutions can be performed at the desired positions by site-directed 

mutagenesis.[24] Interestingly, HF has been known to bind with TfR-1, which is overexpressed in many 

types of cancer cells, thus offering an easy way to deliver drugs to cancer cells.[22,27,28] Furthermore, 

Bellini et al. showed that ferritin is translocated into the nucleus and this could be exploited to create 

a trojan-horse effect which increases the drug delivery into the nucleus.[22] All these attractive features 

make ferritin a promising DDS. 

3.2.2 State of the art of ferritin drug delivery 

3.2.2.1 Ferritin applications in cancer therapy 

Many works on the application of ferritin containers as drug carriers have been reported. Most of the 

applications have been focused on cancer therapy.[15] Ferritin has the natural ability to sequester metal 

cations, and this property has been exploited for the encapsulation of drug molecules. A few of the 

earliest cancer drugs encapsulated in ferritin were cisplatin[116–120] and carboplatin.[120] The 

encapsulation of cisplatin into antibody-functionalized ferritin was shown to increase the selectivity 

and efficacy of treatment against melanoma cancer cells.[119] Similarly, several anti-cancer gold(III) 

complexes were successfully encapsulated inside ferritin and showed cytotoxic effects towards 

different aggressive human cancer cells, while they are less toxic for the non-cancer cells.[121,122] 

The diffusion of metal cations through ferritin channels is commonly utilized to synthesize NPs inside 

the ferritin cage. This approach can be used as an indirect strategy to encapsulate drug molecules. 

Liu et al. prepared gold (Au) NP inside the ferritin cages by in situ reductions of AuCl4- using NaBH4. In 

the next step, the Au NPs were applied to sequester 5-Fluorouracil (5-FU), a small anti-cancer drug, 

which previously could not be encapsulated effectively due to rapid leaking of 5-FU from the ferritin 

cavity. About 45 molecules of 5-FU were encapsulated per ferritin cage, and they showed that the Au 

NP also enhanced the cytotoxicity effects of 5-FU towards cancer cells.[123] 
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Figure 3.5 The encapsulation of 5-FU using gold NP loaded ferritin (Aft-Au).First, AuCl4- was reduced by NaBH4 
inside the ferritin cavity to form a 3 nm Au NP. Subsequently, the resulting AuNPs were used to sequester the 
small anti-cancer drugs 5-FU, which can diffuse into the cavity through ferritin channels. Reproduced from Ref. 
[123] with permission from the Centre National de la Recherche Scientifique (CNRS) and The Royal Society of 
Chemistry. 

The ability of ferritin to capture metal cations was also used to encapsulate radionuclides for imaging 

(radioimmunodetection) and therapy (radioimmunotherapy). Hainfeld et al. induced the precipitation 

of uranium (235U) inside ferritin and functionalized the resulting ferritin NPs with Fab (antigen-binding 

fragment) targeting ligands. The encapsulation in ferritin reduced the immunogenicity and the toxicity 

of the uranium NPs in cancer radiotherapy.[124] Similarly, Lin et al. encapsulated yttrium (90Y) and 

lutetium (177Lu) in ferritin and modified the surface with biotin as targeting ligands. Furthermore, they 

used avidin-functionalized magnetic beads and a fluorescein-streptavidin probe to show the targeting 

ability of the resulting ferritin NPs.[124,125] 

DOX represents the most extensively used anti-cancer drug encapsulated in ferritin and applied for 

cancer treatments. Various systems, applications, and DOX encapsulation strategies have been 

developed over the past 15 years. Details regarding DOX will be discussed in a separate chapter (3.2.3) 

because of its high importance for the present work. 

Ferritin also has been reported to improve the solubility, stability, and bioavailability of poorly soluble 

anticancer drugs such as curcumin[126–129] and paclitaxel.[17] Moreover, Lei et al. encapsulated neuronal 

drugs, carbachol, and atropine, into ferritin and used them to target the TfR-1 positive pancreatic 

tumor cells. They showed that by controlling the nervous microenvironment in the tumor tissues, they 

were able to regulate the progression of pancreatic cancers.[19] Ferritin has also been applied for 

therapeutic protein delivery to tumor cells. Bonamore et al. encapsulated cytochrome c into 

Archaeglobus ferritin, which has been grafted with the TfR-1 binding motif from human ferritin to 

enable specific tumor targeting.[130,131] They showed that the system induced apoptosis in a myeloid 

leukemia cell line, which is highly resistant to transfection by conventional methods.[13,132] 

Photodynamic therapy (PDT) and photothermal therapy (PTT) are two other alternatives for cancer 

treatment. In PDT, light is used to activate photosensitizers that have been targeted to the tumor 
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tissues. As a result, the photosensitizers generate reactive oxygen species that are cytotoxic and 

capable of killing the nearby cancer cells.[133,134] PTT is similar to PDT, but no reactive oxygen species 

are involved. The photosensitizers simply generate heat on light activation, which subsequently kills 

the targeted cells.[135,136] Photosensitizers are known for their high immunogenicity, 

nonbiodegradability, long-term toxicity, and poor pharmacokinetics.[101] Ferritin containers can serve 

as suitable carriers to deliver photosensitizing agents to cancer cells. Zhen et al. demonstrated 

successful encapsulation of ZnF16Pc, a potent photosensitizer, into RGD- and folic acid-modified 

ferritin, which subsequently exhibited excellent PDT effects towards different tumor models.[21,137] The 

same system was also used to perform tumor endothelium-targeted PDT, which enhanced the EPR 

effect for the accumulation of Doxil, a clinically approved DOX-encapsulated liposome.[138] 

Interestingly, by encapsulating ZnF16Pc into ferritin modified with Fibroblast Activation Protein (FAP) 

targeting ligand, they were able to create a system that induced photoimmuno therapy (PIT) in cancer 

cells.[139] A different photosensitizer was applied by Liu et al., who encapsulated sinoporphyrin sodium 

in RGD-modified ferritin for simultaneous PDT/PTT generated by a single wavelength.[140] Furthermore, 

Huang et al. reported the encapsulation of a near infra-red dye, IR820, in ferritin, which enables 

simultaneous photoacoustic/fluorescence multimodal imaging and PTT. Intriguingly, the system 

showed 100% tumor elimination in a breast cancer model.[101]   

Nucleic acid-based drugs recently have drawn much attention due to their remarkable efficacy for 

treating various diseases such as viral infections and cancers.[141,142] However, they are subject to rapid 

degradation by endogenous nucleases and have limited ability to penetrate cell membranes.[135,143] To 

overcome these challenges, Li et al. encapsulated small interfering RNA (siRNA) in ferritin and used it 

as a delivery vector to induce gene silencing in tumor cells.[144] Similarly, Lee et al. developed siRNA 

DDS called proteinticles by genetic engineering, in which ferritin was redesigned to display polypeptide 

chains on its surface. The polypeptide chains contain parts with different functionality: a cationic 

peptide for binding siRNA, a cancer-targeting peptide, a cell-penetrating peptide, and an enzymatic 

cleavage peptide for releasing the siRNA. The proteinticles complexed poly-siRNA and showed an 

effective gene silencing in cancer cells.[145] 

Another DDS was developed by Samanipour et al., who integrated ferritin into a bulk hydrogel by 

performing a photo-crosslinking between gelatin methacryloyl and methacryloyl functionalized 

ferritin. The integration was shown to improve the mechanical properties of the hydrogel. 

Furthermore, they encapsulated fluorescein isothiocyanate (FITC) into ferritin as a model drug and 

then integrated it into the hydrogel. A release study at pH 2.0 confirmed the potential of the ferritin 

hydrogel system for drug delivery.[146] 
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Recently, Yao et al. developed a mesoporous silica nanoparticle (MSN) DDS by using ferritin as the 

gatekeeper. First, DOX was loaded into MSNs, and then ferritin was used to block the pores of MSNs 

to prevent the DOX leakage. The attachment of ferritin into the surface of MSNs was performed either 

by chemical crosslinking, i.e. disulfide bond formation or by hydrophobic interactions between MSNs 

and the 4-fold channels in ferritin. Stimuli-responsive release of DOX was achieved by the presence of 

glutathione (GSH) or acidic pH inside the cells. Interestingly, ferritin also provided MSNs with the TfR-1 

targeting property. Both in vitro and in vivo tests showed excellent therapeutic effects of the 

system.[147] 

3.2.2.2 Ferritin in other biomedical applications 

Several works have been reported on the applications of ferritin outside tumor therapy. For example, 

ferritin has been used for vaccine development.[148,149] Kanekiyo et al. performed a genetic fusion of 

haemagglutinin protein from influenza virus to the N-terminus of Heliobacter pylori ferritin. As a result, 

three viral protein spikes emerged on each of the eight 3-fold channels. In this way, ferritin was used 

as a platform to display the antigen protein to induce the formation of antibodies. Immunization with 

these ferritin NPs increased the antibody titer production by a factor of 10 compared with the 

immunization with the licensed inactivated vaccine.[149] 

Some groups have developed stimuli-responsive ferritin containers for DDS. Choi et al. performed 

genetic engineering to substitute the E-helixes at the 4-fold channels of ferritin with GALA, a cell-

penetrating peptide. The reversible structural transformation of GALA peptides from random coil to α-

helix at pH 6.0 allows reversible dis/reassembly of the ferritin cages. This switching property can be 

used for drug loading or release at a milder acidic condition.[150] Kang et al. designed a protease-

sensitive DDS from Pyrococcus furiosus ferritin. They inserted a thrombin cleavage peptide between 

the D- and E-helixes and coupled fluorophore to the genetically added cysteines at the C-terminus. 

Furthermore, the surface of ferritin was modified with biotin targeting ligands. They showed that upon 

the administration of thrombin, the fluorophore attached E-helixes was released, leading to the 

formation of 1.8 nm holes at the 4-fold channels. This strategy may be used to trigger the release of 

encapsulated drugs or genetically fused therapeutic peptides at the C-terminus.[151] 

Moreover, ferritin has also found many applications in bioimaging. For example, ferritin has been used 

to encapsulate iron oxide,[115,152,153] gadolinium complex,[154] gadolinium oxide-hydroxide NPs,[155] and 

manganese oxide-hydroxide NPs[156] for the application as magnetic resonance imaging (MRI) contrast 

agents. Furthermore, ferritin has been conjugated with fluorophores for various applications in optical 

imaging: Cy5.5,[26,157] ZW800,[21,158] Alexa Fluor 750,[159] green fluorescent protein (GFP).[157]  
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3.2.3 The encapsulation of doxorubicin in ferritin 

DOX is a clinical anticancer drug widely used for the treatment of various solid tumors.[160] However, 

its application is limited by severe side effects, such as cardiotoxicity and the development of drug-

resistant tumors.[161,162] Moreover, free DOX is subjected to rapid metabolic degradation in the 

systemic circulation.[163] To reduce the toxicity and increase the efficacy by selective delivery to cancer 

cells, DOX has been encapsulated in various ferritin-based DDS. 

The first encapsulation of DOX in ferritin was reported by Kilic et al.[20,164] Horse-spleen ferritin was 

disassembled in pH 2.5 in the presence of DOX, and then slowly reassembled by gradual pH changes 

from 4.0 to 7.4 using dialysis. They were able to encapsulate 28 DOX molecules per ferritin cage, but 

the overall yield of DOX-ferritin was low due to the severe precipitation of DOX and ferritin at the 

neutral pH.[20] 

Bellini et al. encapsulated DOX in HF by a very similar approach: disassembly in pH 2.0 followed by 

immediate reassembly at pH 7.5. Furthermore, they used a low concentration of DOX and ferritin, as 

well as a certain ionic strength, to circumvent the aggregation of DOX and ferritin. The encapsulation 

resulted in a very similar loading: 28.3 DOX/cage. Interestingly, they also showed that DOX-ferritin 

caused the ”Trojan horse” effect in cancer cells: the damages caused by DOX inside the nucleus trigger 

the cells to invite more ferritin into the cells to fix the damages. Importantly, this brought even more 

DOX into the cells.[22] 

The encapsulation of DOX was improved by Liang et al. They disassembled HF in 8 M urea containing 

DOX, and then slowly reassembled the ferritin cages at 4 °C by stepwise dialysis with a gradual decrease 

of the urea concentration in the presence of the same concentration of DOX solution.  With this 

technique, they encapsulated 33 DOX molecules per ferritin cage.[27] However, this approach wastes a 

lot of DOX in the process.  

Zhen et al. utilized ferritin’s natural tendency to sequester metal cations to increase the loading 

efficiency. They showed that pre-complexation of DOX with transition metal ions such as copper (II) 

could significantly improve the DOX loading into ferritin, even without opening the ferritin cages. The 

DOX loading was 73.49 % (w/w), while the encapsulation of free DOX only resulted in 14.14 % (w/w) 

loading.[158] Despite setting a new direction in ferritin drug encapsulation, this strategy also raised 

concerns about its biocompatibility as it introduces heavy metal ions to the body.[164] However, the 

authors argued that the toxicity of Cu(II) usually occurs when the copper ions exist in their free form 

and not as complexes.[165]  

To improve drug loading, Ahn et al. developed a new ferritin variant with partially enlarged 4-fold 

channels called nicked-ferritin. For this, first, they truncated the E-helixes at the 4-fold channels of 

ferritin, which leads to the formation of a ferritin variant with the fully enlarged 4-fold channels (F160). 
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However, F160 was not stable enough for drug encapsulation. Therefore, they incorporated the 

subunits of F160 into partially disassembled HF to form the stable nicked-HF. Following the previous 

approach, they pre-complexed three kinds of cancer drugs with Fe (II) to effectively load them into the 

nicked-HF. They showed that this strategy was able to stably internalize a high dose of drug molecules 

just by simple incubation. About 121, 26, and 440 molecules of DOX, curcumin, and quercetin were 

successfully encapsulated in nicked ferritin, respectively.[25]    

One major problem associated with drug encapsulation in ferritin is the low yield of ferritin recovery 

after the encapsulation due to protein aggregation. To address this problem, Wang et al. proposed 

drug encapsulation by applying high hydrostatic pressure. Encapsulation was achieved by incubating 

ferritin and DOX at pH 5.5 and 500 MPa for 16 h. Moreover, the addition of 20 mM arginine as an 

additive increased the ferritin recovery almost to 100%. They also found that stepwise decompression 

and post-incubation at neutral pH in the presence of DOX increased the loading ratio further to 32 

molecules per ferritin cage. The benefits of this encapsulation strategy are high recovery yield and 

reduced consumption of DOX compared to DOX encapsulation via urea disassembly described 

above.[166] However, this approach is impractical as it requires sophisticated experimental settings. 

Another challenge for the application of ferritin as DDS is the short plasma half-life after systemic 

administration (~1 h) due to proteolytic degradation or liver clearance. To overcome this problem, 

Falvo et al. modified the surface of ferritin with polypeptide chains rich in proline, serine, and alanine 

(PSA) by genetic fusion at the N-terminus. This construct not only prolonged the plasma half-life of 

ferritin to 15 h but also improved the drug loading. DOX encapsulation into this ferritin variant via 

acidic dis/reassembly approach produced a loading of 90 DOX/cage. The high loading was attributed 

to the increased stability of ferritin subunits during the reassembly process. Moreover, the PSA 

polypeptides might prevent drug leakage through ferritin channels that could occur after the 

reassociation of ferritin subunits.[34] Despite its beneficial features, this external surface modification 

may result in the loss of TfR-1 targeting property, and this strategy also raised concern about its 

biosafety and biocompatibility during in vivo application.[164]  

An ideal DDS should carry the drugs tightly and release them only at the required site. One way to 

prevent premature drug release is using chemical conjugation. Huang et al. functionalized the surface 

of ferritin with PEG chains to overcome the biological barrier in airway mucus and tumor tissue. 

Subsequently, they covalently conjugated acid-cleavable DOX to the surface of ferritin and about 88 

DOX molecules were attached. This design ensured that DOX molecules were released only after 

cellular internalization. Interestingly, despite of having so many surface modifications that might 

interfere with the TfR-1 mediated endocytosis, this construct exhibited good performance in lung 

cancer treatment.[114] 
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3.3 Stimuli-responsive microgel systems 

Microgels are colloidal systems that consist of crosslinked polymer networks and are swollen by a 

solvent (Figure 3.6). In the swollen state, they have open and porous structures with a fuzzy surface, 

therefore they are soft, deformable, and penetrable.[167] Still, they can maintain their structural 

integrity due to the presence of crosslinking. As stimuli-responsive materials, various conditions, e.g. 

a change in temperature (Figure 3.6), can be applied to trigger the collapse of microgels. In the 

collapsed state, the microgel structures shrink and resemble hard colloids. Microgels have the size 

ranging from 50 nm to 5 µm.[168] Therefore, depending on the size, sometimes the term nanogels is 

more precise instead of microgels. Nevertheless, in this work, I will use microgels as the general term. 

The color of microgel dispersions depends on the sizes and the degree of swelling. Microgels with small 

sizes or collapsed microgels are milky white (opaque), while the large sizes and highly swollen 

microgels are more transparent because their refractive index is closer to water.[169] 

 

Figure 3.6 An example of microgel systems. The collapse of a hollow core-shell-shell microgel induced by 
heating. Adapted with permission from Ref. [170]. Copyright 2016 Macmillan Publishers Ltd. 

3.3.1 The synthesis of microgels: precipitation polymerization 

There are several synthesis methods to prepare microgels with tailored properties, but the most 

important method for the synthesis of thermo-responsive microgels is precipitation polymerization.[37] 

This method is facile, versatile, and flexible. The synthesis is performed at moderate temperatures, 

usually around 50 – 80 °C, and microgels with different sizes are easily produced with high 

monodispersity. A wide variety of monomers are available to equip microgels with different properties 

and functionalities. 

Several components are necessary for precipitation polymerization: monomers, crosslinkers, initiators, 

and surfactants. The requirement for the main monomers is that: the material must have low solubility 

at high temperature, which will enable the precipitation of the polymers during synthesis. A broad 

range of main monomers can be selected from the family of acrylamide or N-vinyllactam monomers. 

The typical representatives of the two families are NIPAM[171] and N-vinylcaprolactam (VCL),[172] 
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respectively (Figure 3.7). Furthermore, co-monomers can be added to provide microgels with certain 

properties or to add certain functional groups to the microgels. For example, by adding an acid or basic 

co-monomers, the microgels become pH-responsive. They swell/collapse depending on the pH of the 

solvent. 

  

Figure 3.7 Various chemicals for precipitation polymerization. The components for precipitation polymerization 
are the main monomers, co-monomers, crosslinkers, initiators, and surfactants. 

Some examples of acid monomers (Figure 3.7) are acrylic acid (AA), methacrylic acid (MAA), maleic 

acid (MA), fumaric acid (FA), vinyl acetic acid (VA),[173] and itaconic acid (IA);[174] examples for basic 

monomers (Figure 3.7) are 1-vinyl imidazole (VIM),[48] N-[3-(Dimethylamino)propyl]methacrylamide 

(DMAPMA),[175] acetoacetoxyethyl methacrylate (AAEM),[176] and dimethylaminoethyl methacrylate 

(DMAEMA).[177] The microgels containing these co-monomers are also referred to as polyelectolyte 
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microgels. Upon ionization in basic condition, microgels with the acid monomers become negatively 

charged. Likewise, in acidic conditions, microgels with the basic monomers become positively charged. 

Due to the presence of similar charges, these functional groups repel each other, therefore the 

microgels swell and increase in size. On the other hand, when these functional groups are neutralized, 

no repulsion is present, therefore the microgels shrink and become smaller. These interactions are the 

reason behind the pH responsiveness of the microgels. The addition of salt into microgel dispersion 

screens the electrostatic repulsion, thereby the microgels also shrink with the addition of salt. 

Co-polymerization is also a suitable strategy to add other functional groups for specific purposes or for 

further post modifications of the microgels. For example, glycidyl methacrylate (GMA) was used to add 

epoxy groups into the microgels, which further can react with amine[178] or thiol[179] groups. Allylamine 

was used to add primary amine groups into the microgels for the subsequent coupling reaction with 

the carboxylic group of spyropyrane, which in turn provided the microgels with photo-sensitive 

properties.[180] Vinyl ferrocene was copolymerized to add redox-responsive properties into the 

microgels.[181] PEG-methacrylate was incorporated to increase the colloidal stability of microgels.[180] 

The second component for the precipitation polymerization reactions is the crosslinker. Crosslinkers 

are also monomers, but their main function is to form the polymer networks by connecting one 

polymer chain to others. The crosslinkers keep the structural integrity of the microgels and prevent 

microgels from being completely dissolved by the solvent. One of the most common crosslinkers used 

in the microgel synthesis is N,N’-Methylenebis(acrylamide) (BIS).[182,183] Some crosslinkers also contain 

cleavable bonds that can be used to prepare degradable microgels. For example, bisacryloylcystamine 

(BAC)[184] has a disulfide bond that can be cleaved by glutathione inside the cells, or 3,9-Divinyl-

2,4,8,10-tetra-oxaspiro[5.5]undecane (VOU) which is cleavable in acidic conditions (pH < 5).[185,186] The 

crosslinking can also be done with non-covalent interactions: Here, the crosslinking originates from 

hydrogen bonds,[187] electrostatic interactions,[169] supramolecular interactions,[188] or polymer chains 

entanglement.[189] 

The third component for the microgel synthesis is the initiator. The initiator is mainly used to produce 

the free radicals required to start polymerization reactions. Some of the commonly used initiators are 

ammonium persulfate (APS) or potassium persulfate (KPS) and 2,2′-Azobis(2-methylpropionamidine) 

dihydrochloride (AMPA or V50). These initiators undergo thermal decomposition at the typical 

reaction temperatures (70° - 80 °C) to produce the free radicals. At lower temperatures, the production 

of free radicals can also be initiated by other strategies. For example, persulfate initiators can be 

initiated, even at room temperature, by redox reaction with tetraethylmethylendiamine (TEMED); or 

AMPA can be initiated by UV exposure (365 nm).[190] Furthermore, as these initiators produce ionic 

radicals at which the polymer chains grow, their charges are incorporated into the microgels and 
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contribute to the stability of microgels. For this reason, negatively charged initiators like APS or KPS 

are more suitable for the synthesis of microgels with negatively charged monomers. Similarly, 

positively charged initiators such as AMPA are more suitable for the synthesis of microgels involving 

positively charged monomers. Synthesis using the oppositely charged initiators and monomers is 

prone to aggregation and precipitation. 

The fourth component for the synthesis, surfactant, can be considered optional. It is used to increase 

the stability of the microgels and also to reduce the size of microgels. Sodium dodecyl sulfate (SDS) is 

the typical example of a negatively charged surfactant, while cetyltrimethylammonium bromide 

(CTAB) is the example of a positively charged surfactant. Non-ionic surfactants such as 

poly(vinyl alcohol) have also been reported for the synthesis of microgels.[191] A higher concentration 

of surfactant leads to even smaller microgels. Another way to reduce the size of microgels is by 

increasing the reaction temperature.[192,193] On the other hand, if microgels with larger sizes are 

desired, lower temperatures can be applied or sodium chloride can be added.[194] However, the 

polydispersity usually increases with the sizes of microgels. Still et al. overcame this problem by semi-

batch precipitation polymerization. As the microgel sizes increase linearly with reaction time, the size 

can be adjusted simply by adjusting the reaction time.[183] 

In the typical precipitation polymerization, the reaction is started by the initiation step, in which the 

initiators are thermally decomposed to form the free radicals (Figure 3.8). For this, the reaction mixture 

must be heated (70° - 80 °C) and degassed with nitrogen, because the presence of oxygen in the 

reaction mixture inhibits the free radical formation. This step is then followed by propagation, in which 

the free radicals react with the available monomers to form oligomers. As the length of the oligomers 

increases, their solubility decreases. After reaching a critical length, the oligomers become insoluble 

and form the unstable primary particles (precursors). These precursors then coagulate together to 

form the stable primary particles. This nucleation process occurs simultaneously and rapidly (< 4 min). 

The next step is the growth of the particles. Here, the particles grow through three different processes: 

(1) the monomers react directly with the particles; (2) or oligomers are captured by the particles via 

adsorption or crosslinking; (3) primary particles aggregate with the growing particles. This growing 

process reaches a plateau in less than 10 min. This is the final step, termination, in which the reaction 

stops. The narrow size distribution of the microgels formed by precipitation polymerization suggests 

that the number of the growing nuclei is constant throughout the reaction.[195] 
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Figure 3.8 Precipitation polymerization reaction mechanism. There are four steps in the reaction mechanism: 
initiation, propagation, growth of the particles, and termination. Redrawn from Ref. [195], Chapter 6, Figure 16.  

Microgels with more complex architectures, such as core-shell microgels or hollow microgels, have 

also been reported. Core-shell microgels are synthesized by seed-and-feed polymerization 

technique.[196] This technique has two steps. First, the core microgels are synthesized by precipitation 

polymerization. The resulting core microgels then are used as seeds in the second round of 

precipitation polymerization for the formation of the shell. Various polyelectrolyte microgel systems 

have been prepared by this technique, e.g. charged-core neutral-shell microgels or neutral-core 

charged-shell microgels.[197–200] Hollow microgels are prepared by using silica NPs as seeds during 

microgel synthesis. Subsequently, the silica cores are dissolved completely by sodium hydroxide 

solution to produce hollow microgels.[201] 

In addition to precipitation polymerization, various synthesis methods are also available for the 

preparation of microgels: emulsion polymerization,[202] inverse emulsion polymerization,[203] 

microfluidic polymerization,[204] photolithography,[205] and self-assembly or crosslinking of 

prepolymers.[206] 

3.3.2 Protein encapsulation in microgels  

In drug delivery, microgels have been used to deliver small organic molecules,[207–209] siRNA,[62,210,211] 

DNA,[203] peptides,[212,213] and protein therapeutics.[214] Recently, there is a growing interest in the 

encapsulation of protein inside microgels, as the polymeric network of microgels offers potential 
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protection against unfavorable environments such as degradation by protease or clearance by the 

immune system. Therefore, such a microgel system can increase the protein bioavailability in the 

body.[30] Moreover, it also has been reported that the microgel environment can also enhance protein 

activity.[215]  

Several approaches have been applied to integrate protein into microgel systems. In general, protein 

can be loaded during microgel synthesis or after the synthesis through covalent bonding or non-

covalent interactions. For example, Garcia et al. employed microfluidics to synthesize protease 

degradable microgels. Vascular endothelial growth factor (VEGF) was encapsulated by crosslinking 

maleimeide-4-arm star-PEG with dithiol-crosslinkers and protease cleavable peptides.[214] Microfluidics 

allows for an efficient protein encapsulation, but the resulting microgels are in the µm range. As µm 

size microgels are not likely to be taken up by cells, thus it is not favorable if the protein release is 

expected to occur after the microgels are internalized by cells.   

Some groups used the crosslinking of reactive prepolymers to encapsulate protein inside microgels. 

For example, Peng et al. synthesized N-hydroxysuccinimide (NHS) functionalized poly(N-

vinylpyrrolidone) prepolymer by reversible addition-fragmentation chain-transfer (RAFT) 

polymerization and subsequently crosslinked it with GFP and cellulase in a water in oil emulsion to 

form catalytically active microgels.[216] Similarly, Engel et al. synthesized polyglycidol reactive polymers 

to physically entrap Candida Antarctica lipase B (CaLB) in a microgel after photo-polymerization with 

UV light in an oil in water mini emulsion.[217] While these approaches are beneficial for proteins as they 

avoid high temperatures, the preparation of reactive copolymers is extensive and laborious. The 

syntheses also involve organic solvents which may be difficult to remove, therefore potentially 

imposing toxicity to the cells.  

Murthy et al. encapsulated an antigen protein, ovalbumin, into acid-degradable microgels by inverse 

emulsion polymerization.[218,219] In this technique, monomers, acid-cleavable crosslinkers, ovalbumin, 

and initiators were dissolved in an aqueous phase, while water in oil surfactant was dissolved in an 

organic solvent. Both phases were degassed, mixed, sonicated, and then the polymerization reaction 

was initiated by the addition of TEMED. They showed successful encapsulation and release of 

ovalbumin in an acidic condition (pH 5). Furthermore, in vitro test demonstrated that the antigen-

presenting-cells which phagocytosed the microgels were able to activate ovalbumin-specific cytotoxic 

T lymphocytes. Therefore, they showed that the system has the potential for the delivery of protein-

based vaccines.  

Precipitation polymerization represents the easiest way for the synthesis of monodisperse microgels. 

However, the harsh conditions involved during the synthesis are detrimental to most proteins, hence 

the integration of protein is usually performed post-synthesis. To facilitate the uptake, microgels are 
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co-polymerized with ionizable groups (acid/base) to enable protein integration by electrostatic 

interactions. The subsequent protein release can be triggered by pH change or increasing ionic 

strength. For example, Welsch et al. showed that core-shell microgels, which have neutral polystyrene 

in the core and negatively charge P(NIPAM-co-AA) in the shell, could take up the positively charged 

lysozyme.[215] Furthermore, Xu et al. demonstrated the uptake and release of cytochrome c from 

polyampholyte microgels with different distribution of ionic groups.[40] Despite very promising results, 

these approaches are susceptible to protein leakage, which is a common problem found in carrier 

systems that rely on non-covalent interactions. 

3.3.3 Degradable microgel systems 

As mentioned in the earlier section, cleavable crosslinkers can be introduced into the microgel system 

to produce degradable microgels. Several cleavable crosslinkers have been successfully applied in 

microgel synthesis: acid-cleavable, redox-cleavable, enzyme-cleavable, and photo-cleavable 

crosslinkers, among others. Extensive reviews concerning these stimuli-responsive systems are 

available in the literature.[38,220] Here, some of the works will be highlighted to give a brief description 

of the systems. 

In biological systems, pH gradients sometimes present and can be used to trigger the release of cargo 

molecules from microgels. For example, the pH value in the normal tissue is 7.4, while the pH in the 

tumor or inflammatory tissues is shifted towards acidic pH (6.5 – 7.0). If the microgels are internalized 

by cells, the pH drops to 6.0 in the early endosome, 5.0 - 6.0 in the late endosome, and 4.0 – 5.0 inside 

the lysosome.[185,221] Various crosslinkers are cleavable by these pH values, e.g. acetal or ketal cross-

linkers, esters crosslinkers, hydrazone crosslinkers, etc. 

The work by Murthy et al. that has been discussed in the previous section is an example of microgels 

prepared by an acetal crosslinker. They developed benzaldehyde acetal crosslinkers to allow rapid 

hydrolysis of microgels at pH 5.0 with a half-time of 5.5 min.[218,219] Another example is the work by 

Sunasse et al. They developed degradable cationic nanogels for effective gene delivery by using a ketal 

crosslinker (2,2-dimethacroyloxy-1-ethoxypropane). They showed that the nanogels are degraded 

inside the cells, releasing the complexed DNA, which then leads to the gene expression.[222]  

Microgels containing hydrazone crosslinkers have also been reported. Hoare et al. developed 

degradable microgels by the self-assembly of P(NIPAM) hydrazide and P(NIPAM) aldehyde oligomers, 

which formed the hydrazone bonds. Interestingly, the dynamic nature of hydrazone bonds allows the 

formation of homogeneously crosslinked internal structures.[223] Agrawal et al. performed 

precipitation polymerization using diacetone acrylamide (DAAM) as the main monomers, dimethyl 

itaconate (IADME) as co-monomers to introduce negatively charged groups to the microgels, and 
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adipic acid dihydrazide as crosslinkers. The crosslinkers reacted with the ketone group from DAAM to 

form hydrazone bonds. They showed that the resulting P(VCL-co-IADME) microgels were able to 

effectively encapsulate DOX, and a rapid release of DOX was possible at low pH. Furthermore, the 

cytotoxicity tests showed an effective anti-tumor activity of DOX-microgels against HeLa cells.[208] 

In addition to pH gradients, redox gradients are also present between the extracellular fluid and the 

intracellular environment. Glutathione (GSH), a biological reducing agent, exists in the micromolar 

range ( ~ 10 µM) in the bloodstream, while present in the millimolar range inside cytosol 

(~1 - 11  mM).[224,225] Moreover, the GSH level inside cancer cells is even higher than in the normal 

cells.[226,227] This redox gradient can be used to cleave disulfide-based crosslinkers to release cargo 

molecules once the microgels are internalized by cells. Various microgels systems have also been 

prepared by using disulfide crosslinkers.[228–231]  

As an alternative strategy, degradable microgels can also be prepared using biodegradable materials, 

such as hyaluronic acid (HA). The benefit of this approach is that the degradation can occur on the 

whole microgels and does not rely only on the scission of degradable crosslinkers. Zhu et al. recently 

reported self-degradable HA nanogels for systemic delivery of anti-cancer proteins. The system is 

composed of deactivated hyaluronidase (HAase, an enzyme to degrade hyaluronic acid) and DNAse I 

(anti-cancer protein) encapsulated in HA polymer matrix. Cholesteryl moieties were grafted on the HA 

oligomers to enable the crosslinking of the oligomer chains for the formation of the nanogels. In the 

tumor microenvironment, the mildly acidic condition reactivated the HAase, which swelled the 

microgels and released the HAase. As HA is also the major constituent of tumor extracellular matrix, 

its degradation by the released HAase improved the permeation of nanogels into the tumor tissues. 

Inside the cells, HAase was fully reactivated. It degraded the nanogels completely and release DNase I 

to the nucleus to cause cancer cell death.[232] 

In this chapter, the general knowledge and the state of the art of ferritin as a DDS has been discussed 

thoroughly. Although some promising systems have been developed to increase the bioavailability of 

ferritin containers in the systemic circulation, the stimuli-responsive microgel systems have not been 

explored for this purpose. The integration of protein containers into the microgel system via 

electrostatic interactions is a promising way to realize this objective. 
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4 Results and discussion 
 

This chapter is divided into two major parts. The first part deals with the integration of protein 

containers into polyelectrolyte microgels (Chapter 4.1). Initially, ferritin was labeled with fluorophores 

and NPs to enable tracking of the integration and release of ferritin from microgels (Chapter 4.1.1). 

Subsequently, the labeled ferritin was integrated into various microgel systems to find the suitable 

system for drug delivery application (Chapter 4.1.2). Having established the integration of ferritin into 

microgel systems, the ferritin release was studied in an acidic environment (Chapter 4.1.3). Finally, a 

stability test was performed to investigate the ability of microgels to protect ferritin against 

degradation by protease (Chapter 4.1.4).  

In the second part, the ferritin-microgel system was applied for drug delivery and release (Chapter 4.2). 

For this, DOX was encapsulated into different variants of ferritin (Chapter 4.2.1). Afterward, the DOX-

ferritin variants were integrated into microgels using the protocol established in the first part of this 

chapter, and their DOX release properties were investigated (Chapter 4.2.2). Finally, the cytotoxicity 

of DOX-Ferritin variants was determined in cell experiments (Chapter 4.2.3).   

4.1 The integration and release of ferritin containers from polyelectrolyte microgels 

4.1.1 Ferritin labeling by fluorophores and nanoparticles  

To be able to monitor the integration and release of ferritin from microgels, the ferritin needs to be 

labeled by fluorophores or NPs. For example, with fluorophores labeling, ferritin can be tracked by 

fluorescence microscopy or quantified by UV/Vis. Moreover, the encapsulation of fluorophores may 

serve as the basis for understanding the encapsulation of small organic molecules in ferritin. On the 

other hand, with NPs labeling, the presence of ferritin inside the microgels can be observed by TEM. 

In the future, NPs loaded ferritin can also be used for other potential microgel applications, e.g. as an 

MRI contrast agent for tumor imaging[233] or for generating heat[234] to trigger the stimuli 

responsiveness of microgels. 

4.1.1.1 Fluorophore encapsulation in ferritin 

Ferritin labeling with dyes or fluorophores has been discussed in the literature.[22,23,26,29,101,127,235–237] In 

principle, the labeling can be performed either by encapsulation[22,23,101,127,235–237] or by chemical 

conjugation to amino acid residues located on the outer surface of ferritin.[26,29] The latter approach, 

however, is non-specific and potentially unfavorable for ferritin binding to the TfR-1 as it alters the 

surface of ferritin. For this reason, here the ferritin labeling was performed by encapsulation. 
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To systematically study the encapsulation of fluorophores in ferritin, fluorophores with different 

charges were encapsulated into two variants of supercharged ferritin: Ftn(pos) and Ftn(neg) 

(Figure 4.1A-B). Three kinds of fluorophores were used: fluorescein (Fscn), rhodamine B (Rho B), and 

rhodamine 6G (Rho 6G). For Ftn(neg), the encapsulation was performed via an acidic dis/reassembly 

approach (Figure 4.1C), while for Ftn(pos) the encapsulation was conducted via diffusion through 

channels. After the encapsulation, ferritin was purified from the excess fluorophore molecules by size 

exclusion chromatography (SEC, Figure 4.1D).  

 
Figure 4.1 The encapsulation of fluorophores in supercharged ferritin variants. A) Electrostatic potential of 
redesigned ferritin containers: positively charged ferritin and negatively charged ferritin (blue, +5 kT/e; red, 
−5 kT/e). B) Fluorophores with different charges used for the encapsulation. C) Encapsulation strategies. D) 
Purification of Fluorescein-Ftn(neg) by SEC. 

Two key factors determine the loading of fluorophore in ferritin. The first is the concentration of the 

fluorophore. In general, higher concentration leads to higher loading (Figure 4.2). However, at a certain 

point, high concentrations of fluorophore start to disturb the reassembly process (Figure 4.2C). A 

similar observation was also reported by Webb et al.[26] Another issue to consider is that each 

fluorophore has different solubility, and this limits the maximum concentration of fluorophore that 

can be applied in the encapsulation. For this reason, neutral dyes were not used for labeling the ferritin. 
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Neutral dyes, such as curcumin, usually have low solubility.[236] Therefore, it was presumed that the 

encapsulation will not result in a high loading. 

 
Figure 4.2 The effect of increasing fluorophore concentration. These are SEC chromatograms of Fscn-Ftn(neg), 
obtained from the encapsulation of: A) 5 mM, B) 50 mM, and C) 100 mM fluorescein. All the chromatograms 
were normalized against the maximum ferritin peak. The blue line is the protein signal (280 nm), while the green 
line is the fluorescein signal (488 nm). 

The second key factor that determines the encapsulation into the ferritin container is the charge of 

the fluorophore. As a hollow cage, ferritin containers have an outer surface and an inner surface. The 

outer surface of Ftn(pos) is positively charged, while the outer surface of Ftn(neg) is negatively charged. 

However, both have an identical inner surface, which is negatively charged. If fluorophore and the 

outer surface of ferritin have the same kind of charges, they will repel each other. This is not beneficial 

for obtaining high loading, but helpful for the protein stability during encapsulation: It produces ferritin 

with encapsulated fluorophores in high yield. Next, if fluorophore and the inner surface of ferritin 

having the opposite charges, they will attract each other, thereby producing high loading. Table 4.1 

shows that the encapsulation of Rho 6G (+) into Ftn(pos) and Fscn (-) into Ftn(neg)
 both produced high 

yields. Moreover, the loading of Rho 6G (+) in Ftn(pos) was twice the loading of Fscn (-) in Ftn(neg), 

although I used 0.3x lower concentration of fluorophore. As both Ftn(pos) and Ftn(neg) have exactly the 

same cavity, these results clearly indicate that the positively charged fluorophore has a higher affinity 

towards the negatively charged ferritin cavity, thereby it produced higher loading. Finally, if 

fluorophore and the outer surface of ferritin having the opposite charges, they will attract each other 

and cause precipitation, therefore the yield decreases. Table 4.1 shows that the yield dropped 

drastically when Rho 6G (+) was encapsulated into Ftn(neg). Furthermore, the precipitation limits the 

applicable fluorophore concentration. 0.325 mM was the highest concentration of Rho 6G (+) that still 

produced a reasonable yield. Higher concentrations of Rho 6G (+) caused heavier precipitation.  
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Table 4.1 The loading and yield of different fluorophores encapsulation 

Fluorophore 
(and its charge) 

Ferritin 
variants 

Used fluorophore 
concentration 

(mM)* 

Loading 
(molecules/cage) 

Yield 
(%) 

Encapsulation 
strategy 

Fluorescein (-) Ftn(neg) 50 1 78.8 Acidic dis/reassembly 

Rhodamine B (±) Ftn(neg) 20 0.5 33.4 Acidic dis/reassembly 

Rhodamine 6G 
(+) 

Ftn(neg) 0.325 0.5 40.8 Acidic dis/reassembly 

Rhodamine 6G 
(+) 

Ftn(pos) 15 2 73.0 
Diffusion through 

channels 

*The highest concentration of fluorophore that still gives a reasonable yield. Higher concentration caused worse 
precipitation. 

 

Figure 4.3 The characterization of Rho B-Ftn(neg).  A) SEC chromatogram B) UV/Vis spectra before and after the 
encapsulation. C) TEM image after purification. D) Optical microscopy image of Rho B-Ftn(neg) single crystals.  

To prove the successful encapsulation, several characterizations were performed for Rho B-Ftn(neg). The 

SEC chromatogram (Figure 4.3A) and the UV/Vis spectra before and after the encapsulation 

(Figure 4.3B) indicate a successful encapsulation of Rho B. Furthermore, TEM confirms that ferritin 
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cages reformed after the reassembly process (Figure 4.3C). I was also able to crystalize Rho B-Ftn(neg) 

as single crystals (Figure 4.3D), which indicates the monodispersity of Rho B-Ftn(neg). The crystallization 

only works if monodisperse protein containers are present. While the encapsulation worked, the 

loading was quite low although I have already used a high concentration of fluorophores (Table 4.1). 

A similar result was also reported by Yan et al., who managed to encapsulate on average 1 molecule 

of methylene blue per ferritin cage for photodynamic therapy application.[237] These results indicate 

the weak molecular interactions between fluorophores and the ferritin subunits, and that the 

encapsulation most likely occurred via a statistically driven process. A better encapsulation strategy is 

needed to achieve high loading, as it will be important for the drug delivery application later. 

4.1.1.2 Fluorophore encapsulation by chemical conjugation 

In the previous section, it was shown that the encapsulation of fluorophores in ferritin containers by a 

simple molecular entrapment could not result in high loading due to the weak molecular interactions. 

To obtain a higher loading, I performed chemical conjugation inside the ferritin cavity by the cysteine-

maleimide coupling reaction (Figure 4.4). As this encapsulation strategy requires the opening and 

closing of ferritin cages via acidic dis/reassembly approach, which currently is not favorable for Ftn(pos), 

this strategy was applied only to Ftn(neg).  

 

Figure 4.4 Strategy to encapsulate fluorophores in ferritin via chemical conjugation. Ferritin variant with 
redesigned cysteine positions was first disassembled in an acidic condition. After neutralization, a cysteine-
maleimide coupling reaction was performed to attach fluorophores to the ferritin subunits. Finally, the 
reassembly of ferritin cages results in a successful fluorophore encapsulation. 

To ensure effective coupling reactions, the location of cysteines inside the Ftn(neg) cavity needs to be 

optimized. The Ftn(neg) subunit only has one cysteine left at the three-fold channels (Figure 4.5A). Here, 

three cysteines are located in close proximity. However, coupling at these positions is not ideal as the 

attached fluorophore molecules may produce steric hindrance, thereby potentially hindering the 

reassembly process. For this reason, the cysteines at the 3-fold channels need to be removed to enable 

an effective encapsulation. Site-directed mutagenesis was applied to mutate this cysteine into alanine 

(C130A). The resulting ferritin variant is referred to as Ftn(neg)-0C.  
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Furthermore, to know where to add the new cysteines in the cavity, an online program called 

GETAREA[238] was used to calculate the solvent-accessible surface area of each amino acid residues in 

ferritin. The results show how exposed the amino acid residues are to the solvent, and thus in our case, 

the accessibility for the coupling reaction. The solvent-accessible surface area is expressed in the term 

of “ratio value”, which is the ratio between the side-chain surface area in the protein structure and the 

side-chain surface area in a random coil conformation. Multiplication by 100% gives the ratio value in 

percentage. An amino acid residue with a ratio value more than 50% is considered as solvent-exposed, 

while residue with a ratio value less than 20% is considered as buried and not easily accessible to the 

solvent. GETAREA showed four amino acid residues inside the ferritin cavity which have the highest 

solvent-accessible surface area (Table 4.2). Lysine-53, which has a ratio value of 78.1%, was found to 

be the best position to add the new cysteine (Figure 4.5B). Therefore, site-directed mutagenesis was 

performed to mutate lysine-53 into cysteine (K53C). The resulting ferritin variant was referred to as 

Ftn(neg)-1C.  

 
Figure 4.5 Relocation of cysteine positions in Ftn(neg) to enable an efficient encapsulation via chemical 
conjugation. A) Removal of cysteines at the three-fold channels by mutation into alanines (C130A, red). The new 
variant of ferritin is called Ftn(neg)-0C. B) The subsequent mutation to add the new cysteine. Lysine-53 was 
mutated into cysteines (K53C, yellow). The resulting ferritin variant is called Ftn(neg)-1C. Here, two ferritin subunits 
that form one side of the inner cavity are shown. In total, twelve dimers form the cavity. 
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Table 4.2 Solvent accessible surface area 

Amino acids Ratio (%) 

K53 78.1 

E64 65.7 

T135 50.6 

K143 53.2 

To encapsulate the fluorophores, first, the ferritin cages were opened by using an acidic condition to 

expose the cysteines inside the ferritin cavity to the coupling reaction (Figure 4.4). After reconstitution 

to pH 7.4, the coupling reaction was performed and the ferritin cages were subsequently reassembled. 

Reassembly is a slow process because each of the ferritin subunits needs to find the right position to 

fully form the cages, therefore it will not interfere with the fast coupling reaction.  

Nevertheless, a few issues are crucial for this new encapsulation strategy. First, a sufficient salt 

concentration (0.5 M) is needed to screen the electrostatic interactions during the reassembly process. 

Otherwise, the reassembly will not occur smoothly, and a nice SEC chromatogram profile will not be 

obtained. Next, it is important to dissolve the maleimide functionalized fluorophores in anhydrous 

DMSO (or acetonitrile) and store them in an air-tight container (or with drying silica gel) at -20 °C 

whenever they are not in use. Water molecules from the ambient air can react with the maleimide 

groups and thus will reduce the effectiveness of the coupling reaction. The low temperature efficiently 

helps to suppress this side reaction. Moreover, the maleimide fluorophore stock solutions need to be 

thawed completely to room temperature before use to minimize the condensation of water vapor on 

the stock solution.  

Tris(2-carboxyethyl)phosphine (TCEP) is commonly used in cysteine-maleimide coupling reactions to 

cleave or to prevent the formation of disulfide bridges between cysteine residues.[239] However, some 

publications reported that TCEP also reacts with the maleimide groups, therefore competing with the 

intended coupling reactions.[240,241] The ferritin variant, Ftn(neg)-1C, only has one cysteine per ferritin 

subunit. In the cavity, the cysteine residues are separated from each other by distances, hence no 

disulfide bridges are present in this system. Although theoretically, the cysteines can form disulfide 

bridges when the ferritin cages are disassembled into subunits, this has never been observed during 

the dis/reassembly process. For these reasons, TCEP is not needed for the coupling reaction with 

fluorophores.  

The encapsulation of fluorophores via chemical conjugation was very efficient and successful. With 

this approach, it was possible to encapsulate both positively and negatively charged fluorophores with 
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high loading and yield, at much lower fluorophore concentrations (Table 4.3). On the SEC 

chromatogram, the intensity of fluorophore signals was even much higher than the protein signal 

(Figure 4.6). Compared to the statistical encapsulation, chemical conjugation produced a more intense 

color in the samples (Figure 4.7). This strategy has been proven to be very helpful to encapsulate small 

organic molecules which have weak interactions with ferritin. Therefore, this strategy could also be 

extended for drug encapsulation, provided there is a mechanism to cleave the drug afterward. 

Table 4.3 The loading and yield from the encapsulation of fluorophores via chemical conjugation 

Fluorophore 
(and its charge) 

Ferritin variants 
Used fluorophore 

concentration (µM) 
Loading 

(molecules/cage) 
Yield (%) 

Atto Rhodamine 6G (+) Ftn(neg)-1C 15.8 10.9 97.9 

Alexa Fluor 488 (-) Ftn(neg)-1C 15.8 19.1 89.5 

Alexa Fluor 647 (-) Ftn(neg)-1C 15.8 14.8 97.6 

 
Figure 4.6 SEC chromatograms obtained from the encapsulation of fluorophores by chemical conjugation. 
Ftn(neg)-1C was labeled with maleimide functionalized fluorophores: A) AR 6G (+), B) AF 488 (-), C) AF 647 (-). 
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Figure 4.7 Comparison of fluorophore-labeled ferritin obtained via different encapsulation strategies. A) 
statistical encapsulation. B) chemical conjugation. All the solutions have a concentration of 2 mg/mL. 

4.1.1.3 Synthesis and characterization of nanoparticles loaded ferritin 

In addition to fluorophores, ferritin was also labeled NPs. NP-filled ferritin containers are suitable as 

markers for studying the integration and release of ferritin from microgels by TEM. The synthesis of 

metal oxide NPs within the redesigned protein containers has been established previously in our 

group.[24] In this synthesis, elevated temperatures are applied to facilitate the diffusion of Fe2+ or Ce3+ 

cations into ferritin cages. Subsequently, the cations were oxidized by H2O2. As a result, iron oxide or 

cerium oxide NPs formed inside the ferritin cages, respectively (Figure 4.8A).  

Several types of NP-loaded ferritin were synthesized (Table 4.4). However, here only the 

characterization results of Ce-Ftn(neg) are shown as examples. The presence of NPs inside ferritin 

containers was confirmed by TEM, SEC, and UV/Vis (Figure 4.8B-D). The yield of the synthesis was 

78.7%. For TEM imaging, cerium oxide ferritin was used because it produces more contrast than iron 

oxide ferritin. However, iron oxide ferritin has another advantage. As mentioned earlier, the magnetic 

property of iron oxide can be utilized for generating heat in future applications. 

Table 4.4 Nanoparticles-loaded ferritin containers 

Nanoparticles Ferritin variants Name 

FeOx Ftn(neg) (Fe-Ftn(neg)) 

CeO2 Ftn(neg) Ce-Ftn(neg) 

CeO2 HF Ce-HF 

CeO2 Ftn(pos) Ce-Ftn(pos) 

 



37 
 

 
Figure 4.8 The synthesis and characterization of Ce-Ftn(neg). A) Synthesis scheme. B) TEM characterization 
without staining agent. The cerium oxide cores are clearly visible. However, staining would be required to 
visualize the protein containers (cf. Figure 4.3C). C) SEC chromatogram from the purification of Ce-Ftn(neg). D) 
UV/Vis spectra before and after the synthesis. 

4.1.2 The integration of ferritin containers into microgel system 

Having established the ferritin labeling with fluorophores and NPs, the labeled ferritin was integrated 

into microgel systems using electrostatic interactions between the surface charges of ferritin and the 

ionizable groups inside polyelectrolyte microgels. This section describes the integration of ferritin into 

various microgel systems to find the right system that is suitable for the envisioned drug delivery 

application. Initially, ferritin was integrated into readily prepared microgels. The first system tested 

were microgels with randomly distributed ionizable groups (Chapter 4.1.2.1). Some challenges were 

encountered in this system. To address the problems, a core-shell microgel system was investigated 

(Chapter 4.1.2.2). Although this system is better than the previous one in a certain aspect, ferritin could 

leak out from the microgels after purification. Finally, to overcome this problem, ferritin was integrated 

into microgels by adding the ferritin during the synthesis of degradable microgels (Chapter 4.1.2.3). 
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4.1.2.1 Integration into microgel with randomly distributed ionizable groups 

A microgel with randomly distributed ionizable groups is the simplest polyelectrolyte microgel system, 

therefore I started with this system. All the microgels used in this sub-section were supplied by Wenjing 

Xu (Institute of Technical and Macromolecular Chemistry, RWTH Aachen). To perform the integration, 

NPs-labeled ferritin were added into microgels containing the opposite charges in a buffer solution of 

a certain pH (Figure 4.9A-B). Ferritin showed strong interactions with the microgels, and the microgels 

precipitated immediately (Figure 4.9C). This precipitation could be prevented by changing pH or by 

adding salts, which confirmed that the precipitation was due to electrostatic interactions (Table 4.5). 

 
Figure 4.9 Integration of ferritin into microgel with randomly distributed ionizable groups.  A) Fe-Ftn(neg) was 
added to the positively charged microgels P(NIPAM-co-VIM). The positively charged VIM groups are depicted as 
the blue squares. B) Ce-Ftn(pos) was added to the negatively charged microgels P(NIPAM-co-IA). The negatively 
charged IA groups are depicted by the red squares. Both microgels contain 2% mol crosslinker BIS. C) Fe-Ftn(neg) 
and P(NIPAM-co-VIM) precipitated during dialysis. D) The charges and sizes of P(NIPAM-co-VIM) microgels at 
different pH (a work by Wenjing Xu). The charges are indirectly shown by the electrophoretic mobility (EM). The 
positive value of EM indicates positive charges and vice versa. 

  



39 
 

Table 4.5 Conditions leading to the precipitation of microgels and ferritin 

Microgels* Labeled ferritin Precipitation No precipitation 

P(NIPAM-co-VIM) (+) Fe-Ftn(neg) pH (4 – 6) [NaCl] > 80 mM 

P(NIPAM-co-IA) (-) Ce-Ftn(pos) pH (8 – 10) [NaCl] > 250 mM 

* Both microgels contain 2% mol BIS crosslinker and 10% mol charged monomers.  

The precipitation only occurred within a certain pH range because ferritin and microgels have the 

opposite charges only in that pH range. For example, Fe-Ftn(neg) and P(NIPAM-co-VIM) precipitated only 

in the pH range between 4 – 6 because in this pH range they have the opposite charges. Fe-Ftn(neg) has 

an isoelectric point (pI) between 4.2 - 4.8. Below pH 4.2 Fe-Ftn(neg) becomes positively charged, and 

therefore it did not precipitate when mixed with the positively charged P(NIPAM-co-VIM). On the other 

hand, P(NIPAM-co-VIM) microgels become negatively charged above pH 6.5 (Figure 4.9D), and 

therefore they did not precipitate when mixed with Fe-Ftn(neg), which stays negatively charged above 

pH 4.8. The pH range, in which the precipitation occurred, turns out to be the suitable pH to perform 

the integration because the electrostatic attractions between ferritin and the microgels only exist in 

that pH range. 

The addition of salt prevented the precipitation because the Na+ and Cl- ions screen the electrostatic 

interactions between ferritin and microgels. Although the precipitation can be avoided by changing pH 

or adding salt, these two approaches are not the proper way to perform the integration because they 

eliminate the interactions between ferritin and microgels. 

In solution, microgels are stabilized by the electrostatic repulsion between the charges which are 

present on the surface of microgels (charge stabilization) and by the free movement of its polymeric 

chains (steric stabilization). Related to these two stabilization mechanisms, two possible reasons are 

hypothesized for explaining the precipitation. First, the precipitation occurred because ferritin bridged 

the microgels to form large aggregates, or in other words, ferritin caused flocculation in the microgels 

(Figure 4.10A). Second, the adsorption of ferritin on the surface of microgels caused the microgels to 

lose the free movement of their polymeric chain, and consequently, they precipitated (Figure 4.10B). 

This second hypothesis is supported by the fact that the precipitation could also be prevented if less 

crosslinked microgels are used. For example, P(NIPAM-co-VIM) with 0.2% mol BIS crosslinker did not 

precipitate when mixed with Fe-Ftn(neg) in buffer pH 5. It is assumed that Fe-Ftn(neg) could penetrate 

more to the interior of the microgels, and thus the microgels could retain their steric stabilization and 

remain stable in solution. 
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Figure 4.10 TEM characterization of the precipitated ferritin-microgel sample. In these images, the small black 
dots are Fe-Ftn(neg), while the large-round objects are P(NIPAM-co-VIM) microgels. A) Fe-Ftn(neg) bridged the 
microgels and caused flocculation. B) The adsorption of Fe-Ftn(neg) on the surface of microgels caused microgels 
to lose their steric stabilization. In this early experiment too high Fe-Ftn(neg) concentration was used. However, 
later we found that the precipitation also occurred at low Fe-Ftn(neg) concentration. 

As mentioned in the previous paragraph, the precipitation problem was solved by integrating Fe-

Ftn(neg) into P(NIPAM-co-VIM) microgels with 0.2% mol BIS crosslinker. However, another challenge 

was encountered in the purification of the microgels after the integration. Normally, microgels are 

purified either by centrifugation or dialysis. In our case, centrifugation could not completely clean 

microgels from the unbound Fe-Ftn(neg) even after several consecutive runs. Dialysis did not work as  

Fe-Ftn(neg) could not pass through the pores of the dialysis bag. The largest molecular weight cut-off 

(MWCO) of dialysis bags is 1000 kDa, while Fe-Ftn(neg) has a molecular weight of 508.8 kDa. To have a 

successful separation, the dialysis bag should have an MWCO of at least 20x larger than the molecular 

weight of the molecules to be removed.  

Concentrators were also tested to purify the microgels. Similar to the dialysis bag, the largest MWCO 

of filter membrane in concentrators are 1000 kDa and 0.2 µm. However, due to the centrifugal force, 

Fe-Ftn(neg) was able to pass through the filter membrane. Unfortunately, the soft microgels ended in 

the membrane, blocked the pores, and could not be re-dispersed.  

Finally, sucrose cushion centrifugation was tested to purify the microgels. This is a separation 

technique based on the difference in densities. First, several layers of sucrose solutions with different 

densities are established inside a centrifuge tube. Next, the samples to be separated are placed on the 

top of the sucrose solutions and then spun at a very high speed for several hours. During the 

centrifugation, a density gradient forms and each sample moves downward and finally stops at 

different positions according to their density. Subsequently, the resulting solution is fractionated into 

several fractions by repeatedly pipetting 1 mL of the solution from the top layer and placing them in 
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different containers. These fractions are analyzed, for example by UV/Vis, to detect the presence of 

ferritin containers within the samples. 

By optimizing the composition of the sucrose layers, it is possible to make Fe-Ftn(neg) and the microgels 

stop in different positions within the density gradient (Figure 4.11). Accordingly, the ferritin-microgels 

fraction also stopped at a position between the pure ferritin and the pure microgels layers. Based on 

these results, I was convinced that the purification would work. The ferritin-microgels fraction was 

collected and analyzed by TEM. Surprisingly, the microgels were not clean from the unbound ferritin 

(Figure 4.12). This might be because flocculation still occurred in the ferritin-microgel fraction. 

Probably, the observed free ferritin is the one that bridged the microgels. The presence of the 

flocculation was supported by Dynamic Light Scattering (DLS) measurement (Figure 4.13).  

As a summary, the integration of NPs-labeled ferritin into polyelectrolyte microgels with randomly 

distributed ionizable groups was characterized by several challenges. First, ferritin and microgels 

precipitated during the integration. Although later, the precipitation could be avoided by using less 

crosslinked microgels, ferritin and microgels still flocculated and formed larger aggregates in the 

solution. Moreover, some challenges were encountered in the purification of the microgels from the 

excess ferritin after the integration. Several purification techniques have been applied, however, the 

microgels were not completely clean from the unbound ferritin. 

 
Figure 4.11 Purification by sucrose cushion centrifugation. The composition of the sucrose solutions from top 
to bottom were: 0% (sample), 20%, 30%, and 70% (w/w). After the centrifugation, A) the pure Fe-Ftn(neg) solution 
stopped near the 70% sucrose layer. B) the pure P(NIPAM-co-VIM) microgels with 0.2% BIS crosslinker stopped 
in the middle of the 20% sucrose layer. C) the ferritin-microgels mixture also stopped in the 20% sucrose layer, 
but at a slightly lower position.  
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Figure 4.12 TEM characterization of the ferritin-microgels reaction mixture. A) Before purification. B) After the 
sucrose cushion centrifugation. Shown here, is the ferritin-microgels fraction obtained from Fig. 4.11C. The 
purification indeed removed a lot of the unbound ferritin but the system was not clean.  

 

 
Figure 4.13 The size of P(NIPAM-co-VIM) microgels with 0.2% BIS at pH 5 as determined by DLS. A) Pure 
microgels. B) Microgels and Fe-Ftn(neg) reaction mixture. After the integration, the size of the microgels increased 
drastically. This result indicates that ferritin and microgels flocculated to form larger aggregates. 

4.1.2.2 Integration into core-shell microgels 

In the previous section, it was shown that the integration of ferritin into polyelectrolyte microgels with 

a random distribution of ionizable groups suffered from flocculation, which may lead to precipitation. 

Regarding this, it was envisioned that polyelectrolyte microgels with a core-shell structure could 

overcome this problem. For example, a charged core can be used for binding the ferritin containers 

and a neutral shell can be used to prevent the flocculation between the microgels. Therefore, here the 

integration of ferritin into a core-shell microgel system was investigated. 

As a short overview, this section first describes the integration of ferritin into a core-shell microgel 

system. Two problems were identified in this system: the inhomogeneous distribution of ferritin 

among the microgels and the ferritin leakage from microgels. Later, thorough investigations were 
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performed to identify the cause of the first problem. Finally, various approaches were applied to solve 

both of the problems.  

4.1.2.2.1 The integration of Ce-Ftn(pos) into the charged core-neutral shell microgels 

The core-shell microgels used in this section were supplied by Sarah Wypysek (Institute of Physical 

Chemistry, RWTH Aachen). The microgels consist of a negatively charged core P(NIPAM-co-MAA-co-

MRB) (90.985% : 5% : 0.015% : 4% mol BIS), surrounded by a neutral shell P(NIPAM) (96.1% : 3.9% mol 

BIS) (Figure 4.14A). To perform the integration, the cerium-oxide NPs labeled ferritin (Ce-Ftn(pos)) was 

added to the core-shell microgels in buffer pH 8.0. The reaction mixture was very stable, and no 

precipitation was observed. TEM characterization showed that the microgels were well separated from 

each other (Figure 4.14B). The neutral shell indeed prevented the flocculation. Interestingly, ferritin 

was inhomogeneously distributed among the microgels. Only a few microgels were filled by Ce-Ftn(pos), 

and most of the microgels were empty. 

 
Figure 4.14 The integration of NPs-labeled ferritin into core-shell microgels. A) Reaction scheme. The positively 
charged Ce-Ftn(pos) was added into microgels with a negatively charged core and neutral shell. The core of the 
microgels contains methacryloxyethylthiocarbamoyl-Rhodamine B (MRB) fluorophore. B) TEM characterization 
of the reaction mixture without purification. The microgels were well separated from each other. However, only 
a few microgels were filled by Ce-Ftn(pos), which appeared as the small black dots. Most of the microgels were 
empty. As the reaction mixture was not purified, an abundance of Ce-Ftn(pos) was observed outside the microgels. 

Although not all of the microgels were filled, I tried to purify the microgels from the unbound ferritin. 

This was also intended for learning more about the properties of this microgel system. First, three 

times consecutive ultracentrifugation were applied. The ultracentrifugation removed a lot of Ce-Ftn(pos, 

however the system was not completely clean (Figure 4.15). Some free Ce-Ftn(pos) were still observed 

outside the microgels.  
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Figure 4.15 Purification of the core-shell microgels by ultracentrifugation. This was to remove the unbound 
ferritin after the integration. These are the TEM images: A) Before purification. B) After 3x consecutive 
ultracentrifugation. Here, the core-shell structure of the microgels was clearly visible. The purification removed 
a lot of ferritin containers but the system was not completely clean from the free ferritin. 

Next, the microgels were purified by ion-exchange chromatography (IEC) and SEC, which are the 

common techniques for protein purification. In summary, IEC is a separation technique based on 

charge differences. The samples to be separated are injected into a positively or negatively charged 

IEC column. As a result, samples with the opposite charges will bind to the column, while samples with 

neutral or the same charges as the IEC column will flow through the column. Later, a gradient 

concentration of salt solution can be applied to the column to release the samples which are bound to 

the column. 

First, microgels and ferritin were injected separately into a negatively charged IEC column to study 

their behavior and interaction with the column. As the microgels have a neutral shell, they did not bind 

to the column and immediately flowed through the column (Figure 4.16A). In contrast, Ce-Ftn(pos) was 

strongly bound to the column and only came out after salt elution (Figure 4.16B). Without salt elution, 

they remained in the column. Next, the reaction mixture of microgels and Ce-Ftn(pos) was injected to 

the column (Figure 4.16C). Two fractions were obtained. Fraction 01 (Fr-01) immediately flowed 

through the column, while fraction 02 (Fr-02) only came out only after the salt elution. Based on the 

previous results, it was predicted that Fr-01 was the microgels and Fr-02 was the Ce-Ftn(pos). To confirm 

this, both fractions were analyzed by TEM (Figure 4.16D-E). Fr-01 indeed was the microgel fraction, 

and it was almost clean from the Ce-Ftn(pos). Most of the Ce-Ftn(pos) has been removed and was found 

in Fr-02. Interestingly, Fr-02 also contained microgels that were heavily loaded with Ce-Ftn(pos). 
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Figure 4.16 Purification of the core-shell microgels by IEC. A) The IEC chromatogram of the pure microgels. The 
signal at 220 nm originates from the carbon backbone of the microgels, while the signal at 554 nm comes from 
the fluorophore MRB, which was integrated into the core of the microgels. B) The IEC chromatogram of the pure 
Ce-Ftn(pos). The signal at 280 nm originates from ferritin, while the signal at 320 nm comes from CeO2 NPs. C) The 
IEC chromatogram of the ferritin-microgel reaction mixture. The purification produced two fractions, which 
subsequently were characterized by TEM. The TEM results are shown in: D) Fraction 01 and E) Fraction 02. The 
TEM image of the sample before purification is shown in Figure 4.14B or Figure 4.15A. 

Subsequently, two additional consecutive IEC runs were performed for fraction 01. Moreover, in each 

run, two IEC columns were connected in series to improve the purification. Surprisingly, TEM results 

show that there was no significant improvement in the 2nd and the 3rd IEC runs (Figure 4.17). Only the 

first IEC run cleaned the microgels from most of the unbound ferritin. Based on these results, it is 

concluded that Ce-Ftn(pos) leaked out from the microgels after the purification. This ferritin leakage is 

not ideal for drug delivery application, as it means ferritin can be released anywhere during the 

circulation of microgels in the bloodstream, therefore potentially causing off-target toxicity. 
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Figure 4.17 Further purification of the core-shell microgels by consecutive IEC runs. TEM characterization after: 
A) The second and B) The third IEC runs. The TEM image from the first IEC run is shown in Figure 4.16D. 

Finally, SEC was tested to purify the microgels. Similarly, first, SEC was performed to microgels and 

ferritin separately to study their behavior. The microgels came out of the column at around 40 mL and 

produced a sharp peak (Figure 4.18A). On the contrary, the Ce-Ftn(pos) did not come out of the column 

under the applied elution condition (no salt). The SEC chromatogram is not shown here because it was 

only a flat line. In general, at least 0.15 M salt is needed to overcome the interaction of proteins with 

the column. Here, the SEC was performed with a buffer containing no salt because it would release 

ferritin from the microgels. Based on these results, it was predicted that SEC could purify the microgels 

from the unbound ferritin. Therefore, next, SEC was performed to the microgels fraction obtained from 

the 3rd IEC run. The result only shows a single peak at 40 mL, which is the microgels peak, and no other 

peak was observed (Figure 4.18B). However, the TEM characterization shows that the microgels were 

not clean from ferritin (Figure 4.18C). This fact can only be explained by the ferritin leakage as observed 

in the IEC purification. 

As a summary, the integration of Ce-Ftn(pos) into the charged core-neutral shell microgels shows that 

the flocculation of microgels could be prevented by the neutral shell of the microgels. Moreover, this 

microgel system could be purified from the unbound ferritin by IEC or SEC. However, two problems 

need to be addressed before this system can be used for drug delivery applications. The first is the 

inhomogeneous distribution of ferritin among the microgels, and the second is the ferritin leakage 

from microgels after purification. 
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Figure 4.18 Further purification of the core-shell microgels by SEC. A) The SEC chromatogram of the pure 
microgels. The signal at 280 nm originates from the carbon backbone of the microgels, while the signal at 554 
nm comes from the fluorophore MRB, which was integrated into the core of the microgels. B) The SEC 
chromatogram of the ferritin- microgel fraction obtained from the 3rd IEC run. The signal at 280 nm originates 
from microgels and ferritin, while the signal at 322 nm comes from the CeO2 NPs. C) TEM characterization of the 
peak shown in B). 

4.1.2.2.2 Investigations on the inhomogeneous distribution of ferritin among the microgels 

In this section, several tests were conducted to identify the cause of the inhomogeneous distribution 

of ferritin among the microgels. From the previous observations, it is strongly believed that this 

problem lies in the core and not in the shell of the microgels. Therefore, here the synthesis of the core 

microgels was repeated, first by reducing the amount of BIS crosslinker, and second by increasing the 

amount of the charged monomer MAA. TEM characterizations showed that reducing the amount of 

crosslinker produced no significant differences (Figure 4.19A-C) and the problem remained. These 

results remove the hypothesis that the problem was due to the inhomogeneous distribution of BIS 

crosslinker. If it is the case, the problem should be overcome or at least reduced when less amount of 

crosslinker was applied. This is because ferritin should be able to penetrate better into most of the 

microgels. However, no significant changes were observed with reduced amounts of crosslinker. On 

the other hand, increasing the amount of the charged monomer MAA caused the inhomogeneous 

distribution of ferritin among the microgels even more pronounced (Figure 4.19D-F). Based on these 

results, it is believed that the problem was due to the inhomogeneous distribution of MAA in the 

microgels. 

This result was surprising because the synthesis was performed using the common synthesis protocol 

of methacrylic acid microgels, and so far no inhomogeneous distribution of MAA among microgels has 

ever been reported. Previously, Hoare et al. investigated the distribution of MAA in P(NIPAM-co-MAA) 
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microgels, which have been synthesized by a very similar protocol, and they reported that MAA was 

homogenously distributed among the microgels, but the MAA was located more in the core than in 

the periphery region of the microgels.[173] Nevertheless, their method for determining the location of 

the MAA carboxylic groups has a weakness, which will be discussed in more detail below (see 

Figure 4.21). 

 
Figure 4.19 P(NIPAM-co-MAA) core microgels synthesized with different chemical compositions. These 
microgels were prepared with 5% mol MAA and different amounts of crosslinker: A) 5%, B) 4%, and C) 1% mol 
BIS. On the other hand, these microgels were prepared with 1% mol BIS and different amounts of charged 
monomer: D) 5%, E) 15%, and F) 30% MAA. All images were taken by regular TEM measurement. 

To remove any doubt regarding the inhomogeneous distribution of MAA among the microgels, 

additional characterizations using various methods were performed. First, cryo-TEM was used to 

image the microgels in their native condition. It turns out that the inhomogeneous distribution of 

ferritin in microgels was also observed in the cryo-TEM image (Figure 4.20A). The result proves that 

the problem was not due to a drying effect, which probably occurred when the microgel sample was 

prepared on the TEM grid. Next, gold nanoparticles (AuNPs), which are stabilized with a mixture of 

neutral and positively charged ligands (Figure 4.20B), were used as a substitute for Ce-Ftn(pos) during 

the integration into microgels. Here, the AuNPs were also inhomogeneously distributed among the 

microgels (Figure 4.20C). This result indicates that Ce-Ftn(pos) is not the cause of the problem. The 

problem remained even if we substituted Ce-Ftn(pos) with AuNPs.  
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Figure 4.20 Further experiments to confirm the inhomogeneous distribution of ferritin in microgels. A) The 
integration of Ce-Ftn(pos) into P(NIPAM-co-MAA) (94% : 5% : 1% mol BIS) microgels as characterized by cryo-TEM. 
B) Positively charged AuNP used in the subsequent experiment. The ligands are: 2-(Dimethylamino)ethanethiol 
(C2) and (2-mercaptoethyl)-N,N,Ntrimethylammonium (C2+). C) The integration of AuNPs into P(NIPAM-co-MAA) 
(84% : 15% : 1% mol BIS) microgels as characterized by regular TEM. 

Subsequently, the microgels were stained with uranyl acetate solution and imaged with regular TEM 

measurement. In principle, the positively charged uranyl cations will bind to the negatively charged 

carboxylic group of MAA in the microgels and produce darker color in TEM measurement. In this way, 

the position of MAA in the microgels can be localized. Again, here two types of microgel populations 

were observed (Figure 4.21A). It is believed that these two microgel populations originated from the 

microgels that contained a large number and a few number of MAA groups.  

For comparison, the microgels were also stained with the staining protocol used by Hoare et al. 

(Figure 4.21B).[173] With this staining protocol, the microgels became smaller and resembled the result 

reported by Hoare (Figure 4.21C). However, this staining protocol may lead to an incorrect conclusion, 

as the microgels were immersed in uranyl acetate for two hours before dropped and left dried on a 

TEM grid. With a long contact time, all microgels were filled with uranyl acetate solution, and during 

the drying process, the uranyl cations remained inside the microgels. Above, we only applied a brief 

contact time between uranyl acetate solution and the microgels, therefore the uranyl cations mainly 

stained the microgels which contained a lot of MAA groups. In this way, the two microgel populations 

can be distinguished. 
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Figure 4.21 Probing the location of MAA groups in microgels by uranyl acetate staining. P(NIPAM-co-MAA) 
(84% : 15% : 1% mol BIS) microgels stained by: A) Brief-contact staining protocol, B) Immersion staining protocol. 
C) P(NIPAM-co-MAA) (89.55% : 5.7% : 4.75% mol BIS) microgels stained by uranyl acetate as reported by 
Hoare et al.[173] According to the publisher, the reuse of this image requires no license as it is only a part of a 
figure. All images were taken by regular TEM measurements. 

Next, DLS was used to measure the size of P(NIPAM-co-MAA) microgels in solutions of different pH. At 

higher pH values, the carboxylic groups of MAA are ionized and they repel to each other, as a result, 

the size of microgels increases. If the microgels contain different numbers of MAA groups, they will 

have different sizes at higher pH values. In the extreme case, two peaks should be observed in the DLS 

measurement, which originates from the two microgel populations. This is the idea behind the 

characterization. The results show that the microgels were very monodisperse in water (Table 4.6). As 

expected, increasing the pH of the microgel solution increased the size of the microgels. However, the 

two distinct peaks were not observed. Probably the size difference was not large enough, and the DLS 

resolution was not enough to distinguish them as two peaks. Nevertheless, the PDI also increased in 

higher pH values. This is already an indication that the microgels contained different numbers of MAA 

groups. Interestingly, at a very low pH, the microgels became monodisperse again. This can be 

rationalized by the fact that most of the MAA groups were protonated at low pH. With fewer number 

of ionized carboxylic groups, the size of microgels also decreased.  

Table 4.6 The sizes of P(NIPAM-co-MAA) (94% : 1% : 5% mol BIS) microgels at different pH 

Solutions PDI Size (nm) Solutions PDI Size (nm) 

In water 0.008 467.2 ± 101.4 In pH 9.0 0.144 532.2 ± 139.5 

 0.014 466.1 ± 102.1  0.125 534.4 ± 140.6 

 0.033 466 ± 102.9  0.136 534.8 ± 144.3 

In pH 8.0 0.114 496.3 ± 126.8 In pH 2.5 0.023 381.8 ± 91.38 

 0.125 495.4 ± 130  0.056 375.2 ± 97.95 

 0.129 502.6 ± 126.1  0.024 372.5 ± 78.56 
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Finally, the microgels were characterized by fluorescence microscopy. Here, P(NIPAM-co-MAA) 

microgels were loaded with a positively charged polypeptide labeled by GFP: GFP-[Val-Pro-Gly-Lys-

Gly]36, which is abbreviated as K36-GFP. The polypeptide chain forms a coil with a length of about 10 

nm and a diameter of 3 nm. It has a molecular weight of 46521.435 g/mol, which is about eleven times 

lighter than ferritin. The integration was performed similarly to the Ce-Ftn(pos). The resulting microgels 

then were spin-coated on a coverslip and observed under fluorescence microscopy. The results show 

that all the microgels were labeled with the protein (Figure 4.22B). However, they show different 

brightness (fluorescence intensity), which also an indication of the different loading of K36-GFP inside 

the microgels. Again, this is only possible if the microgels contain different numbers of MAA groups. 

As a summary, the cause of the inhomogeneous distribution of ferritin among the microgels has been 

identified. This is due to the inhomogeneous distribution of MAA groups among the microgels. 

Additional evidence was also obtained from various characterizations: cryo-TEM, staining the 

microgels with positively charged AuNPs or uranyl acetate, DLS measurement, and fluorescence 

microscopy. Although the last two characterizations did not give very strong evidence compared to the 

first characterizations, they also indicate the inhomogeneous distribution of MAA groups among the 

microgels. 

 
Figure 4.22 P(NIPAM-co-MAA) (84% : 15% : 1% mol BIS) microgels loaded with K36-GFP. A) Brightfield image of 
the resulting microgels, which appeared as white circles. B) The fluorescence image of the same area observed 
in A), taken with an excitation wavelength of 488 nm. 

4.1.2.2.3 Overcoming the inhomogeneous distribution of charged groups in microgels 

Having discovered the causes of the inhomogeneous distribution of ferritin among the microgels, the 

next question is how to produce charged core microgels with a homogeneous distribution of charged 

monomers. This section describes our attempts in this direction. First, microgel synthesis with a semi-

batch approach was tested. Next, the microgel synthesis was performed at different pH. Finally, 

a purification technique was applied to separate the charged microgels from the uncharged microgels. 
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First of all, it is necessary to understand how the MAA groups could end up only in certain microgels 

and not in all the microgels. For this, I hypothesized that the MAA monomers prefer to react with 

themselves than with NIPAM monomers. As MAA is present in a limited amount in the solution (5% - 

30%), it is used up faster than NIPAM, and finally, it ends up only in certain microgels. This hypothesis 

was supported by the following experiments.  

Here, a semi-batch microgel synthesis was used. The MAA monomer was injected into the 

polymerization reaction over a certain period. The idea was to spread the MAA among the microgels. 

Ce-Ftn(pos) then were integrated into the resulting microgels to detect the distribution of MAA groups 

in the microgels. With the semi-batch approach, no obvious accumulation of MAA groups in certain 

microgels was detected (Figure 4.23B-E). By increasing the MAA feeding time, more MAA was found 

on the periphery of the microgels (Figure 4.23E). On the other hand, if NIPAM was injected into the 

polymerization reaction instead of MAA, the inhomogeneous distribution of MAA groups among the 

microgels was observed (Figure 4.23F). Based on these results, it is concluded that MAA groups 

accumulated in certain microgels only when they were present in the solution at high concentrations. 

This fact supports our hypothesis that MAA prefers to react with itself than with NIPAM. 

 
Figure 4.23 Synthesis of P(NIPAM-co-MAA) microgels by semi-batch approach. A) Semi-batch synthesis. MAA 
was injected dropwise to the polymerization reaction over a certain period of feeding time: B) 5 min, C) 10 min, 
D) 20 min, E) 30 min. F) MAA was put in the flask, and NIPAM was injected into the polymerization reaction in 10 
minutes. All the electron micrographs were taken by regular TEM measurement. 
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Figure 4.24 Inhomogeneous distribution of ferritin observed in other microgels. A) P(NIPMAM-co-AA) (88% : 
10% : 2% mol BAC) microgels integrated with Ce-Ftn(pos). Inhomogeneous distribution of ferritin was observed in 
this microgel, although not as severe as in P(NIPAM-co-MAA) microgels. B) P(NIPAM-co-VIM) (89% : 10% : 1% 
BIS) microgels, synthesized without pH adjustment (at pH 8.3). Ferritin was homogeneously distributed among 
the microgels. C) P(NIPAM-co-VIM) (89% : 10% : 1% BIS) microgels synthesized at pH 3.0. The inhomogeneous 
distribution of ferritin was also observed in this microgel. For B) and C) the microgels were integrated with 
Fe-Ftn(neg). 

It is also important to note that the inhomogeneous distribution of charged monomers among the 

microgels are mainly found in microgels with negatively charged monomers: P(NIPAM-co-MAA) or 

P(NIPAM-co-AA) microgels (Figure 4.24A). This problem usually does not occur in microgels with 

positively charged monomers, such as P(NIPAM-co-VIM) microgels (Figure 4.24B). However, in certain 

cases, the inhomogeneous distribution of VIM among the microgels was also observed. For example, 

when the microgel synthesis was performed at pH 3.0, instead of at the natural pH of VIM at 8.3 

(Figure 4.24C).  

Seeing this result, next I tried to perform the synthesis of P(NIPAM-co-MAA) microgels at different pH. 

As before, Ce-(Ftn)pos was integrated into the resulting microgels to locate the distribution of MAA 

groups in the microgels. The results show that the inhomogeneous distribution of MAA also occurred 

in microgels synthesized at higher pH value, although the number of MAA groups incorporated in the 

microgels decreased with increasing pH (Figure 4.25). This can be related to the fact that more MAA 

groups are ionized at higher pH values. With more repulsion between the carboxylic groups, the 

tendency of MAA groups to react with each other decreases, therefore in the end fewer MAA groups 

are located in the microgels. Moreover, the resulting microgels solution became more transparent 

with the increasing pH. This is because the size of microgels decreased when synthesized at higher pH 

values. 



54 
 

 
Figure 4.25 Synthesis of P(NIPAM-co-MAA)(84% : 15% : 1% mol BIS) microgels at different pH. A) Synthesis 
without pH adjustment (at pH 2.5). B) Synthesis at pH 4.0. C) Synthesis at pH 5.0. The resulting microgels then 
were integrated with Ce-Ftn(pos). All images were taken by regular TEM measurements. 

The optimization of microgel synthesis by trial and errors to obtain the desired microgel properties is 

laborious and ineffective. However, Schneider et al. has recently reported the synthesis of vinyl-

ferrocene (VFc) containing PNIPAM microgels (P(NIPAM-co-VFc)) by using a model-based design 

synthesis.[181] With this approach, they could determine the synthesis procedures required to produce 

microgels with the desired localization of the VFc monomers. For example, they could produce 

microgels with VFc monomers localized in the core, in the shell, or homogenously distributed in the 

microgels. Model-based design synthesis could be a solution to overcome the inhomogeneous 

distribution of charged monomers among the microgels. Therefore, for future work, a collaboration 

could help to build a suitable model-based design synthesis for our system. This was originally planned. 

However, due to the time constraints and also related to the Covid-19 outbreak, it was not carried out. 

As currently core microgels with a homogeneous distribution of negatively charged monomers cannot 

be produced, I investigated the possibility to separate the charged microgels from the uncharged 

microgels by IEC. First, P(NIPAM-co-MAA) microgel solution was injected into a positively charged IEC 

column. The IEC chromatogram (Figure 4.26A) shows that most of the microgels just flowed through 

the column (Fraction 01, Fr-01). Only a small fraction of the microgels bound to the column, which 

later could be released by a gradient salt elution (Fraction 02, Fr-02). Both microgel fractions were 

collected separately. Next, Ce-Ftn(pos) was integrated into both of the microgel fractions to investigate 

the distribution of MAA groups in the microgels.  
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Figure 4.26 Separation of charged and uncharged microgel fractions by IEC. A) IEC chromatogram of P(NIPAM-
co-MAA) (94% : 5% : 1% mol BIS) microgels. Both fractions were collected separately, integrated with Ce-Ftn(pos), 
and characterized by TEM: B) Fraction 01, C) Fraction 02. 

As predicted, the TEM characterizations show that Fr-01 and Fr-02 mainly contained the uncharged 

and the charged microgels fractions, respectively (Figure 4.26B-C). However, the ideal separation 

between the two microgel fractions was not obtained. A few charged microgels were observed in Fr-

01, and likewise, a few uncharged (or less charged) microgels were observed in Fr-02. This is because 

only the charges on the surface of microgels are required for the binding with the IEC column, while 

the charges in the interior of microgels do not play a role in binding. In other words, the charged 

microgels observed in Fr-01 directly flowed through the column because they do not have MAA groups 

on their surface. On the other hand, the uncharged microgels observed in Fr-02 bound to the column 

because they have MAA groups on the surface, while do not have many MAA groups in their interior. 

The result of this experiment is another proof of the inhomogeneous distribution of MAA groups 

among the microgels.   

As the charged microgels can be separated from the uncharged microgels, for future experiments, 

microgels with a more homogeneous distribution of MAA groups among the microgels can be 

produced. Furthermore, they can be used as seeds in the subsequent microgels synthesis to add the 
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neutral shell. In this way, a homogeneous charged core and neutral shell microgels could be obtained. 

However, it must be admitted that this approach is not so efficient. As only a small fraction of the 

resulting microgels are charged, a large-scale microgel synthesis is required to produce enough 

charged core microgels. Moreover, most of the resulting microgels are uncharged and thus wasteful.  

In summary, various approaches have been tried to produce microgels with a homogeneous 

distribution of charged monomers. The semi-batch approach did not solve the problem, but it provided 

further insight into the synthesis: MAA groups only accumulate in certain microgels when they are 

present in the solution at high concentrations. Changing the pH of microgel synthesis was not the 

solution either. Model-based design synthesis could be a way to solve this problem. As an alternative, 

the charged and the uncharged microgels can be separated by IEC. Although this approach worked, it 

has low efficiency. 

4.1.2.2.4 Overcoming ferritin leakage from the microgels 

In the earlier section (Chapter 4.1.2.2.1), it was shown that the integration of ferritin into core-shell 

microgels also suffered from ferritin leakage. To address this problem, Sarah Wypysek came up with 

an idea to synthesize charged core microgels that have locking-shells to prevent ferritin leakage 

(Figure 4.27A). One way to produce this locking shell is by copolymerizing NIPAM with a more nonpolar 

monomer such as tert-butyl acrylamide (tBAM). It has been reported that the copolymerization of 

NIPAM with more than 40% mol tBAM decreased the volume phase transition temperature (VPTT) of 

microgels to below room temperature. If this material is used as a shell for a charged core microgel, 

the integration of ferritin into the microgels can be performed at low temperatures. Later, if the 

microgels are raised to room temperature, the shell will collapse and prevent ferritin leakage. To 

enable ferritin release, a degradable crosslinker can be introduced during the microgel synthesis. 

However, one possible challenge that may be encountered in this system is the instability of the 

microgels. Because the shell collapses, the stability of the microgels decreases. To overcome this 

potential problem, a second PNIPAM shell or PEG chains can be introduced to the microgels after the 

locking shell. This research plan was developed in collaboration with Sarah Wypysek and Simon Schog 

(Institute of Physical Chemistry, RWTH Aachen). 

First, charged core microgels were produced by the copolymerization of N-isopropylmethacrylamide 

(NIPMAM) and the positively charged monomer DMAPMA. Here NIPMAM was used instead of NIPAM 

because it has a higher VPTT (45 °C) than NIPAM (32 °C). With higher VPTT, the resulting microgels will 

not collapse when used as drug delivery vehicles in the body. Moreover, the positively charged 

DMAPMA is used instead of the negatively charged MAA because it is easier to obtain a homogeneous 

distribution of charged monomers among the microgels with positively charged monomers. Fe-Ftn(neg) 

then was integrated into the resulting microgels to localize the distribution of DMAPMA in the 
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microgels. TEM characterization shows that DMAPMA was homogeneously distributed among the 

microgels (Figure 4.27B). Next, these P(NIPMAM-co-DMAPMA) microgels were used as core seeds in 

the subsequent synthesis of the locking shell composed of 60% NIPAM and 40% mol tBAM. However, 

the synthesis of the shell was not successful. Instead of building shells on the existing core seeds, the 

reacting monomers preferred to undergo secondary nucleation and formed smaller microgels 

(Figure 4.27C), which is a common problem in the synthesis of core-shell microgels. 

 

Figure 4.27 Microgel with a locking shell. A) Schematic drawing of the core-shell-shell microgel. B) P(NIPMAM-
co-DMAPMA) (88% : 10% : 2% BAC) microgel core, integrated with Fe-Ftn(neg) to locate the distribution of 
DMAPMA in the microgels. C) The resulting microgels after the synthesis of the locking shell P(NIPAM-co-tBAM). 

This research plan was not pursued further. However, recently Brugnoni et al. reported the synthesis 

of temperature-sensitive nano-capsules composed of hollow microgels stabilized by P(NIPAM) 

shells.[242] This system is very similar to our system because the hollow microgels, which were produced 

by the copolymerization of NIPAM and DAAM, also have a low VPTT below room temperature. This 

property enables the hollow microgels to control their permeability: It swells on moderate cooling and 

de-swells at room temperature. Therefore, DAAM potentially could be used as locking-shells in our 

system if the research plan will be continued in the future. 

4.1.2.3 Immobilization of ferritin during microgel synthesis 

The integration of ferritin into core-shell microgels, as described in the previous section, was 

characterized by the inhomogeneous distribution of ferritin among the microgels and the ferritin 

leakage. To overcome this problem, another approach was used. Previously, ferritin was integrated 

into readily synthesized microgels. Here, ferritin was immobilized during the microgel synthesis. It is 

expected that ferritin will be trapped inside microgels, therefore solves the leakage problem.  

For the integration of ferritin into microgels, the favorable interactions between the outer surface of 

ferritin and the charged co-monomers were utilized. In particular, the positively charged co-monomer 
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(VIM) was used to facilitate the integration of Ce-Ftn(neg) into microgels (Figure 4.28). To obtain a 

stimuli-responsive material, an acid cleavable crosslinker (VOU) was used in the synthesis. This 

crosslinker will enable ferritin release in acidic environments. This could be useful for drug delivery 

application as ferritin can be released in the acidic environment of the lysosome (pH 4-5)[221] once the 

microgels are internalized by cells.  

 

Figure 4.28 The synthesis scheme of Ce-Ftn(neg) microgel. This figure illustrates the strategy to immobilize ferritin 
during the microgel synthesis.  

For the microgel synthesis, several optimizations were necessary to achieve a procedure ideally suited 

for the integration of ferritin containers. KPS is commonly used to initiate the precipitation 

polymerization at high temperatures (> 70 °C). However, these reaction conditions were known to 

cause self-crosslinking in PNIPAM microgels.[243,244] Self-crosslinking is unfavorable for a microgel that 

is supposed to be degraded to enable cargo release. To overcome this limitation, the precipitation 

polymerization was performed at a lower temperature (55 °C) using a redox initiator system composed 

of KPS and TEMED. These reaction conditions were reported to prevent NIPAM self-crosslinking.[190]  

However, the synthesis of microgels at lower temperatures often results in large microgels in the range 

of 0.8 – 4 µm, in particular when semi-batch approaches are used.[183] For drug delivery applications, 

small-size microgels are advantageous as cells prefer to internalize small objects. Recently, Switacz et 

al. has reported that the size of microgels and the amount of crosslinker are crucial for the uptake by 

cells. They showed that microgels with sizes larger than 800 nm and containing 10-15 % mol 

crosslinkers were not taken up by cells.[245] Moreover, smaller size microgels are favorable for the 

enhanced permeability and retention (EPR) effect, which has been reported to improve the 

accumulation of DDS in tumor tissues.[246,247] Surfactants, such as SDS, can be applied to reduce the size 

of microgels.[248] Nevertheless, this is not suitable for my system as SDS reduced ferritin loading in 

microgels (Figure 4.29) and denatures protein at higher concentrations.[249]  
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Figure 4.29 Influence of SDS for the synthesis of ferritin microgels. These TEM images show the earlier attempts 
to synthesis Fe-Ftn(neg) microgel by semi-batch approach at high temperature: A) Without SDS. B) With 0.23 mM 
SDS. Later, Ce-Ftn(neg) was used to get a better contrast. 

 
Figure 4.30 Semi-batch microgel synthesis. A) Reaction scheme. These are TEM images of: B) Microgels obtained 
by semi-batch synthesis if the reaction was started with no NIPAM in the pot. C) Microgels that were obtained if 
the reaction was started with a certain concentration of NIPAM in the pot. Both reactions were performed with 
empty Ftn(neg) instead of Ce-Ftn(neg) to save some material. The amount of NIPAM was kept constant in both 
reactions.   

To obtain microgels smaller than 1 µm, both the number of the growing nuclei and the volume of 

NIPAM feed were controlled during the semi-batch synthesis (Figure 4.30A). Here, NIPAM was added 

dropwise into the pot (reaction mixture) over a certain period. If the reaction was started with no 

NIPAM in the pot, polydisperse microgels were obtained (Figure 4.30B). This is because, during the 

NIPAM injection, new nucleation occurred continuously along with the growth of the microgel. As a 

result, nuclei that formed earlier in the reaction produced microgels with larger sizes than nuclei that 

formed later in the reaction. However, monodisperse microgels can be achieved if the reaction was 

started with a certain concentration of NIPAM in the pot and the remaining NIPAM was injected after 

the solution became cloudy. Here, the nucleation occurred simultaneously at the beginning of the 
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reaction. The later injection mainly helped the existing nuclei to grow, therefore monodisperse 

microgels were obtained (Figure 4.30C).  

The synthesis in Figure 4.30C was repeated by using Ce-Ftn(neg) and the resulting microgels are shown 

in Figure 4.31. All the microgels were filled with Ce-Ftn(neg),  which indicates that Ce-Ftn(neg) was 

successfully integrated into microgels. Due to the effective integration, only a few ferritin containers 

were found outside microgels, and they were easily removed by simple centrifugation. Importantly, 

there was no sign of ferritin leakage from the microgel. If ferritin leaked out, microgels could not be 

completely purified from the unbound ferritin. 

 

Figure 4.31 Ce-Ftn(neg) microgels obtained from semi-batch synthesis. A) Before purification. B) After purification 
by centrifugation. All images were taken by regular TEM measurement. 

Next, the resulting microgels were characterized with DLS measurements. The results show that the 

resulting microgel was monodisperse with a hydrodynamic diameter of ∼1000 nm (Table 4.7). The 

obtained diameter is larger than what was observed in the TEM image. A possible explanation is that 

microgels swelled in solution and collapsed in the dried state on the TEM grid. However, further 

confirmation by cryo-TEM shows that the size of the microgel is only around 600 nm (Figure 4.32A). To 

explain this size discrepancy, I hypothesize that the microgels can form clusters in solution, which sizes 

were averaged in DLS measurement. The ζ-potential and the electrophoretic mobility of the microgels 

as measured by DLS were ∼+18.4 mV and 1.44 µmcm/Vs, respectively (Table 4.8). These results can 

be rationalized with the surface exposure of the positively charged imidazole groups of the VIM 

monomer. Furthermore, the microgels collapsed with increasing temperature, and the VPTT was 

determined as about 36 °C (Figure 4.32B).  
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Table 4.7 The size of Ce-Ftn(neg) microgels at 20 °C as determined by DLS  

PDI Size (nm) Std. dev. (nm) 

0.039 1025 179.1 

0.049 1033 175.5 

0.005 1056 180.2 

Table 4.8 ζ-potential and electrophoretic mobility of Ce-Ftn(neg) microgels as measured by DLS 

ζ-Potential  
(mV) 

Standard dev.  
(mV) 

Electrophoretic  
mobility (µmcm/Vs) 

Standard dev.  
(µmcm/Vs) 

+18.2 3.43 1.425 0.269 

+18.7 3.51 1.469 0.275 

+18.4 2.64 1.440 0.207 

 
Figure 4.32 Further characterizations of Ce-Ftn(neg) microgels. A) Cryo-TEM image of Ce-Ftn(neg) microgels. B) The 
size-temperature dependence of Ce-Ftn(neg) microgels. The VPTT was determined from the inflection point of the 
Sigmoidal-Boltzman curve fit (black line): 35.96 ± 5.02 °C. 

As conventional TEM images are 2D projections of a 3D object, they could not provide us the 

information about the 3D distribution of Ce-Ftn(neg) inside the microgels. To obtain this information, 

electron tomography was applied. In this technique, microgels were deposited on a TEM grid, and then 

a tilt series of High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy (HAADF-

STEM) images were recorded. These images then were used to reconstruct the 3D volume of the 

microgel, which can be presented as a still image or a rotating video of the microgels viewed from 

different angles.  
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Figure 4.33 Electron tomography analysis of Ce-Ftn(neg) microgel. A) Z-contrast HAADF-STEM image of a Ce-
Ftn(neg) microgel. B) Reconstructed volume of the same Ce-Ftn(neg microgel, frontal view. The microgel volume 
was colored green, while the cerium oxide NPs were highlighted in red. In figures C-E, the reconstructed volume 
was rotated counterclockwise and viewed from different angles. F) Orthoslice through the reconstructed volume 
confirming the Ce-Ftn(neg) to be inside the microgel matrix.  

Figure 4.33A is an example of the Z-contrast HAADF-STEM images of Ce-Ftn(neg) microgels that were 

used to reconstruct the final volume. In HAADF STEM mode, elements with higher atomic numbers 

appear brighter than elements with lower atomic numbers. The bright dots are the cerium oxide NPs 

inside the ferritin containers, while the lower contrast object corresponds to the polymeric material of 

the microgel. Figure 4.33B-E shows the reconstructed volume looked from different angles. These 

images show that due to its nature as a soft material, the microgel was heavily deformed when 

deposited on the TEM grid. It looks like an egg on a frying pan. Because of the heavy deformation, 

almost all the NPs were located nearly on the same plane close to the TEM grid. As a result, the 

information about the 3D distribution of Ce-Ftn(neg) within the microgel was lost. Nevertheless, the 

results give another information. The ortho-slice through the reconstructed volume provides clear and 

direct evidence of the integration of Ce-Ftn(neg) inside the volume of microgel Figure 4.33F). 

Microgels with sizes smaller than 1 µm were also achievable by batch synthesis (Figure 4.34A). In this 

approach, NIPAM and all the other ingredients were put in the pot and the reaction was started at 

once by adding the initiator. The benefit of this approach is that the nucleation occurs simultaneously 

at the beginning of the reaction and the growing process follows afterward, therefore the resulting 

microgels were highly monodisperse (Figure 4.34B-C). In Figure 4.34D-E, Ce-Ftn(neg) microgels obtained 
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by batch and semi-batch approaches were compared. Under the employed reaction conditions, batch 

approaches produced smaller and more monodisperse microgels than the semi-batch approaches. 

However, the amount of ferritin loading also greatly depends on the volume of microgels. Larger 

microgels contained more ferritin per microgel volume than the smaller ones. Therefore, for future 

applications in drug delivery, it is advisable to use larger size microgels. 

 
Figure 4.34 Batch microgel synthesis. A) Reaction scheme. B) and C) Microgels obtained from batch synthesis. 
Here, the reaction was performed with empty Ftn(neg) instead of Ce-Ftn(neg) to save some material. D) Ce-Ftn(neg) 
microgels obtained from batch synthesis. E) Ce-Ftn(neg) microgels obtained from semi-batch synthesis. All the 
electron micrographs were taken by regular TEM measurements. 

As a control reaction, a semi-batch synthesis was performed without VIM. The result shows that Ce-

Ftn(neg) was not integrated into the microgels due to the weak molecular interactions between NIPAM 

and Ce-Ftn(neg) (Figure 4.35). This control reaction indicates that VIM is necessary for the integration of 

Ce-Ftn(neg) into the microgels. A similar result was also reported by Hu et al., who were able to integrate 

avidin protein into PNIPAM microgel only by using an acrylated version of avidin. Without the 

acrylation, the integration did not work.[190]  
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Figure 4.35 Ce-Ftn(neg) microgels synthesized without using the positively charged co-monomer VIM. Most of 
Ce-Ftn(neg) were found outside the microgels. The integration of Ce-Ftn(neg) into the microgels was not successful. 
Both images were taken by regular TEM measurements. 

In summary, by performing the integration of ferritin during the microgel synthesis, several problems 

were overcome simultaneously. First, ferritin leakage was not observed in this system as the microgels 

bound the ferritin tightly inside. Ferritin was also homogeneously distributed among the microgels. 

This is because they were bound to the VIM monomer, which is well distributed among the microgels. 

Moreover, the resulting microgels can easily be purified from the unbound ferritin by centrifugation. 

To obtain microgels with favorable sizes for cell internalization, both batch and semi-batch synthesis 

can be applied. In general, batch synthesis results in smaller microgels. However, the amount of ferritin 

loading is also related to the size of microgels. Larger microgels can integrate more ferritin. One 

disadvantage that was observed in this system is that the microgels tend to cluster together in solution, 

which reminds us about the flocculation that occurred when ferritin was integrated into microgels with 

randomly distributed ionic groups. I hypothesize that this problem can be overcome by adding a 

stabilization shell, as previously observed in the core-shell microgels. 

4.1.3 Ferritin release from microgels 

In the previous section, the synthesis of a protein-microgel system with an acid-degradable crosslinker 

has been established. To investigate the stimuli-responsiveness of this system, the release of ferritin 

from microgels in acidic solution will be studied in this section. The VOU crosslinker is expected to be 

cleaved in acidic conditions and ferritin can be released because the microgels are degraded or their 

mesh sizes become larger. This section is divided into three parts according to the characterization 

methods that were used to study the ferritin release. 
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4.1.3.1 Study of ferritin release by TEM 

The release of NPs-loaded ferritin from microgels can easily be followed by TEM. First, the Ce-Ftn(neg) 

microgels prepared by semi-batch synthesis were incubated in acidic solutions for certain periods. 

Afterward, the Ce-Ftn(neg) release was analyzed by TEM. Two acidic buffer solutions were used.  Buffer 

pH 4.0 was used to mimic the acidic environment in the lysosome, while buffer pH 2.5 was used to 

obtain accelerated release. VOU was reported to be cleaved faster in a more acidic solution.[186]  

TEM measurements show that the Ce-Ftn(neg) was already released from microgels within 5 minutes 

(Figure 4.36B-C). The free ferritin was observed as black dots next to the microgels. Furthermore, the 

release increased if lower pH or longer incubation time was used (Figure 4.36B-D). These results 

indicate a successful release, although it was not possible to fully degrade the microgels and release 

all the Ce-Ftn(neg) even by prolonged incubation in pH = 2.5 for 5 days (Figure 4.36D). Although reaction 

conditions leading to the self-crosslinking of NIPAM have been avoided by using low reaction 

temperature and a redox initiator system, it seems that self-crosslinking could also occur through other 

mechanisms.[244] For example, Mc Phee et al. explained it by polymer chain entanglement.[189]  

 
Figure 4.36 Ce-Ftn(neg) release from microgels after incubation in acidic solution. A) Before release. B) pH = 4, 
5 min. C) pH = 2.5, 5 min. D) pH = 2.5, 5 days. All images were taken by regular TEM measurements. 
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4.1.3.2 Study of ferritin release by UV/Vis spectroscopy 

Compared to NPs-loaded ferritin, fluorophore-loaded ferritin also offers some benefits for studying 

ferritin release from microgels. First, the ferritin loading and release can be quantified by UV/Vis. 

Furthermore, it also allows us to follow the release process in situ. Therefore, here two types of 

fluorophore-loaded ferritin microgels were synthesized: AF 488-(Ftn(neg)-1C) and AR 6G-(Ftn(neg)-1C) 

microgels. The microgel syntheses were performed in a similar way as the synthesis of Ce-Ftn(neg) 

microgels and they yielded a successful integration of ferritin containers (Figure 4.37). This is the first 

proof that ferritin can be used as a modular approach in this hybrid system: Different cargos can be 

loaded into the ferritin containers and later integrated into the microgels. The AF 488-(Ftn(neg)-1C) 

microgels were also synthesized under reaction conditions that caused NIPAM self-crosslinking (KPS, at 

70 °C). This was to investigate if the current synthesis method by redox initiator system (KPS and TEMED, 

at 55 °C) improved the release properties of the microgels. 

 

Figure 4.37 Fluorophore-loaded ferritin-loaded microgels. These microgels were synthesized to quantify ferritin 
loading and release from microgels by UV/Vis spectrometry, and also to study in-situ ferritin release by 
fluorescence microscopy. The intense color of the microgel pellet and the faint color of the supernatant after the 
first centrifugation indicate successful ferritin integration to the microgels. 
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To get more insight into the ferritin release, the release under different incubation solutions was first 

investigated (Table 4.9). Here, the AR 6G-(Ftn(neg)-1C) microgels were used because it has an intense 

red color, which is easier to be recognized by eyes, compared to the AF 488-(Ftn(neg)-1C) microgels 

which have a yellow color. The same amount of AR 6G-(Ftn(neg)-1C) microgels were incubated for 5 

minutes in different solutions and then centrifuged down (Figure 4.38A). As a result, the microgels 

formed a pellet at the bottom of the Eppendorf tubes. The absorption of the supernatant then was 

measured at 536 nm, which indicates the amount of ferritin release from microgels.  

Table 4.9 AR 6G-(Ftn(neg)-1C) release from microgels after incubation in different solutions 

Solutions Absorption (@536 nm) 

Water negligible 

Salt (150 mM NaCl) 0.0224 

Acid only (50 mM glycine buffer pH 2.5) 0.2460 

Acid + Salt (50 mM glycine buffer pH 2.5; 150 mM NaCl ) 0.2472 

 

 
Figure 4.38 Ferritin release in different solutions. A) Experimental scheme. B) The color of microgel pellets 
obtained after ferritin release in different solutions: 1) Water, 2) Salt (150 mM NaCl), 3) Acid only (50 mM glycine 
buffer pH 2.5), 4) Acid + salt (50 mM glycine buffer pH 2.5; 150 mM NaCl). 

The results show that in water no ferritin was released (Table 4.9). This finding is in accordance with 

our previous observation in TEM, that there was no Ce-Ftn(neg) leakage after the purification, which is 

important for the later drug delivery applications. The addition of salt at the physiological 

concentration (150 mM NaCl) caused some ferritin release, which probably comes from the ferritin 

containers bound by electrostatic interactions to the surface of microgels or loosely trapped inside the 

microgels. The release increased drastically when microgels were incubated in an acidic solution. 

However, further salt addition did not significantly improve the release. It is believed that this is 

because below its isoelectric point (pI ~4.2) Ftn(neg)-1C becomes positively charged. This means that in 

pH 2.5 both VIM and ferritin have a positive charge and will repel each other. As there was no 
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electrostatic attraction present anymore, the addition of salt did not significantly improve the release. 

The results presented in Table 4.9 are also confirmed by the color of the pellet (Figure 4.38). With more 

ferritin release, the pink color of the pellets is reduced. 

Next, the time-dependent release of ferritin in acidic solutions was investigated (Table 4.10). The 

experiments were performed similarly as depicted in Figure 4.38A. Here, the incubation times were 

varied.  The results show that there was no significant difference in ferritin release between 5 minutes 

and longer incubation times. This finding was observed both at pH 4.0 and pH 2.5, which means that 

the cleavage of VOU crosslinkers occurred very fast, within 5 minutes. This observation, however, is 

different from the results reported by Zhang et al., who developed acid-degradable micelles with the 

same VOU crosslinkers. They observed a complete degradation of their micelles in 30 minutes and 12 

hours under incubation in pH 2.0 and 4.0, respectively.[186] A slight increase in ferritin release was 

noticed after the incubation for 6 days in pH 2.5. To explain this, it is hypothesized that some ferritin 

containers were deeply trapped inside the microgels and require more time to diffuse out of the 

microgels.  

Table 4.10 Time-dependent release of AF 488-(Ftn(neg)-1C) in acidic solutions 

Release in glycine buffer pH 2.5 Release in acetate buffer pH 4.0 

Incubation time Absorption (@500 nm) Incubation time Absorption (@500 nm) 

0 min negligible 0 h negligible 

5 min 0.2010 1 h 0.1120 

10 min 0.2154 2 h 0.1103 

20 min 0.2083 4 h 0.1110 

30 min 0.2016   

20 h 0.2173   

6 days 0.2670   

Furthermore, the amount of ferritin loading and release from microgels was quantified by UV/Vis 

spectroscopy. In this experiment, the AF 488-(Ftn(neg)-1C) microgels were used because the UV/Vis 

spectrum of AF 488 before and after the maleimide coupling reaction with cysteines inside ferritin are 

almost the same. Therefore, AF 488 is more reliable than AR 6G to be used for quantification. For the 

AR 6G-(Ftn(neg)-1C), a shoulder peak was formed after the coupling reactions. It was concerned that this 

shoulder peak could affect the intensity of the main peak, and thus the reliability of the quantification. 



69 
 

The amount of ferritin loading into the microgel was estimated as follows. After the synthesis, the 

resulting microgel solution was centrifuged to separate microgels from the unbound ferritin. As a 

result, the microgels formed pellet at the bottom of the centrifuge tube, while the unbound ferritin 

remained in the supernatant. Next, the amount of the unbound ferritin was determined by measuring 

the UV/Vis absorption of the supernatant. By subtracting the initial amount of ferritin used in the 

synthesis and the amount of the remaining ferritin in the supernatant, the ferritin loading was 

obtained. Here, it was assumed that all the unbound ferritin was removed from the microgels during 

centrifugation. Subsequently, by dividing the amount of ferritin loading with the total mass of the 

resulting microgels, the mass percentage of ferritin content was obtained. Moreover, ferritin release 

was estimated similarly as the experiment explained in Figure 4.38A. However, the absorption of the 

supernatant was further used to determine the amount of ferritin release. By dividing the amount of 

released ferritin by the amount of ferritin integrated into the microgels, the percentage of ferritin 

release or more precisely the percentage of releasable ferritin was obtained. For the release conditions, 

similarly as before, 5 minutes incubation in buffer pH 2.5 or 4.0 was used.  

As shown in Table 4.11, ferritin was effectively integrated into microgels. Almost 80% of the ferritin 

containers used during synthesis were integrated into the microgels. Interestingly, almost 85% of the 

integrated ferritin was releasable in pH 2.5. Moreover, compared to the synthesis using KPS at 70 °C, 

the synthesis with a redox initiator system at a lower temperature improved both the ferritin content 

and the release of ferritin. It is believed that the release improved due to the suppression of the self-

crosslinking in NIPAM. The results also show that ferritin release in pH 2.5 is higher than the release in 

pH 4.0. This can be attributed to the faster cleavage of VOU in lower pH or to the fact that ferritin cages 

also disassemble in pH 2.5.  

Table 4.11 Estimation of ferritin uptake and release from microgels in acidic solutions 

Microgels Initiator Ftn loadinga Ftn contentb Release pH Ftn releasec 

AF 488-(Ftn(neg)-1C) KPS, 70 °C 71.8% 1.4 % (w/w) 2.5 68.2% 

AF 488-(Ftn(neg)-1C) (KPS + TEMED), 55 °C 77.82% 4.7% (w/w) 2.5 84.8% 

AF 488-(Ftn(neg)-1C) (KPS + TEMED), 55 °C 77.82% 4.7% (w/w) 4.0 52.1% 

a Relative to the initial amount of ferritin used during synthesis. b Relative to the total mass of the material 
(ferritin-microgels). cRelative to the amount of incorporated ferritin in the microgel.  

4.1.3.3 Study of ferritin release by fluorescence microscopy 

Complementary to the study of ferritin release by TEM measurements, here ferritin release was 

analyzed by Widefield Fluorescence Microscopy. Figure 4.39 shows panels of a brightfield image 

displaying a cluster of microgels and the corresponding fluorescence images at the same area. The 
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dark spots in Figure 4.39A indicate the microgels' positions, which then show fluorescence in 

Figure 4.39B-D due to the presence of AF488-(Ftn(neg)-1C) inside the microgels. The intensity of these 

fluorescence signals was analyzed to compare the relative amount of ferritin that remained in the 

microgels. The microscopy images in Figure 4.39A-B were recorded immediately after the spin-coating, 

whereas the images shown in Figure 4.39C-D were recorded in acetic buffer pH 4.0 to trigger the 

ferritin release. The incubation time in the buffer was 10 min and 15 min, respectively.  

Before ferritin release, the microgels showed fluorescence signals with an average intensity of 

15831 counts/µm² (Figure 4.39B). After adding the buffer with pH 4.0, the microgels showed a 

drastically reduced fluorescence intensity (Figure 4.39C: 11225 counts/µm², Figure 4.39D: 

6890 counts/µm²), which indicates the release of ferritin. It is also important to note that in 

Figure 4.39B-D, only single images were taken with reduced laser intensity (LPD = 0,47 kW/cm², 20 ms 

exposure time, electron-multiplying gain of 200). This setting was chosen to reduce the illumination 

time of the sample and thereby prevent the bleaching of fluorophores. The observed decreased 

intensity of the microgels is therefore only caused by the release of ferritin. As already shown by TEM 

and fluorescence microscopy, the ferritin release from microgels under acidic conditions was a rather 

fast process. 

 

Figure 4.39 Widefield fluorescence microscopy images of AF 488-(Ftn(neg)-1C) loaded microgels. A) Brightfield 
image. B) Fluorescence before the release. The average intensity was 15831 counts/µm2. C) Fluorescence after 
10 min incubation in buffer pH 4.0 (11225 counts/µm2). D) Fluorescence after 15 min incubation in buffer pH 4.0 
(6890 counts/µm2). The calibration bar shows the fluorescence intensity counts for images (B-D). 

As a summary, TEM and fluorescence microscopy results qualitatively show that ferritin can be 

released from microgels in acidic conditions. The release was a rather fast process and increased in 

lower pH and with longer incubation time. A complete release and total degradation of microgels, 

however, was not achieved due to the self-crosslinking of NIPAM. Furthermore, the estimation of 

ferritin loading and release by UV/Vis indicates that ferritin was very effectively integrated into 

microgels and a large amount of ferritin can be released from microgels.  
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4.1.4 Proteolytic degradation of ferritin-microgels 

As discussed in the introduction, the application of ferritin containers in biomedical settings is 

hampered by the degradation of the protein shell in blood plasma. Therefore, the ferritin containers 

were incorporated into a microgel that should function as a protection shield against proteases. In this 

section, the stability of the ferritin container, both isolated in solution and integrated into microgel, 

against proteolytic degradation was investigated. For this purpose, chymotrypsin was used as a model 

protease. Chymotrypsin is a non-specific protease that can cleave proteins at many different sites, 

mainly the carboxyl site of large-hydrophobic amino acids (tyrosine, phenylalanine, and 

tryptophan).[250]  

First, the AR 6G-(Ftn(neg)-1C) solution was digested with chymotrypsin at 37 °C and the digestion 

mixture was analyzed by SEC after certain digestion periods (Figure 4.40). The intensity of ferritin peak 

on the chromatogram decreased with the digestion time. The results indicate that ferritin was digested 

by chymotrypsin. To estimate the amount of ferritin that remained after the digestion, the area under 

ferritin peak on the chromatograms was integrated. The results show that only 36% and 12.8% ferritin 

remained intact after 24 h and 48 h digestion by chymotrypsin, respectively (Table 4.12).   

 
Figure 4.40 SEC chromatograms of AR 6G-(Ftn(neg)-1C) before and after digestion by chymotrypsin at 37 °C. A) 
Before digestion. B) After 24 h. C) After 48 h. The signals at 280 and 533 nm are the signals from ferritin and AR 
6G, respectively. 

Table 4.12 Analysis of the remaining AR 6G-(Ftn(neg)-1C) before and after digestion by chymotrypsin at 37 °C 

Digestion time Ferritin peak area - A280 (mL.mAU) % Remaining protein % Digestion 

0 h 28.97 100 % 0 % 

24 h 10.44 36 % 64 % 

48 h 3.71 12.8 % 87.2 % 
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Next, similar digestion was performed to the AR 6G-(Ftn(neg)-1C) that was integrated in the microgels. 

After a certain period of incubation, the release of AR 6G-(Ftn(neg)-1C) from microgels in pH 2.5 was 

investigated (Figure 4.41). If the microgels cannot protect ferritin from the digestion by chymotrypsin, 

the ferritin release in pH 2.5 will be reduced as some ferritin have already been degraded and released 

from the microgels. As a reaction control, the ferritin release from non-digested microgels was also 

examined.  

 
Figure 4.41 Stability test of AR 6G-(Ftn(neg)-1C) inside the microgels against degradation by chymotrypsin. This 
test was performed in two steps: 1) Incubation of AR 6G-(Ftn(neg)-1C) microgels by chymotrypsin. 2) Investigation 
of the ferritin release in pH 2.5. 

The results show that after digestion by chymotrypsin, the release of AR 6G-(Ftn(neg)-1C) from microgels 

did not change significantly (Table 4.13, Figure 4.42). This indicates that microgels protect ferritin from 

the digestion by chymotrypsin. The result can be explained by the fact that the polymer network 

provided steric hindrances for chymotrypsin to access ferritin. This is even more true at the digestion 

temperature (37 °C) as the microgels collapsed and therefore protect ferritin even better. 

Table 4.13 Comparison of AR 6G-(Ftn(neg)-1C) release from microgels in buffer pH 2.5  
after digestion by chymotrypsin at 37 °C 

 The absorption of the supernatant at 536 nm obtained from 

Step Non-digested microgels 24 h digested microgels 48 h digested microgels 

Release in pH 2.5 0.2494 0.2253 0.2195 

 
Figure 4.42 The appearance of AR 6G-(Ftn(neg)-1C) microgels before and after ferritin release in pH 2.5. A) Non-
digested microgels. B) 24 h digested microgels. 
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4.2 The application of the ferritin-microgel system for drug release and delivery 

In this section, the ferritin-microgel system obtained in the previous section will be applied for drug 

release and delivery. This section is divided into three parts. The first part is about the encapsulation 

of DOX in ferritin containers. The second part covers the integration of DOX-Ftn into the microgel 

system. In the last part, the cytotoxicity of DOX-Ftn variants will be investigated.  

4.2.1 Encapsulation of doxorubicin in ferritin 

For the application of ferritin in drug delivery, first of all, drugs need to be encapsulated in ferritin 

containers. DOX, one of the most studied cancer drugs, was chosen as a model drug. As described in 

the earlier section, redesigned and supercharged ferritin containers (Ftn(pos) and Ftn(neg)) were used to 

facilitate the integration of ferritin into microgels. However, because surface modifications were 

performed to obtain these ferritin variants, there was a concern that the modifications might alter the 

binding of ferritin to TfR-1 and the subsequent cell uptake. Therefore, in addition to those two variants, 

DOX was also encapsulated in wild-type ferritin and wild-type ferritin with redesigned cysteine 

positions. This section will elaborate on the encapsulation of DOX in these ferritin variants.  

4.2.1.1 Encapsulation of DOX in Ftn(pos) 

It has been discussed previously in Chapter 4.1.1.1 that the encapsulation via dis/reassembly approach 

in acidic conditions cannot be applied to Ftn(pos) as it causes protein precipitation. Therefore, the 

encapsulation in Ftn(pos) must be performed via diffusion through ferritin channels. In Chapter 3.2.3, 

some previous works related to this approach have been summarized. For example, Zhen et al. 

employed metal pre-complexation of DOX with Cu(II) cations to facilitate the encapsulation of DOX in 

HF.[158] Similarly, Ahn et al. pre-complexed DOX with Fe(II) cations and encapsulated them into nicked 

ferritin.[25] Some other treatments, such as pH 5.0,[111] temperature (60 °C),[106] and low concentration 

of chaotropic salts (2 mM Gua-HCl),[112] also have been reported to enlarge the ferritin channels. It was 

hypothesized that one or the combination of these approaches could work for the encapsulation of 

DOX in Ftn(pos). Here, several optimizations were performed to find the best way to encapsulate DOX 

in Ftn(pos).  

First, the best experimental conditions to enlarge the channels of Ftn(pos) need to be determined. For 

this, Ftn(pos) was initially incubated with the Fe(II)-DOX complex in different conditions known to 

enlarge the ferritin channels. Fe(II)-DOX was expected to diffuse through the ferritin channels and 

produced encapsulation. Next, the reaction mixtures were purified by SEC to estimate the loading and 

yield of the encapsulation (Figure 4.43). The loading can be estimated from the relative intensity of 

signals detected on the chromatogram (A490/A280), while the yield can be estimated from the 
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intensity of the signal at 280 nm (A280). The SEC chromatograms show that the best conditions to load 

ferritin with Fe(II)-DOX via enlarged Ftn(pos) channels are the combination of pH 5.0 and 65 °C. These 

conditions produced a nice peak with good loading and yield. For the next experiments, these reaction 

conditions will be used. 

 

Figure 4.43 Experiments to determine the best conditions to enlarge Ftn(pos) channels. These are SEC 
chromatograms obtained from the encapsulation of Fe(II)-DOX in Ftn(pos) via diffusion through channels. Different 
experimental conditions were applied to enlarge the ferritin channels. 

Next, the influence of the metal cations used in the pre-complexation of DOX for the loading and the 

yield was investigated. For this, Fe(II) was substituted with other metal cations in the pre-

complexation: Fe(III) and Cu(II), and then the encapsulation was performed. The results show that 

Cu(II) produced the highest loading, but the total yield of DOX-ferritin is lower than the total yield 

obtained using Fe(II) and Fe(III) cations (Figure 4.44). As currently, loading is the highest priority, Cu(II) 

was used in the subsequent experiments.  

In the next step, the influence of Cu (II) to DOX ratio used in the pre-complexation was investigated 

The results show that changing the ratio of Cu(II) to DOX did not significantly change the loading 

(Figure 4.45), which indicates that the Cu(II)-DOX complex only involves one metal cation and one 

ligand. Moreover, a shoulder peak formed as the ratio of Cu(II) to DOX increased. Based on these 

results, it is concluded that the best ratio of Cu(II) to DOX for the encapsulation is 1 : 1. This ratio then 

was used for the following experiments. 



75 
 

 

Figure 4.44 The influence of metal cations used in the complexation of DOX for the encapsulation. These are 
SEC chromatograms from the encapsulation of metal-DOX in Ftn(pos) via diffusion through channels (pH 5, 65 °C). 

 

 

Figure 4.45 The influence of Cu(II) to DOX ratio used in the pre-complexation for the encapsulation. These SEC 
chromatograms were obtained from the encapsulation of Cu(II)-DOX complexes in Ftn(pos) via diffusion through 
channels (pH 5, 65 °C). The Cu(II)-DOX complexes were produced by different metal cation to DOX ratios. 

Afterward, the concentration of Cu(II)-DOX complex used in the encapsulation was increased to 

improve the loading further. The results show that, although the loading slightly improved by 

increasing Cu(II)-DOX concentration, the protein aggregation also increased with higher Cu(II)-DOX 

concentration (Figure 4.46). Therefore, for the next experiments, Ftn(pos) to Cu(II)-DOX concentrations 

with a ratio of 1 : 200 was used. 
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Figure 4.46 The influence of increasing the Cu(II)-DOX concentration for the encapsulation. These are SEC 
chromatograms obtained by increasing the concentration of Cu(II)-DOX during the encapsulation of Cu(II)-DOX 
in Ftn(pos) via diffusion through channels (pH 5, 65 °C, Cu : DOX = 1 : 1). 

 

Figure 4.47 The influence of increasing salt concentration for the encapsulation of Cu(II)-DOX in Ftn(pos). A) The 
SEC chromatograms obtained by increasing the salt concentration during the encapsulation of Cu(II)-DOX in 
Ftn(pos) via diffusion through channels (pH 5, 65 °C, Cu : DOX = 1 : 1, Ftn(pos) : Cu(II)-DOX = 1 : 200). B) Visual 
appearance of the samples after the encapsulation using: 1) 250 mM, 2) 500 mM, 3) 1 M NaCl. 
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In the next set of experiments, the encapsulation experiment was performed in various salt 

concentrations to investigate if the yield of the encapsulation can be improved: 40 mM, 250 mM, 

500 mM, and 1 M. The results show that more protein aggregation occurred when the salt 

concentration increased (Figure 4.47). This can be attributed to the salt screening of the repulsion 

between Cu(II)-DOX and the outer surface charges of Ftn(pos) and to the increased hydrophobic 

interactions between Ftn(pos) cages. SEC was not performed for the samples with 500 mM and 1 M NaCl 

because the low yield can be noticed by simple visual observation. It is concluded that 40 mM salt 

concentration is the best for the encapsulation. 

Finally, the incubation time for the diffusion of Cu(II)-DOX into the Ftn(pos) cavity was varied to improve 

the loading further: 1 h, 2.5 h, 5 h, and 24 h. Ideally, the incubation time should be the shortest time 

possible, while still having a high loading and yield. The results show that 1 h incubation time was not 

enough to get a high loading (Figure 4.48). On the contrary, incubation for 24 h resulted in the 

precipitation of most of the protein, and therefore the reaction mixture was not analyzed by SEC. 

Incubation time for 2.5 h was found to be the best for producing a high loading and yield in the 

encapsulation.    

 

Figure 4.48 Optimization of the incubation time for the diffusion of Cu(II)-DOX into Ftn(pos). These are SEC 
chromatograms obtained by varying the incubation time during the encapsulation of Cu(II)-DOX in Ftn(pos) via 
diffusion through channels (pH 5, 65 °C, Cu : DOX = 1 : 1, Ftn(pos) : Cu(II)-DOX = 1 : 200, 40 mM NaCl). 

To confirm that the encapsulation worked well, the Cu(II)-DOX Ftn(pos) fractions were collected and 

analyzed by TEM (Figure 4.49). The result shows that most of the protein containers were intact, but a 

few cages were broken. It will be difficult to separate these broken cages from the intact ferritin cages 

by SEC. To overcome this problem, one suggestion is to digest the sample with trypsin before the 

purification by SEC. The intact cages will not be digested by trypsin, while the broken cages will be 

digested into smaller fragments. In this way, a better separation will be obtained in the subsequent 

SEC. Moreover, the DOX loading in Ftn(pos) was determined by UV/Vis: 31 DOX/cage. 
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In this section, several optimizations were performed to find out the best conditions to encapsulate 

DOX into Ftn(pos). As a summary, DOX was pre-complexed with Cu(II) (1 : 1 ratio) to facilitate the 

encapsulation of DOX to the Ftn(pos) cage. Compared to the other metal-DOX complexes,  Cu(II)-DOX 

was taken better by the Ftn(pos). The appropriate ratio of protein to Cu(II)-DOX concentration is 1 : 200. 

And finally, the best conditions for the diffusion of Cu(II)-DOX into Ftn(pos) are: pH 5, 65 °C, 40 mM salt, 

and 2.5 h incubation time. 

 

Figure 4.49 TEM image of Cu(II)-DOX Ftn(pos). Most of the ferritin cages were intact, while a few cages were 
broken. 

4.2.1.2 Encapsulation of DOX in Ftn(neg)-1C  

The previous encapsulation strategy used for the Ftn(pos) could not be applied for the encapsulation of 

DOX in Ftn(neg), because the positively charged Cu(II)-DOX complex immediately precipitated with the 

Ftn(neg). The other option is to encapsulate DOX by opening and closing the Ftn(neg) cage. However, the 

same problem also occurred when DOX was encapsulated via dis/reassembly approach in acidic 

conditions: DOX and Ftn(neg) heavily precipitated. In the earlier section, a new encapsulation strategy 

was developed for the encapsulation of fluorophores, i.e. by cys-maleimide coupling reactions. It was 

hypothesized that this approach could also work for encapsulating DOX because a much lower 

concentration of DOX would be applied in this approach. Protein aggregation would be reduced if a 

lower concentration of DOX was used. 

For this encapsulation strategy, Ftn(neg) with the redesigned cysteine positions (Ftn(neg)-1C) was used. 

Furthermore, DOX  was substituted with aldoxorubicin, a maleimide derivative of DOX containing an 

acid-cleavable hydrazone bond (Figure 4.50).[251] This acid-sensitive bond will enable DOX release when 

ferritin is degraded in the acidic environment of the lysosome.  
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The encapsulation was performed in a similar way as in the encapsulation of fluorophore via chemical 

conjugation (Figure 4.4). To optimize the coupling reaction, different concentrations of aldoxorubicin 

were tested: 1, 2, 5, and 10 eq. Unexpectedly, very high loadings were obtained with higher 

concentrations of aldoxorubicin (Figure 4.51 and Figure 4.52). These loadings were even higher than 

the maximum number of cysteines in the cage, which is only 24 (Table 4.14). This means, in addition 

to chemical conjugation, the DOX encapsulation also occurred via non-specific binding: electrostatic 

or hydrophobic interactions.  

 

Figure 4.50 The molecular structures of DOX and aldoxorubicin. A) Doxorubicin as its hydrochloride salt (Dox-
HCl). B) Maleimide-functionalized doxorubicin (aldoxorubicin). 

 

Figure 4.51 DOX-(Ftn(neg)-1C) solutions obtained from the optimization of the coupling reaction. All the solutions 
were prepared at 2.5 mg/mL protein concentration. 
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Figure 4.52 The optimization of Ferritin(neg)-1C coupling reaction with aldoxorubicin. These SEC chromatograms 
were obtained by reacting the same concentration of cysteines (in Ferritin(neg)-1C) with various concentrations of 
aldoxorubicin: A) 1 eq. B) 2 eq. C) 5 eq. D) 10 eq. 

Table 4.14 The loading and yield from the optimization of Ftn(neg)-1C coupling reaction with aldoxorubicin 

Aldoxorubicin  
concentration 

Loading 
(molecules/cage) 

Yield (%) 

1 eq. 18.6 69.6 

2 eq. 38.4 76.3 

5 eq. 76.3 92.1 

10 eq. 91.7 82.1 

To investigate whether chemical conjugation is necessary to achieve the encapsulation of a large 

amount of DOX in Ftn(neg)-1C, several reaction controls were performed. First, the encapsulation of DOX 

and aldoxorubicin in Ftn(neg)-1C were compared (Figure 4.53A-B). The results show that it was possible 

to get high loading without chemical conjugation, but the yield drastically decreased due to heavy 

precipitation (Table 4.15). In other words, chemical conjugation stabilizes ferritin subunits during the 

reassembly process, and this leads to high loading and yield. Next, the encapsulation of aldoxorubicin 

in Ftn(neg)-1C and Ftn(neg)-0C were compared (Figure 4.53A and Figure 4.53C). The results show that the 

encapsulation still worked without cysteine, but both the loading and the yield decreased. Figure 4.53C 
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basically shows the encapsulation that purely worked via non-specific interactions. Finally, the 

encapsulation of DOX and aldoxorubicin in Ftn(neg)-0C were compared (Figure 4.53C-D). The yield also 

decreased when DOX was used in the encapsulation. Interestingly, this result indicates that the 

maleimide aliphatic chain also helps to stabilize the ferritin subunits. It is suggested that probably the 

hydrophobic moiety of aldoxorubicin attached to ferritin subunits, while the maleimide aliphatic chain 

remained free to move to give steric stabilization.   

 
Figure 4.53 Reaction controls to investigate if cysteine is needed to achieve good encapsulation of DOX. Ftn(neg) 
containing 1 cysteine per subunit (Ftn(neg)-1C) was used to encapsulate: A) aldoxorubicin. B) DOX-HCl. These SEC 
chromatograms then are compared with the SEC chromatograms from Ftn(neg) without cysteine (Ftn(neg)-0C) that 
was used to encapsulate: C) aldoxorubicin and D) DOX-HCl. All the reactions used 10 eq. concentration of DOX 
variants relative to cysteine or to the Ftn(neg) subunit. 

Table 4.15 The loading and yield from the control experiments in Figure 4.53 

Ferritin 
variants 

Doxorubicin 
variants 

Loading 
(molecules/cage) 

Yield  
(%) 

Ftn(neg)-1C Aldoxorubicin 91.7 82.1 

Ftn(neg)-1C DOX-HCl 77.4 12.2 

Ftn(neg)-0C Aldoxorubicin 43.7 82.3 

Ftn(neg)-0C DOX-HCl 86.8 23.4 
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To confirm that the encapsulation worked well, DOX-(Ftn(neg)-1C) 10 eq. was characterized by DLS 

(Table 4.16) and TEM (Figure 4.54). The results indicate successful encapsulation. The cages reformed 

after the encapsulation and the sizes of the cages are reasonable. 

Table 4.16 The size of DOX-(Ftn(neg)-1C) 10 eq. as measured by DLS 

Size (nm) PDI 

14.19 0.074 

14.05 0.078 

13.99 0.061 

 

Figure 4.54 TEM characterization of DOX-(Ftn(neg)-1C) 10 eq. with staining. The ferritin cages reformed after the 
encapsulation. The larger round objects observed here are artifacts, as they are commonly observed when 
ferritin is imaged by TEM with a staining agent. 

In short, DOX was encapsulated in Ftn(neg)-1C with very high loading and yield by a simple chemical 

conjugation approach between aldoxorubicin and cysteines inside the ferritin cavity. In the past, the 

DOX encapsulation in HF by acidic dis/reassembly approach could not achieve the loading level as high 

as here and also suffered from the low yield due to precipitation. [22][20] Moreover, this method enables 

us to control the DOX loading level simply by changing the concentration of aldoxorubicin. 

4.2.1.3 Encapsulation of DOX in HF 

As explained in the introduction to this section, the encapsulation of DOX in HF was performed because 

it was concerned that the surface modifications in Ftn(pos) and Ftn(neg) might alter the binding properties 

of ferritin to the TfR-1, and thus the uptake by cancer cells. The encapsulation of DOX in HF by various 
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approaches has been discussed in Chapter 3.2.3. The main challenge is that the encapsulation suffered 

from the heavy precipitation of DOX and HF at pH 7.4, which is caused by both electrostatic and 

hydrophobic interactions. Many publications recommended using 1 mg/mL DOX for the encapsulation. 

However, a simple mixing between DOX and HF at this concentration resulted in heavy precipitation. 

The addition of salts and urea for screening electrostatic and hydrophobic interactions reduced the 

precipitation to a certain extent, but could not completely prevent the precipitation. At a longer 

incubation time, they slowly precipitated. 

The encapsulation strategy that was employed here is based on the work reported by Bellini et al. Their 

main idea was to use a low concentration DOX and sufficient ionic strength to prevent the 

precipitation. Here, HF was disassembled in glycine buffer pH 2.5 and mixed with DOX solution. After 

4 hours, the solution was neutralized to pH 7.4 by adding the reassembly buffer. However, it is very 

critical to note that the required amount of salt solution must be combined with the reassembly buffer. 

If the salt solution is added to the disassembly solution, HF and DOX will precipitate when the solution 

is neutralized to pH 7.4. For the reassembly process, it is better to incubate the solution at room 

temperature overnight without stirring because the yield decreased when the incubation was 

performed at 4 °C. Moreover, agitation or stirring disturbed the reassembly process. To improve the 

yield, the encapsulation was also performed in a larger total volume, i.e. at a lower concentration of 

ferritin, as this suppressed the protein aggregation. 

As shown by the SEC chromatogram (Figure 4.55A), a large aggregation peak is observed before the 

main ferritin peak. The ferritin fractions were collected and analyzed by TEM (Figure 4.55B). The result 

confirms that the ferritin cages were reassembled properly. Furthermore, the yield and the loading 

were determined by UV/Vis. The yield was only 9.7% due to the aggregation, while the loading was 

28.7 DOX/cage. This loading is in accordance with the result reported by Bellini et al.: 28.3 DOX/cage. 

 
Figure 4.55 Purification and characterization of DOX-HF. A) SEC chromatogram. B) TEM image with staining. 
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4.2.1.4 Encapsulation of DOX in HF-7C and HF-1C  

As described above, the encapsulation of DOX in HF suffered from the aggregation of DOX and ferritin. 

Here, the encapsulation via chemical conjugation to cysteine residues inside the ferritin cavity was 

applied to improve both the yield and loading. For this, two variants of ferritin were developed: HF-7C 

and HF-1C. Both variants have the same outer surface and contain seven and one cysteines per ferritin 

subunit inside the cavity, respectively. Chronologically, the variant HF-7C was developed before HF-1C. 

In HF-7C, the location of cysteines has not been optimized for the coupling reactions. Some of the 

cysteine positions were simply adopted from the work of Dmochowski.[252] Only later, it is known that 

one cysteine at the position 53 (K53C) is enough for the encapsulation of fluorophores 

(Chapter 4.1.1.2) and DOX (Chapter 4.2.1.2). HF-1C was developed to contain this necessary cysteine. 

Nevertheless, here the encapsulation of DOX in HF-7C needs to be reported because in the next section 

DOX (HF-7C) is also applied in the cell experiments. 

Structurally, the ferritin cages in HF-1C and HF-7C have identical outer surfaces, therefore they have 

the same binding properties to TfR-1. However, the outer cages of HF-1C and HF-7C are slightly 

different compared to HF. Two cysteines on the outer surface (C90 and C102) and one cysteine at the 

3-fold channels (C130) that are present in each HF subunit were mutated into alanines in both HF-1C 

and HF-7C. This was done to make sure that the coupling reactions only occur inside the ferritin cages. 

If the coupling occurs at the outer cages, it may also alter the binding property of ferritin to TfR-1. 

The encapsulation of DOX in HF-7C and HF-1C was performed in a similar way as in Ftn(neg)-1C. The main 

difference is that a high concentration of TCEP was used for the encapsulation of DOX in HF-7C, while 

in HF-1C and Ftn(neg)-1C no and a lower concentration of TCEP were used, respectively. 

In Chapter 4.1.1.2, it was explained that it is not necessary to use TCEP for the coupling reaction in our 

system. Furthermore, for the encapsulation of DOX in HF-1C, 20 mM L-arginine was applied as an 

additive to improve the DOX loading.[166]  

The SEC chromatograms show that less aggregation formed during the encapsulation of  DOX in HF-7C 

or HF-1C (Figure 4.56A and Figure 4.56C), i.e. when compared to the encapsulation of DOX in HF (Figure 

4.55A). The DOX loading in HF-7C and HF-1C as determined by UV/Vis are 20 DOX/cage and 41.7 

DOX/cage, respectively. HF-1C has higher loading than HF-7C, probably because more coupling 

reactions in HF-7C prevent the aldoxorubicin attachment to ferritin subunits through non-specific 

binding. Of the two variants, only HF-1C has a higher DOX loading compared to HF. On the other hand, 

the encapsulation of DOX in Ftn(neg)-1C has a higher total yield of DOX-ferritin and loading compared 

to the encapsulation of DOX in HF-7C and HF-1C. To explain this, it is assumed that the surface charging 

in Ftn(neg)-1C contributes to the stability of the ferritin subunits during the reassembly process, which 
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in turn increases the yield and loading. Finally, TEM characterizations confirm the presence of ferritin 

cages in both samples (Figure 4.56B and Figure 4.56D). 

 
Figure 4.56 Purification and characterization of DOX-HF variants. A) SEC chromatogram of DOX (HF-7C). B) TEM 
image of DOX (HF-7C). C) SEC chromatogram of DOX (HF-1C). D) TEM image of DOX (HF-1C). 

As a summary, DOX was encapsulated in five ferritin variants by different approaches. For the Ftn(pos), 

the encapsulation was performed by diffusion through channels. On the other hand, the encapsulation 

of DOX in Ftn(neg)-1C was performed by chemical conjugation and resulted in a high yield and loading. 

However, here it was found that the encapsulation also occurred via non-specific binding. For HF, the 

encapsulation of DOX by dis/reassembly approach was achieved but the yield was low due to heavy 

precipitation. The encapsulation of DOX via chemical conjugation can also be extended to wild-type 

ferritin with redesigned cysteines: HF-7C and HF-1C, although the loading and yield were not as good 

as in the Ftn(neg)-1C. 

4.2.2 Synthesis of DOX-Ftn microgels and its release study 

In the earlier sections, the synthesis of acid-cleavable ferritin-microgels was established and the ferritin 

release was studied in acidic solutions. In this section, a similar synthesis was applied to integrate DOX-

Ftn variants into microgels for drug delivery purposes. As the positively charged monomer, VIM, was 
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used in the synthesis, only the negatively charged DOX-Ftn variants can be integrated into the 

microgels. For integrating DOX-Ftn(pos), microgels with negatively charged monomer are required. 

However, it was shown in the earlier sections that the synthesis is still hampered by the 

inhomogeneous distribution of the negatively charged monomers among the microgels. In this section, 

the synthesis of DOX-(Ftn(neg)-1C) microgels and its release study in acidic solutions are described. In 

the later section, a similar synthesis was used to produce DOX (HF-1C) microgels. 

The synthesis of DOX-(Ftn(neg)-1C) microgels was performed by a semi-batch approach, just as the 

synthesis of Ce-Ftn(neg) microgels. First, DOX-(Ftn(neg)-1C) with the highest loading (10 eq.) was used in 

the synthesis. However, this caused a lot of aggregation. A possible explanation is that the cages 

disassemble during the synthesis due to the high loading and the elevated temperature. Later, DOX-

(Ftn(neg)-1C)  with the second-best loading (5 eq.) was used and the synthesis worked very well (Figure 

4.57). Next, the ferritin loading and release were estimated by UV/Vis spectroscopy. The results show 

that almost all of the ferritin present during synthesis was integrated into the microgels (Table 4.17). 

And similar to before, ferritin release at pH 4.0 is lower than the release at pH 2.5, with about 75% of 

the ferritins being released at pH 2.5. 

Next, a similar synthesis was applied to integrate DOX-containing wild-type ferritin into the microgels. 

For this, we chose to use DOX (HF-1C), the wild-type ferritin with the highest DOX-loading. However, 

a lot of aggregation occurred during the synthesis, which was not observed in the synthesis of DOX-

(Ftn(neg)-1C) microgels. This is probably related to the surface charge difference between HF-1C and 

Ftn(neg)-1C. The stability of polyelectrolyte microgels during synthesis largely depends on the charged 

species (charged monomer VIM, ferritin, and persulfate initiator). Therefore, by reducing the initiator 

concentration, the synthesis of DOX (HF-1C) microgels was stabilized. However, the yield was reduced. 

Probably this is because fewer nuclei formed with a reduced concentration of initiators. Moreover, the 

integration of DOX (HF-1C) into the microgels was poor, not as good as DOX-(Ftn(neg)-1C) (Figure 4.58). 

 
Figure 4.57 The synthesis of DOX-(Ftn(neg)-1C) 5eq. microgels. A) Microgel pellet. B) Supernatant after the first 
centrifugation. C) Re-dispersed microgels. D) TEM characterization of the microgels. 



87 
 

Table 4.17 Estimation of DOX-(Ftn(neg)-1C) 5eq. loading and release in microgels 

Microgels Initiator Ftn loadinga Ftn contentb 
Ftn release 
at pH 2.5c 

Ftn release 
at pH 4.0c 

DOX-(Ftn(neg)-1C) 5eq. (KPS + TEMED), 55 °C 95.4% 3.2% (w/w) 75.44% 22.15% 

a Relative to the initial amount of ferritin used during synthesis. b Relative to the total mass of the material 
(ferritin-microgels). cRelative to the amount of incorporated ferritin in the microgel.  

 

Figure 4.58 The synthesis of DOX (HF-1C) microgels. A) Microgel pellet. B) Supernatant after the first 
centrifugation. 

From the previous syntheses, it was known that the loading of ferritin in microgels depends on: (1) the 

amount of the charged monomer VIM used in the synthesis; (2) the surface charge of ferritin; and also 

(3) the size of the microgels. The amount of VIM was not the problem because the same amount of 

VIM was used during the synthesis of DOX-(Ftn(neg)-1C) microgels and DOX (HF-1C) microgels. To 

examine where the problem comes from, the synthesis was repeated by replacing DOX (HF-1C) with 

cerium oxide loaded HF-1C (Ce(HF-1C)). In this way, the presence of HF-1C in the microgels can be 

observed by TEM. The results show that Ce(HF-1C) was integrated well in the microgels and the size of 

the microgels was also large enough for taking a large number of ferritin (Figure 4.59). As Ce(HF-1C) 

was integrated well into the microgels while DOX (HF-1C) is not, this indicates that both ferritin cages 

have different surface properties. Moreover, this leads to a hypothesis that probably not all of the DOX 

molecules were located inside the cages. Maybe some DOX molecules are also bound to the surface 

of HF-1C. This prevented the electrostatic interactions between VIM and HF-1C, thereby a poor ferritin 

loading was obtained. This hypothesis is supported by the cell experimental results, which will be 

discussed in the following section. 
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Figure 4.59 The synthesis of Ce(HF-1C) microgels. A) Microgel pellet. B) TEM characterization of Ce(HF-1C) 
microgels after synthesis, without purification. 

As a summary, DOX-(Ftn(neg)-1C) was successfully integrated into microgels using the synthesis protocol 

established for Ce-Ftn(neg). About 75% of the integrated DOX-(Ftn(neg)-1C) was released in pH 2.5. 

However, the synthesis did not work well for the integration of DOX (HF-1C). Further investigation 

revealed that this is probably because some DOX molecules bound to the surface of ferritin, thus 

interfering with the integration of DOX (HF-1C) into the microgels. 

 

4.2.3 Cytotoxicity of DOX-Ftn variants 

As described above, DOX has been successfully encapsulated in various ferritin variants through 

different approaches. The next step is to test the biological performance of these DOX-ferritin variants 

in cell experiments. For this, first, a suitable cancer cell line and a control cell line were selected by 

monitoring the presence/absence of the TfR-1 on the cell surface. Next, the cytotoxicity assays were 

established. Here, the proper concentration of DOX required in the cell experiments was determined. 

Finally, the cytotoxicity assays were performed for the DOX-Ftn variants. This section is developed 

according to these three sets of experiments. All the cell experiments were performed by Sarah 

Boesveld (Medizinische Klinik III, Uniklinik RWTH Aachen).  

To select the suitable cell lines, real-time polymerase chain reactions (real-time PCR) were performed 

with various cell lines to determine the cancer cell lines that show a high expression of TfR-1. At the 

same time, the cell lines that have no expression of TfR-1 were selected as the candidates for the 

control cell line. The results of the real-time PCR are shown in Figure 4.60. Three mouse-hepatocellular-

carcinoma (HCC) cell lines were found to have an abundance expression of TfR-1 on their surface: Hepa 

1-6, Hepa 55.1c, and Hepa 56.1D. On the other hand, L292 and 3T3 fibroblast cells show no expression 

of TfR-1, therefore they are suitable as the control cell lines. Based on these results, Hepa 1-6 cells and 

3T3 fibroblasts were chosen as cancer and control cell lines for the subsequent cell experiments, 

respectively.  
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Figure 4.60 Real-time PCR to determine the suitable cancer cell line and the control cell line. Cells with a high 
expression of TfR-1 are suitable as the cancer cell lines, while cells with no expression of TfR-1 are suitable as the 
control cell lines. 

To measure the cell viability, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay 

(MTT assay) was performed with the chosen cell lines. Both cell lines were treated with different DOX 

concentrations to determine the lowest DOX concentration that induces cell death. For this, DOX 

solutions with various concentration, ranging from 0.032 µg/mL to 100 µg/mL,  was added to the cell 

lines and the cell viability was measured after 24 h and 48 h of incubation. The results show that 

0.8 µg/mL (1.38 µM) is a suitable DOX concentration for the assay (Figure 4.61). It is the minimum 

concentration of DOX which significantly reduces the cell viability during 24 h and 48 h incubation time. 

In Figure 4.61A it is shown that the cell viability increased again when 20 µg/mL and 100 µg/mL DOX 

were applied. It was believed that these values could most probably result from experimental errors. 

One possible explanation is that these concentrations of DOX were too high so that the absorbance of 

DOX interfered with the absorbance measurement for the MTT assays. Furthermore, the results 

indicate that the control cells are more susceptible than the cancer cells against DOX treatment. 

 
Figure 4.61 Determination of the suitable DOX concentration for the MTT assays. A) Hepa 1-6 cells (HCC). B) 3T3 
cells (Fibroblasts). Treatment with water was used as a positive control.  
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Subsequently, cell experiments were performed using different DOX-Ftn variants, and their 

cytotoxicity was compared to the free DOX solution at the determined DOX concentration. For this, 

DOX-Ftn variants containing the same DOX concentration (0.8 µg/mL) were applied. The results show 

that all the DOX-Ftn variants were less cytotoxic compared to free DOX (Figure 4.62). The order of the 

cytotoxicity is: HF < Ftn(pos) < HF-7C. Surprisingly, of the three DOX-Ftn variants, HF has the lowest 

cytotoxicity. This finding is contrary to what has been reported in the literature: HF was shown to 

deliver DOX to HeLa cells more efficiently than the free DOX.[22]  HeLa cells were reported to serve as 

a TfR-1 positive cell line and therefore used for the cell experiments. Furthermore, in our experiments, 

all the DOX-Ftn variants harmed the 3T3 control cells, although these cells do not express the TfR-1. 

This indicates that the 3T3 cells internalized DOX-Ftn through other mechanisms. 

 
Figure 4.62 MTT assays for various DOX-Ftn variants against Hepa 1-6 and 3T3 cells. A) DOX-Ftn(pos). B) DOX (HF-
7C) and DOX-HF. In all experiments, DOX-Ftn variants containing 0.8 µg/mL DOX were applied to both Hepa 1-6 
and 3T3 cells, and then their cytotoxicity was compared to the cytotoxicity of 0.8 µg/mL free DOX. 

Due to the lower cytotoxicity of DOX-Ftn variants compared to the free DOX in Hepa 1-6 and 3T3 cells, 

we turned to HeLa cells and used the DOX concentration reported in the literature: 0.1 µM 

(0.058 µg/mL).[22] However, the results reported in the literature could not be reproduced: DOX-HF 

was shown to be more toxic than the free DOX for the HeLa cells. Because of the lower concentration 

of DOX applied in these cell experiments, the cell viability remained high even after 48 h incubation 

time (Figure 4.63). Nevertheless, the cytotoxicity of various DOX-Ftn variants could be compared. The 

order of the cytotoxicity is very similar to the previous results: HF < Ftn(neg) < Ftn(pos) < HF-7C. Only HF-7C 

shows comparable cytotoxicity to the free DOX. Finally, the results show that the empty Ftn variants 

were not toxic to all the three cell lines. 
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Figure 4.63 MTT assays for various DOX-Ftn variants against Hepa 1-6, HeLa, and 3T3 cells.  In all experiments, 
DOX-Ftn variants containing 0.1 µM (0.058 µg/mL) DOX were applied to Hepa 1-6, HeLa, and 3T3 cells, and then 
their cytotoxicity was compared to the cytotoxicity of 0.1 µM free DOX. Control reactions were performed by 
applying the same concentration of empty Ftn cages.    

 
Figure 4.64 Control reactions indicating DOX attachment on the surface of ferritin cages. These are SEC 
chromatograms of samples that were obtained by simply mixing aldoxorubicin and HF-7C, without opening the 
ferritin cages. A) Without TCEP. B) With TCEP added during the mixing. Theoretically, no encapsulation should 
occur without opening the cages, therefore no DOX signal (490 nm) should appear along with the ferritin signal 
(280 nm). However, here, the co-elution of DOX and ferritin signals was observed, which indicates the association 
of DOX on the surface of ferritin cages. In B) fewer DOX molecules were associated with ferritin when TCEP was 
added during the mixing. 

Several possible reasons were suggested for explaining the lower cytotoxicity of DOX-Ftn variants 

compared to the free DOX. First, this might be because DOX-Ftn variants and the free DOX were taken 

by cells through different mechanisms. Free DOX are small organic molecules that are taken by cells 

by fast passive diffusion,[35] while DOX-Ftn is macromolecules that are taken by cells through TfR-1 

mediated endocytosis.[28] Second, recently, some experimental evidence shows that not all of the DOX 

molecules were encapsulated inside the ferritin cages (Figure 4.64). The SEC chromatograms show that 

a simple mixing of DOX and ferritin without opening the cages resulted in the association of DOX and 

ferritin. This indicates that during the encapsulation, some DOX molecules will also attach to the 

surface of ferritin cages. This might alter the binding properties of DOX-Ftn to the TfR-1, which in turn 

affects the uptake and the cytotoxicity of DOX-Ftn. This result is very important as the attachment of 

DOX to the outer surface of ferritin so far has not been reported in the literature. Interestingly, if TCEP 

was added during the mixing of DOX and ferritin, fewer DOX molecules were associated with ferritin. 
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Somehow the TCEP could reduce the interaction between DOX and the outer cages of ferritin. This 

would explain why DOX (HF-7C) has the highest cytotoxicity of all the other DOX-Ftn variants. This is 

because, in the present experiments, only DOX (HF-7C) was prepared with a high concentration of 

TCEP.  

Furthermore, DOX must be released from the ferritin cages before it can exert its cytotoxic action by 

targeting DNA in the nucleus. As this process also takes some time, perhaps this process can be related 

to the lower cytotoxicity of the DOX-Ftn cage compared to the free DOX. 

Another thing to note is, the DOX-Ftn variants show different levels of cytotoxicity. This fact implies 

that Ftn variants have different binding properties to the TfR-1. However, although the cell 

experiments were performed by applying DOX-Ftn variants containing the same concentration of DOX, 

all the DOX-Ftn variants have different loading (Table 4.18) which means different concentrations of 

ferritin containers were applied to the cells. It is believed that this also determines the efficacy of DOX 

uptake into the cells. Therefore, the current cytotoxicity results do not exclusively illustrate the binding 

properties of different ferritin variants to the TfR-1. To get this particular information, the DOX-Ftn 

variants could be prepared with the same level of DOX loading. Or the binding affinity of each ferritin 

variant to the TfR-1 could be determined directly, for example by flow cytometry or isothermal 

titration calorimetry (ITC). Another possibility is to use confocal microscopy to observe and compare 

how fast the different variants of fluorophore-loaded ferritin are taken by cells having TfR-1 on their 

surface. 

Table 4.18 DOX-Ftn variants and their DOX loading 

DOX-Ftn variants DOX to Ftn ratio 
in synthesis 

Loading 

DOX-Ftn(pos) 200 eq. 31 

DOX (Ftn(neg)-1C)  10 eq. 91.7 

DOX-HF 1000 eq. 28.7 

DOX (HF-7C) 5.25 eq. 20 

DOX (HF-1C) 7 eq. 41.7 

As a summary, the cytotoxicity assays for testing the biological performance of various DOX-Ftn 

variants were established. However, the DOX-Ftn variants showed lower cytotoxicity compared to the 

free DOX solution. Several possible reasons have been discussed. One possible reason is due to the 

attachment of DOX molecules on the surface of ferritin cages. However, more experiments are needed 

to investigate and overcome this problem.   
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5 Summary and perspectives 
 

One of the challenges for the application of ferritin containers in biomedical settings is the degradation 

by protease in blood circulation. It was envisaged that the integration of ferritin into the polymeric 

network of microgel could overcome this limitation. For this, first, the ferritin needs to be labeled by 

fluorophores and NPs to enable the tracking of their integration and release from microgels by 

fluorescence microscopy and TEM, respectively. Fluorophores with three different charges were 

encapsulated into Ftn(pos) and Ftn(neg). However, the results show low loadings due to the weak 

molecular interactions between ferritin and fluorophore molecules. To overcome this problem, the 

encapsulation was performed by cysteine-maleimide coupling reaction using a Ftn(neg) variant with 

redesigned cysteine positions. The encapsulation was very efficient and successful. It produced high 

loading and total yield at a much lower fluorophore concentration. This encapsulation strategy is very 

helpful for the encapsulation of small organic molecules which have weak interactions with ferritin. 

The synthesis of NPs inside ferritin was performed by the oxidation of metal cations inside ferritin 

cages. Iron oxide and cerium oxide NPs were successfully synthesized in various ferritin variants.  

For the integration of ferritin into microgels, first, NPs-labeled ferritin was integrated into the simplest 

polyelectrolyte system: microgels with randomly distributed ionizable groups. The integration was 

characterized by several problems. First, ferritin and microgels precipitated during the integration. 

Although later the precipitation could be avoided by using less crosslinked microgels, ferritin and 

microgels still flocculated and formed larger aggregates in the solution. Moreover, after the 

integration, the microgels could not be purified from the excess ferritin. Various purification 

techniques have been applied, but the microgels were not completely clean, probably due to leakage 

of ferritin containers.   

Subsequently, ferritin was integrated into a core-shell microgel system. The results show that the 

neutral shell of the microgels prevented the flocculation of ferritin and microgels. Furthermore, this 

microgel system could be purified from the excess ferritin by IEC or SEC. However, it was observed that 

ferritin leaked out from the microgels and only a few microgels were abundantly filled with ferritin 

while the others were almost empty. Several tests were performed, and it was found that the 

inhomogeneous distribution of ferritin among the microgels was caused by the inhomogeneous 

distribution of MAA groups among the microgels. Additional evidence was also obtained from other 

characterizations: cryo-TEM, staining the microgels with positively charged AuNPs or uranyl acetate, 

DLS measurement, and fluorescence microscopy.  
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Various approaches then were applied to produce microgels with homogeneous distribution MAA. The 

semi-batch reactions were used to adjust the kinetics with the goal to distribute the MAA evenly 

among the microgels. Although it did not produce the expected result, it was observed that MAA 

groups only accumulate in certain microgels when they are present in solution at high concentration. 

Another approach, changing the reaction pH, also did not solve the problem. Rather than performing 

laborious trial and error experiments, a model-based design synthesis could be a way to solve this 

problem. Furthermore, it was found that the charged and the uncharged microgels could be separated 

by IEC. However, the yield of the charged microgels was rather low. 

To overcome ferritin leakage from microgels, an idea to synthesize a charged core microgel with a 

locking shell was proposed. The locking shell could be prepared by using non-polar monomers, such as 

tBAM, that would collapse at room temperature. In this case, the integration with ferritin could be 

performed at low temperatures. When the temperature is raised to room temperature, the shell would 

collapse and prevent ferritin leakage. However, this plan did not work because tBAM tends to form 

new microgels instead of building shells on the existing core microgels used as seeds in the reaction.  

Finally, ferritin was integrated during the microgel synthesis. This approach solved several problems at 

once. The resulting microgels integrated the ferritin tightly and no ferritin leakage was observed. 

Moreover, ferritin was homogeneously distributed among the microgels and the microgels can easily 

be purified from the excess ferritin by centrifugation. Ferritin-microgels with the favorable size for cell-

internalization can be obtained by batch or semi-batch synthesis, but the batch synthesis usually 

produces smaller microgels. The size of microgels is also related to the ferritin loading. Larger microgels 

contained more ferritin per microgel volume than the smaller ones. However, it was also observed that 

the microgels tend to cluster together in solution, which probably can be solved by adding stabilization 

shells, as observed in the core-shell microgel system. 

Afterward, the ferritin release was studied in acidic conditions by TEM and fluorescence microscopy. 

Ferritin was rapidly released from microgels in acidic conditions and the release increased in lower pH 

and with longer incubation time. However, a complete release and total degradation of microgels were 

not achieved due to the self-crosslinking of NIPAM.  We also estimated the ferritin loading and release 

from the microgels by UV/Vis spectrometry. The results show that ferritin was effectively integrated 

into the microgels and a large amount of ferritin can be released from microgels. 

Finally, the first part of this thesis was concluded by showing that the microgels could protect ferritin 

from proteolytic degradation by chymotrypsin, a model protease. This result is very important for the 

application of ferritin as a drug delivery vehicle because it shows the potential of microgels to increase 

the half-life of ferritin in systemic circulation. 
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In the second part of the thesis, an anti-cancer drug (DOX) was encapsulated in various ferritin variants. 

The encapsulation of DOX in Ftn(pos) was performed by the diffusion of Cu(II)-DOX through ferritin 

channels. Several optimizations were performed to obtain a high loading and yield. Moreover, the 

encapsulation of DOX in Ftn(neg)-1C was performed by chemical conjugations, and it produced a high 

yield and loading. Here, it was found that the encapsulation also occurred via a non-specific binding. 

Next, DOX was encapsulated in HF using a modified version of the established protocol in the literature. 

The reported loading could be reproduced, but the yield was rather low. To address this problem, DOX 

encapsulation by chemical conjugation then was applied to HF with redesigned cysteines: HF-7C and 

HF-1C. In general, the loading and the yield increased, but they were not as good as the loading and 

the yield obtained in Ftn(neg)-1C. 

Subsequently, DOX (Ftn(neg)-1C) was integrated into microgels using the same protocols as established 

in the first part of the thesis. The integration was successful and DOX can be released in acidic 

conditions. However, the integration of DOX (HF-1C) into microgels produced a lot of aggregation and 

the loading was poor. Further investigations indicated that some of the DOX molecules were probably 

attached to the surface of HF-1C, which interfered with their binding to the charged co-monomer VIM.  

Next, the cytotoxicity of DOX-Ftn variants was tested and compared to the cytotoxicity of the free-DOX 

solution. Hepa 1-6 hepatocarcinoma and 3T3 fibroblast were chosen as cancer and control cell lines, 

respectively. However, the results show that DOX-Ftn variants have lower cytotoxicity compared to 

the free DOX solution. Several possible reasons have been discussed. One possible reason is due to the 

attachment of DOX molecules on the surface of ferritin cages, which prevents the ferritin binding with 

the TfR-1. Further investigations are needed to confirm and overcome this problem. Due to time 

limitations, the work was concluded for this dissertation at this point.  

In this thesis, the integration of ferritin containers into microgel systems by electrostatic interactions 

has been established. Moreover, it was shown that ferritin can be loaded with different cargo materials 

(fluorophore, NPs, drugs) and successfully integrated into microgels. This opens new possibilities to 

combine different materials into microgels for new applications. For example, in drug delivery, 

different drugs can be delivered; multiple drugs can be combined; or drugs can be coupled with NPs 

for theranostic purpose. It is envisaged that magnetic- or photo-thermal heating of iron-oxide or gold 

NPs loaded ferritin can trigger the collapse of the microgels. Moreover, the integration strategy 

established here will also be applicable for protein containers with larger sizes than ferritin, such as 

encapsulin, therefore adding the versatility of the system. 

As an alternative strategy to integrate protein containers into microgel systems, chemical conjugation 

can be used instead of electrostatic interactions. It has several advantages compared to electrostatic 

interactions. Chemical conjugation will prevent the ferritin leakage, but at the same time, the ferritin 
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can be released easier as there is no physical entrapment involved in this approach. Furthermore, the 

integration based on electrostatic interactions is often restricted by precipitation or flocculation, or 

stability problems. These should be reduced in a chemical conjugation approach. However, a suitable 

cleavable crosslinker should be found for connecting ferritin containers and the microgels. Moreover, 

a suitable biological stimulus needs to be present to trigger the release of ferritin from microgels. 

To improve the degradability of the microgels, a more degradable polymeric material such as 

polysaccharides[253] can be used instead of synthetic polymers like P(NIPAM). In this case, the microgels 

themselves can be degraded and not only the crosslinkers.  

In the current system, because pH 4.0 - 5.0 is present inside the lysosome, the microgels need to be 

internalized by cells to be able to release ferritin. This means, in this system the TfR-1 targeting 

property of ferritin has not been exploited yet. In the future, a ferritin-microgel system that can be 

degraded extracellularly can be designed, for example by using a peptide crosslinker that is cleavable 

by matrix metalloproteinase-9, a cancer biomarker known to be present in tumor tissues.[254]  

The ferritin cages can also be developed further. For example, integrating stimuli-responsive ferritin 

cages that can release drugs at a moderate environmental condition into the microgel system could 

be interesting. Furthermore, currently, our group is developing ferritin cages with a hydrophobic cavity 

which potentially could be used to efficiently load various hydrophobic drugs. The integration of this 

novel ferritin variant into the microgel system could serve as a way to load the insoluble drug molecules 

into the microgels. 
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6 Experimental section 
 

6.1 General 

All syntheses, reactions, and purifications were conducted in ultrapure water from the Purelab Plus 

(ELGA LabWater). The electrical conductivity of the ultrapure water is 0.055 μS/mL. Samples for DLS 

measurement were prepared in HPLC grade water LiChrosolv (Merck) when applicable. All glassware 

and magnetic stirrer bars were washed thoroughly and then rinsed with deionized water. Harvested 

cell pellets after protein expression and nucleic acids were stored in the freezer at -20 °C. Competent 

cells and cryo-cultures were stored at -80 °C. Centrifugation was performed in 50 mL or 15 mL falcon 

tubes with a 5810R centrifuge (Eppendorf). Smaller volumes were centrifuged in 1.5 mL or 2 mL 

Eppendorf tubes with a Heraeus Fresco 21 microcentrifuge (Thermo Scientific). Centrifugation of 

bacterial cultures was performed in 500 mL bottles with a Sorval RC 6 Plus centrifuge (Thermo 

Scientific). Ultracentrifugation was performed in 20 mL polycarbonate bottles with an Optima XPN-80 

ultracentrifuge (Beckman Coulter). For concentrating, washing, and exchanging buffer, Amicon 

Ultra-15 or Amicon Ultra-0.5 centrifugal filter units (Merck) were used. An MWCO of 30 kDa was used 

for protein production and encapsulation experiments. Unless stated otherwise, dialysis was 

performed using a dialysis bag with MWCO of 14 kDa (ZelluTrans, Carl Roth). Purification of protein 

containers by IEC or SEC was performed with an Äkta Pure 25 chromatography system (Cytiva). All the 

elution buffers were degassed and filtered with a 0.22 µm filter membrane before used. 

Concentrations of the protein solutions were determined with a NanoDrop 2000 spectrophotometer 

(Thermo Scientific). The concentrations (mg/mL) always refer to the concentrations of assembled 

containers and not to the individual subunits, unless stated otherwise. All the purified protein solutions 

were stored in the dark at 4 °C.  

6.2 Chemicals 

2,2′-Azobis(2-methylpropionamidine) dihydrochloride, N-isopropylacrylamide, and Rhodamine 6G 

were purchased from Acros Organics. Rhodamine B was purchased from Alfa Aesar. Ammonium 

sulfate, Bradford reagent, 2-(N-morpholino)ethanesulfonic acid monohydrate, RNase A, tryptone, and 

yeast extract were purchased from Applichem. Maleimide functionalized Atto Rhodamine 6G was 

purchased from Atto-tec. Agar was purchased from Beco. 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid, isopropyl β-D-1-thiogalactopyranoside, and tris(hydroxymethyl)amino-

methane were purchased from Carl Roth. MTT cell proliferation assay kit was purchased from Cayman 

Chemical. T7FOR, T7REV, QuickChange primers, and ferritin genes were purchased from Eurofins 

Genomics. Hydrochloric acid was purchased from Fisher Chemicals. Sodium dodecyl sulfate and 
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sucrose were purchased from Fluka. Magnesium acetate, sodium acetate, sodium chloride, and 

sodium hydroxide were purchased from Grüssing. NucleoSpin® Gel and PCR clean-up kit and 

NucleoSpin® Plasmid miniprep kit were purchased from Macherey-Nagel. Doxorubicin hydrochloride 

and Doxorubicin(6-maleimidocaproyl)hydrazine were purchased from Med Chem Express. Acrylic acid, 

ammonium iron(II) sulfate hexahydrate, di-potassium hydrogen phosphate trihydrate, Methacrylic 

acid, N-[3-(dimethylamino) propyl] methacrylamides, N,N′-Bis(acryloyl)cystamine, N,N′-Methylenebis-

(acrylamides), sodium fluorescein, and trisodium citrate dihydrate were purchased from Merck. 

Potassium dihydrogen phosphate was purchased from Riedel. Calcium chloride, cerium(III) chloride 

heptahydrate, chymotrypsin, copper sulfate pentahydrate, disodium EDTA, glycine, Guanidine 

hydrochloride, hexadecyltrimethylammonium bromide, iron(III) chloride, potassium persulfate, L-

arginine, methanol, 1-Methylpiperazine, N-isopropylmethacrylamide, N-tert-Butylacrylamide, sodium 

ampicillin, tetramethylethylendiamine, Tween-20, uranyl acetate, 1-Vinylimidazole, and 3,9-Divinyl-

2,4,8,10-tetra-oxaspiro[5.5]undecane were purchased from Sigma-Aldrich. Dpn1, dNTP mix, 

maleimide functionalized Alexa Fluor 488, maleimide functionalized Alexa Fluor 647, Pfu DNA 

polymerase, and (tris(2-carboxyethyl)phosphine) hydrochloride were purchased from Thermofisher 

Scientific. Hydrogen peroxide was purchased from Th. Geyer. Anhydrous dimethyl sulfoxide was 

purchased from VWR Chemicals. All chemicals used without further purifications, unless stated 

otherwise. 

6.3 E. coli strains 

E. coli strains used for protein expression and plasmid replication are listed below in Table 6.1. 

Table 6.1 List of E. coli strains 

Strain Genotype Supplier 

BL21-Gold(DE3) E. coli B F- dcm ompT hsdS(rB- mB-) gal λ(DE3) Agilent 

DH5α 
F- Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1  

hsdR17(rk-, mk+) phoA supE44 thi-1 gyrA96 relA1 λ 
Invitrogen 

6.4 Solution recipes 

LB medium: 4 g yeast extract, 8 g tryptone, 8 g NaCl were dissolved in 800 mL Milli-Q water and 

autoclaved. 

Agar plate: 4 g yeast extract, 8 g tryptone, 8 g NaCl, and 12 g agar were dissolved in 800 mL Milli-Q 

water using a magnetic stirrer and then autoclaved. The solution was cooled down in a water bath to 
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55 °C. 1.2 mL Ampicillin stock solution was added to the solution, mixed well, and poured to the plates 

inside the laminar hood. The agar plate was let to solidified at RT for about 1h, and then stored at -4 °C. 

Sodium ampicillin stock solution: 2 g sodium ampicillin was dissolved in 20 mL Milli-Q water and then 

filtered with a 0.22 µM syringe filter to sterilize it. The solution was distributed into small aliquots in 

10 Eppendorf tubes and stored at -20 °C. 

IPTG stock solution: 0.48 g IPTG was dissolved in 10 mL Milli-Q water and then filtered with a 0.22 µM 

syringe filter to sterilize it. The solution was distributed into 5 small Eppendorf tubes and stored 

at -20 °C. 

6.5 Analytical methods 

6.5.1 Transmission electron microscopy (TEM) 

Ferritin samples were prepared at 0.3 mg/mL concentration, while microgel samples were prepared at 

0.1 mg/mL concentration. To prepare a TEM grid for the sample without staining, 2 µL sample solution 

was dropped on a Formvar carbon-coated copper grid (400 mesh, Ted Pella, 01814-F) and then left dried 

in air. To prepare a TEM grid for the sample with staining, a Formvar carbon-coated copper grid was 

incubated face-down to a 20 µL droplet of sample solution for 1 minute. Then, the grid was washed 3x 

in Milli-Q water, followed by 1x wash and 1x incubation for 45 s on 2% uranyl acetate drops, blotted 

with filter paper, and then left dried in air. The TEM measurements were carried out on a Zeiss Libra 200 

FE transmission electron microscope and operated at 200 kV.  

6.5.2 Cryo-TEM 

For sample preparation, one drop of microgel solution (0.1 mg/mL) was placed onto a plasma-treated 

300-mesh carbon-coated copper grid (EMS). The drop was thinned into a film less than 300 nm thick, 

by blotting away the excess solution with a filter paper wrapped on a metal strip. The grid was then 

plunged into liquid ethane at its freezing point (-183°C) and cooled by liquid nitrogen at its boiling point 

(-196 °C). Until imaging, the vitrified specimens were stored under liquid nitrogen. For morphological 

observation, zero-loss energy-filtered TEM images were recorded with a LIBRA 120 operating at 120 

kV using a bottom-mounted CCD camera.  

6.5.3 Electron tomography 

The electron tomography measurement and the post-processing were performed by Maria Meledina 

and Alexander Meledin (Central facility for electron microscopy, RWTH Aachen University), 

respectively. The sample preparation was similar to the preparation of the TEM grid without staining. 

In electron tomography, a HAADF-STEM tilt series was recorded using an FEI Tecnai microscope 

operated at 200 kV. The sample was tilted from -76° to 70° and images were taken every 2°. FEI 
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Inspect3D software was used for the reconstruction with the SIRT algorithm. Thermo Fisher Avizo 

software was further used for the visualization. 

6.5.4 Wide-field fluorescence microscopy 

Wide-field fluorescence microscopy was performed by Lukas Schubert (Institute of Physical Chemistry, 

RWTH Aachen University). 50 µL microgels solution with a concentration of 0.1 mg/mL was spin-coated 

on a plasma cleaned coverslip (Marienfeld Superior 170 µm, cleaned overnight using Hellmanex III 

solution, 15 min in plasma oven). As a result, the microgels were immobilized to the surface of the 

coverslip. For introducing liquid to the sample, a sticky slide (ibidi GmbH, sticky-Slide 8 Well, 

dimensions each well: 9.4 × 10.7 × 6.8 mm) was glued on the prepared coverslip. The fluorescence 

signals were captured by using an Olympus IX83 inverted fluorescence microscope equipped with an 

Olympus 100x APO Objective (100x magnification, NA: 1.3, WD: 0.2 mm, oil immersive). The excitation 

light from a 488 nm laser (Cobolt MLD, 200 mW) can be separated using a 500 nm long-pass emission 

filter (Chroma, 500 LP ET). Between microscope and camera, a 2x magnification path with 2 convex 

lenses (150 mm & 300 mm focal length) was introduced to increase the image size. The resulting image 

size is 80 nm per pixel. The fluorescence signals were increased using an electron-multiplying gain of 

200 by the camera (Andor XIon Ultra 897 EMCCD). To calculate the average fluorescence intensity, the 

dark background was subtracted from each pixel, followed by the integration of the intensities.  

6.5.5 Dynamic light scattering (DLS) and ζ-potential measurements 

The hydrodynamic radius of ferritin and microgels were measured at 20 °C in water by Dynamic Light 

Scattering (Malvern Zetasizer Nano S, equipped with a He–Ne laser at 633 nm and θ= 173°). For this, 

ferritin and microgel solutions with a concentration of 0.5 mg/mL and 0.1 mg/mL were prepared, 

respectively. The samples were measured in PMMA micro cuvettes (Brand). All the measurements 

were performed in triplicates with 120 s equilibration time. Data analysis was performed with the 

Zetasizer software by cumulant analysis. The size-temperature dependence of the microgels was also 

measured with DLS. The volume phase transition temperature (VPTT) was determined from the 

inflection point of its sigmoidal-Boltzman curve fit (OriginPro®).  

ζ-potential and electrophoretic mobility of microgels were also conducted with the same instrument 

(Malvern Zetasizer Nano S, equipped with a He–Ne laser at 633 nm and θ= 173°) at 20°C in micro zeta 

disposable capillary cells (PMMA, DTS1070, Malvern Instrument). Before the measurement, the 

samples were equilibrated for 120 s and the microgel concentration was also 0.1 mg/mL. Data analysis 

was performed with the Smoluchowski approximation to convert electrophoretic mobility to the ζ-

potential. The measurements were performed in triplicates. 
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6.5.6 Optical microscopy 

Crystals were observed and imaged using a CrysCam digital microscope (Art Robbins). 

6.5.7 UV/Vis spectroscopy 

The UV/Vis spectra were recorded in disposable UV micro cuvettes (Brand) or quartz cuvette (Hellma 

Analytics) with a 1 cm path length on a Jasco V-630 spectrophotometer. Water was used as a reference.  

6.6 Experimental protocols 

6.6.1 Production and purification of supercharged ferritin variants.  

Ftn(pos) and Ftn(neg) were produced and purified as described before.[24]  

Production of Ftn(pos): A cryo-stock of E. coli BL21-Gold(DE3) containing pET-22b(+) plasmid embedded 

with Ftn(pos) gene was used to prepare a preculture in 5 mL sterile LB medium supplemented with 150 

μg/mL sodium ampicillin and incubated overnight at 37 °C and 250 rpm. 4 mL of this preculture was 

diluted into 400 mL LB medium containing 150 μg/mL sodium ampicillin and incubated at 37°C and 

250 rpm. After reaching an optical density at 600 nm (OD600) of 0.2, protein expression was induced by 

adding IPTG to a final concentration of 0.25 mM. The protein expression was continued at 37 °C for 

5 h. Cells were harvested by 10 min centrifugation at 14000 g and 4 °C. The pellet was washed with 

Milli-Q water and stored at -20 °C.  

Purification of Ftn(pos): The pellet was resuspended in 10 mL buffer A (50 mM Tris buffer pH 7.5; 1.5 M 

NaCl) and sonicated in ice (60% amplitude; 4 x 1 min) with a Vibra-Cell VCX-130 ultrasonic processor 

(Sonics). The suspension was centrifuged at 14000 g and 4 °C for 15 min to remove cell debris. Next, 

the supernatant was incubated with 1.5 mg/mL RNase A for 3 h at 37°C. Note that incomplete digestion 

of RNA reduced Ftn(pos) binding to the cation exchange column in later purification steps. Subsequently, 

the solution was heated at 65 °C for 15 min in a water bath. Denatured E. coli proteins were removed 

by centrifugation at 14000 g and 4 °C for 15 min. The supernatant was subjected to precipitation with 

ammonium sulfate at a final concentration of 70% of its saturation and followed by centrifugation at 

14000 g and 4 °C for 15 min. The pellet was re-dissolved in 10 mL buffer A and purified by ammonium 

sulfate precipitation once again for further removal of nucleic acids. The pellet was then dissolved in 

50 mL buffer B (50 mM MES buffer pH 6; 0.5 M NaCl) and filtered with a 0.22 μm syringe filter. 

Afterward, the sample was purified by IEC. For this, the sample was loaded to a 5 mL Sepharose HiTrap 

SP HP column (Cytiva) and eluted with a salt gradient from 0.5 to 1.5 M NaCl. The Ftn(pos) fractions were 

collected and washed 5x with Milli-Q water using an Amicon Ultra-15 centrifugal filter unit (MWCO 

100 kDa). The final solution was concentrated to 2 mL and further purified by SEC. For this, the sample 

was loaded into HiLoad 16/600 Superdex PG column (Cytiva) with buffer C (50 mM Tris Buffer pH 7.5; 



102 
 

1 M NaCl) as elution buffer. The Ftn(pos) fractions were collected and washed 5x with Milli-Q water as 

before and stored at 4 °C. The protein concentration was determined by NanoDrop.  

Production of Ftn(neg): It is similar to Ftn(pos), but here the cryo-stock used to prepare preculture 

contains pET-22b(+) plasmid embedded with the Ftn(neg) gene. Protein expression was induced after an 

OD600 of 0.7 and followed by incubation at 18 °C for 48 h. 

Purification of Ftn(neg): It resembles the purification of Ftn(pos) but with minor changes. The pellet was 

resuspended in 20 mL buffer D (50 mM Tris buffer pH 7.5; 0.15 M NaCl) and sonicated (8 x 1 min) in 

ice. RNA digestion was omitted, and the solution was divided into two falcon tubes before performing 

the ammonium sulfate precipitation. For IEC, the protein was resuspended in 50 mL buffer D and 

purified by a salt gradient from 0.15 to 1 M NaCl using a 5mL Sepharose HiTrap Q HP anion exchange 

column (Cytiva). Finally, SEC was conducted with buffer E (50 mM Tris Buffer pH 7.5; 0.3 M NaCl) as 

elution buffer. 

6.6.2 Fluorophore encapsulation in ferritin 

6.6.2.1 Encapsulation of fluorophores in Ftn(neg) and Ftn(pos)  

The encapsulation of fluorophores in Ftn(neg) was achieved by an acidic dis/reassembly approach. First, 

1.5 mg Ftn(neg) was incubated in 1.5 mL disassembly buffer (20 mM PBS buffer pH 2.0; 50 mM NaCl) for 

4 h to ensure complete disassembly. Next, the appropriate amount of fluorophore was dissolved in 

reassembly buffer (50 mM PBS buffer pH 7.4; 50 mM NaCl). 3 mL of this solution then was added to 

the first solution, and the final pH was adjusted to 7.4 by adding a few µL of 1 M NaOH or HCl. 

Afterward, this solution was incubated overnight at 4 °C. The next day, the solution was washed 5x 

with reassembly buffer, concentrated to 2 mL, and purified by SEC with buffer E as elution buffer. The 

final concentration of fluorescein was: 5 mM, 50 mM, and 100 mM. For Rho B and Rho 6G, the 

concentration was 20 mM and 0.325 mM, respectively. 

The encapsulation of fluorophore in Ftn(pos) was performed by diffusion through channels.[106] For this, 

1.5 mg Ftn(pos) was dissolved in 2.883 mL of incubation buffer (20 mM acetate buffer pH 5.0; 40 mM 

NaCl) and heated at 60 °C for 30 minutes with gentle stirring. Next, 20 mg Rho 6G was dissolved in 1 

mL incubation buffer to make a stock solution of 41.75 mM. Then, 1.617 mL of this stock solution was 

dropwise added to the first solution, and the incubation was continued for another 2.5 h. This solution 

was cooled down to RT, washed 5x with Milli-Q water, concentrated to 2 mL, and purified by SEC with 

buffer C as elution buffer. 
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6.6.2.2 Characterization of Rho B-Ftn(neg)  

The UV/Vis spectra of Ftn(neg) and Rho B-Ftn(neg) were measured using solutions with a concentration of 

0.5 mg/mL. To confirm that the ferritin cages formed after the reassembly, the Rho B-Ftn(neg) solution 

was imaged by TEM with staining.  

The crystallization of Rho B-Ftn(neg) was carried out by the hanging drop method in pre-greased 24 well 

plates (Crystalgen).[255] The well was filled with a reservoir solution containing: 50 µL 1 M Tris buffer 

pH 8.5, 120 µL 2 M magnesium acetate, and 330 µL Milli-Q water. Next, a drop was prepared on a glass 

cover slide (Jena Bioscience) by mixing: 2 µL reservoir solution, 1 µL buffer C, and 1 µL of 4 mg/mL 

Rho B-Ftn(neg) dissolved in buffer E. The cover slide then was placed drop-side-down onto the pre-

greased well, sealed tight, and equilibrated against reservoir solution at 20 °C. The crystals were 

imaged by CrysCam digital microscope. 

6.6.2.3 Loading and yield determination.  

The fluorophore loading was determined by UV/Vis spectrometry in pH 2.5 to avoid reduced 

absorption or fluorescence quenching.[22] The concentration of fluorophore was determined from the 

absorption at λmax (Fscn = 488 nm, Rho B = 554 nm, and Rho 6G = 530 nm). For this, standard calibration 

curves were prepared for each fluorophore in the range of 1 – 10 µM. Next, the concentration of 

protein was determined from the absorption at 280 nm, after subtracting the absorption of 

fluorophore at 280 nm.[29] This value can be calculated based on assumption that the ratio A280/Aλmax 

is constant at any concentration. Similarly, a standard calibration curve was also established for the 

protein in the range of 0.1 – 1.0 mg/mL. Finally, the loading is the ratio of fluorophore concentration 

to protein concentration. The yield was calculated using the protein concentration. 

6.6.3 Fluorophore encapsulation by chemical conjugation  

6.6.3.1 Mutagenesis to relocate cysteine position in Ftn(neg) 

The relocation of cysteine position in Ftn(neg) was performed in two mutation steps: C130A and K53C. 

The second mutation was found from the calculation of solvent-accessible surface area by 

GETAREA.[238] The protein database (PDB) file of Ferritin(neg) was inserted into the program and based 

on the results (% ratio) amino acids were categorized into several classes (e.g. 90-100%, 80-90%, …, 

50-60%). Next, PyMOL (Schrödinger) was used to check the location of amino acids in each class, 

starting from classes with the highest % ratio. In this way, lysine-53 was found as the amino acid with 

the highest % ratio in the cavity. 

The mutation was performed by QuickChange™ site-directed mutagenesis using a two-steps 

polymerase chain reaction (PCR) protocol.[256] First, two sets of primers were designed using 
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QuickChange™ Primer Design Program (Agilent). The primer sequences for C130A and K53C were: 5'-

C AAG AAC GAT CCG CAT CTG GCC GAT TTC ATC GAA ACC CAC-3' and 5'-T GTT GCA CTG AAG AAC TTT 

GCG TGT TAC TTT CTG CAT CAG TCC CAT G-3', respectively (ordered from Eurofins Genomics).  

Next, a master mix was prepared by combining: 2.9 µL pET-22b(+) plasmid containing Ftn(neg) gene 

(7 ng/µL), 1 µL dNTP mix, 5 µL buffer 10x, 1 µL Pfu DNA polymerase, and 38.1 µL sterile Milli-Q water. 

This master mix was divided into two microtubes and added with 1 µL C130A FOR or REV primer. This 

recipe can be tripled to get a higher amount of plasmid. Subsequently, a PCR (Eppendorf Mastercycler 

Nexus PCR Cycler) was performed with the following parameters. Initiation: heating for 30 s at 95 °C. 

Step 1 (3 cycles): denaturation for 30 s at 95 °C, annealing for 1 min at 61 °C, and elongation for 6 min 

at 68 °C, hold for an infinite time at 4 °C. The two microtubes were combined and PCR was continued 

with Step2 (16 cycles): denaturation for 30 s at 95 °C, annealing for 1 min at 61 °C, and elongation for 

6 min at 68 °C. Final elongation: for 10 min at 68 °C. Storage: for an infinite time at 4 °C.  

Afterward, 1 µL Dpn1 was added to digest the parental plasmid overnight at 37 °C. The following day, 

Dpn1 was deactivated by heating for 20 min at 80 °C. This was followed by purification using 

NucleoSpin® Gel and PCR clean-up kit according to the manufacturer’s instructions. Next, 200 ng of 

the plasmid was transformed by heat-shock into E. Coli DH5α competent cell, plated onto LB agar plate 

with ampicillin, and incubated at 37 °C for 16 h. A single colony was picked up and incubated overnight 

in 5 mL sterile LB medium supplemented with 150 µg/mL ampicillin at 37 °C and 250 rpm. 4 mL of the 

culture then was used for plasmid extraction by NucleoSpin® Plasmid miniprep kit according to the 

manufacturer’s instructions. The plasmid DNA was eluted in 50 μL sterile Milli-Q water and the 

concentration was determined by NanoDrop. 

To confirm the sequence, 500 ng plasmid was mixed with 25 pmol T7FOR or T7REV primer in 10 µL 

solution and sent for DNA sequencing (Eurofins Genomics). The result was analyzed by CLC Sequence 

Viewer (QIAGEN Bioinformatics). The correct plasmid then was used as a template for the second-

round mutation, along with K53C primers, in the same way as described above. 

For protein production, the plasmid was further transformed by heat shock into E. coli BL21-Gold(DE3) 

competent cells. Both the production and purification were performed in the same way as for Ftn(neg).  

6.6.3.2 Encapsulation of fluorophore by chemical conjugation.  

1.5 mg Ftn(neg)-1C was incubated in 1.5 mL disassembly buffer (10 mM glycine buffer pH 2.5) for 4 h to 

ensure complete disassembly. In the meantime, 1 mg AR 6G, AF 488, and AF 647 were dissolved 

separately in 200 µL anhydrous DMSO to prepare stock solutions. After 4 h, 3 mL reassembly buffer 

(50 mM Tris buffer pH 7.5; 0.5 M NaCl) was added to ferritin solution, and the final pH was adjusted to 

7.4 by adding a few µL of NaOH or HCl 1 M. Next, the exposed cysteines were reacted with 1 eq. 
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fluorophore and incubated at RT overnight. The next day, the solution was washed 1x with Milli-Q 

water, concentrated to 2 mL, and purified by SEC with buffer E as elution buffer. The loading was 

determined in the same way as above. The maximum absorption of AR 6G, AF 488, and AF 647 were 

at 533 nm, 496 nm, and 650 nm, respectively.   

6.6.4 Synthesis and characterization of nanoparticles loaded ferritin 

NPs loaded ferritin were synthesized according to the previously reported protocol.[24]  

Synthesis and characterizations of Ce-Ftn(neg): Buffer E, 15 mM H2O2, and 30 mM CeCl3 were depleted 

of O2 by bubbling N2 through the solutions for at least 15 min. 25 mg Ftn(neg) was dissolved in buffer E 

to make a concentration of 0.4 mg/mL and then heated in an oil bath at 65 °C for 20 min under an 

oxygen-free atmosphere with constant stirring. 3.625 mL of CeCl3 and 3.625 mL H2O2 were injected 

into Ftn(neg) solution at the same time with a speed of 3.625 mL/h by using two separate syringe pumps 

(Fischer Scientific). Once the injection was completed, the reaction was continued for another 15 min. 

Finally, 2.344 mL disodium EDTA 500 mM was added to chelate the residual cerium ions. After 15 min, 

the solution was cooled down to RT and centrifuged for 15 min at 14000 g and 4°C. The supernatant 

was washed 1x with Milli-Q water, concentrated to 2 mL, and purified with SEC as described above. 

The concentration of Ce-Ftn(neg) was estimated with Bradford assay.[257] Additionally, the UV/Vis 

spectrum was measured, and the nanoparticle formation was analyzed by TEM.  

Synthesis of Ce-Ftn(pos): The synthesis was performed in a similar way as Ce-Ftn(neg). However, here 

buffer C was used to dissolve Ftn(pos) instead of buffer E.  

Synthesis of Ce(HF-1C): The synthesis was performed exactly in the same way as Ce-Ftn(neg) above.  

Synthesis of Fe-Ftn(neg): Buffer F (200 mM HEPES buffer pH 8.6), 25 mM H2O2, 75 mM (NH4)2Fe(SO4)2, 

and Milli-Q water were depleted of O2 by bubbling N2 through the solutions for at least 15 min. 25 mg 

Ftn(neg) was dissolved in 18.25 mL buffer F, diluted with Milli-Q water to 36.5 mL, and heated in an oil 

bath at 65 °C for 20 min under an oxygen-free atmosphere using a 100 mL two-neck round-bottom 

flask with constant stirring. 2.33 mL of (NH4)2Fe(SO4)2 and 2.33 mL H2O2 were injected into Ftn(neg) 

solution at the same time with a speed of 0.78 mL/h by using two separate syringe-pumps. At this 

setting, about 3500 Fe (II) ions were injected into a ferritin cage at a flow rate of 100 ions per minute. 

Once the injection was complete, the reaction was continued for another 15 min. Finally, 2 mL sodium 

citrate 300 mM was added to chelate the residual iron ions. After 15 min, the solution was cooled 

down to RT and centrifuged for 10 min at 14000 g and 4°C. The supernatant was washed 5x with Milli-

Q water, concentrated to 2 mL, and purified with SEC as described above. 
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6.6.5 Integration of ferritin into microgels with randomly distributed ionizable groups 

The integration of P(NIPAM-co-VIM) and Fe-Ftn(neg): P(NIPAM-co-VIM) (88% : 10% : 2% mol BIS) solid 

microgels were dissolved in Milli-Q water to prepare a stock solution of 10 mg/mL. This solution was 

run overnight on a roller mixer to fully redisperse the microgels. 30 µL microgels stock solution (0.3 mg) 

and 0.15 mg Fe-Ftn(neg) was added into 20 mM PBS buffer solution (pH 3-10) to make a total volume of 

0.5 mL. The solutions were observed for precipitation. One of the precipitated solutions then was 

analyzed by TEM without further purification.  

The integration of P(NIPAM-co-IA) and Ce-Ftn(pos): This was performed in a similar way as described 

above, but the microgels and ferritin were replaced with P(NIPAM-co-IA) (88% : 10% : 2% mol BIS) and 

Ce-Ftn(pos). 

The effect of salt addition: The integration of P(NIPAM-co-VIM) and Fe-Ftn(neg) were repeated at pH 

5.0 but with different salt concentrations (0-500 mM). Similarly, the integration of P(NIPAM-co-IA) and 

Ce-Ftn(pos) were also repeated at pH 8.0 with different salt concentrations (0-500 mM).  

DLS measurements: The size and electrophoretic mobility of 0.1 mg/mL P(NIPAM-co-VIM) microgel 

solution were measured in 10 mM PBS buffer with different pH from 3-10.  

Integration into less crosslinked microgels: The integration of Fe-Ftn(neg) into P(NIPAM-co-VIM) 

microgels with 0.2% mol BIS was performed at pH 5.0, similar to the integration into P(NIPAM-co-VIM) 

microgels with 2% mol BIS.  

Microgel purifications: To purify microgels from the unbound ferritin after the integration, several 

separation techniques were tested: centrifugation (5x @5000 g, 1 h), dialysis (MWCO 1000 kDa), 

ultrafiltration centrifugation (MWCO: 1000 kDa and 0.2 µm; Vivaspin, Sartorius), and sucrose cushion 

centrifugation. The composition of the sucrose cushion from bottom to the top was: 3 mL (70% w/w), 

10 mL (30% w/w), 5 mL (20% w/w), and finally 4 mL sample solution. 

Microgel flocculation: To investigate whether flocculation occurred during the integration of 

P(NIPAM-co-VIM) (89.8% : 10% : 0.2% mol BIS) microgels and Fe-Ftn(neg), we measured the size of 

microgels before and after the integration by DLS. Both solutions contained the same concentration 

of microgels (0.1 mg/mL). 

6.6.6 Integration of Ce-Ftn(pos) into the charged core-neutral shell microgels 

Integration protocol: The microgels used here were charged core and neutral shell microgels. The core 

consists of P(NIPAM-co-MAA-co-MRB) (90.985% : 5% : 0.015% : 4% mol BIS) while the shell consists of 

P(NIPAM) (96.1% : 3.9% mol BIS). The solid microgels were dissolved in Milli-Q water to prepare a stock 

solution of 10 mg/mL. This solution was run overnight on a roller mixer to fully redisperse the 
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microgels. 200 µL microgel stock solution was added to 1.4 mL buffer pH 8.0 (20 mM Tris buffer) in a 

15 mL falcon tube. Next, 0.25 mg Ce-Ftn(pos), 200 µL buffer pH 8.0, and Milli-Q water were added into 

a separate falcon tube to make a total volume of 400 µL. Finally, the microgel solution was added 

dropwise into the ferritin solution with gentle stirring. This solution then was left on the roller mixer 

overnight. The following day, the reaction mixture was analyzed by TEM without further purification.  

Purification by ultracentrifugation: The microgels were purified by 3 cycles of centrifugation 

(257300 g, 45 min) and redispersion in Milli-Q water. The redispersion was performed overnight on a 

roller mixer. 

Purification by IEC: Here, the IEC was performed by using a 5 mL Sepharose HiTrap SP HP column, with 

20 mM Tris buffer pH 8.0 as loading buffer and buffer A as elution buffer. First, 2 mg of pure microgels 

was dissolved in 2 mL of loading buffer and purified by IEC. Similarly, 0.25 mg of pure Ce-Ftn(pos) was 

dissolved in 2 mL of loading buffer and then purified by IEC. Finally, Ce-Ftn(pos) was integrated into 

microgels as described above, and the resulting solution was purified by IEC. Two fractions were 

collected and analyzed by TEM. The resulting microgel fraction then was further purified by two 

consecutive IEC runs. In each run, two IEC columns were connected in series, and the purified microgels 

were analyzed by TEM. 

Purification by SEC: Here, the SEC was performed by using HiPrep 16/60 Sephacryl S-500 HR column, 

with 50 mM Tris buffer pH 8.0 used as elution buffer. First, 2 mg of pure microgels was dissolved in 

2 mL elution buffer and purified by SEC. Next, 0.25 mg of pure Ce-Ftn(pos) was dissolved in 2 mL elution 

buffer and then purified by SEC. Finally, the purified microgel fraction obtained from 3x consecutive 

IEC purifications is purified further by SEC. The resulting microgel fractions were collected and analyzed 

by TEM.  

6.6.7 Investigation of the inhomogeneous distribution of ferritin in microgels 

One-pot synthesis of P(NIPAM-co-MAA) core microgels: The precipitation polymerization was 

performed in total monomer concentration of 150 mM and total volume of 30 mL. 478.7 mg NIPAM 

(94 mol%), 19 µL MAA (5 mol %), 7 mg BIS (1 mol %), and 13 mg SDS (1.5 mM) were dissolved in 25 mL 

water in a 100 mL three-neck round-bottom flask equipped with a reflux condenser. The mixture was 

stirred with a magnetic bar at 300 rpm and preheated to 80 C.  Degassing was accomplished by purging 

with nitrogen for 1 h. 24.4 mg KPS (3 mM) was dissolved in 5 mL water and likewise degassed with 

nitrogen at RT. The reaction was started by injecting the initiator, and it was let to proceed for 2 h with 

constant stirring, temperature, and nitrogen flow. Purification was performed by 5x dialysis, each for 

at least 4h, against 5 L fresh deionized water. The microgels were lyophilized for storage. The synthesis 

was repeated for 5% and 4% mol BIS. Furthermore, the synthesis was also repeated at 1 % BIS 
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crosslinker but with different amounts of charged monomer: 10% and 15% mol MAA. The integration 

of Ce-Ftn(pos) into these microgels was conducted similarly as described in section 6.6.6. 

The inhomogeneous distribution of ferritin in microgels was confirmed by several characterizations. 

Cryo-TEM: Ce-Ftn(pos) integrated P(NIPAM-co-MAA) (94% : 5% : 1% mol BIS) microgel solution with a 

concentration of 0.1 mg/mL was recorded by cryo-TEM.  

Replacement of Ce-Ftn(pos) by AuNPs: The AuNPs were obtained from Marcel Lach, a coworker in our 

group. The integration of AuNPs into P(NIPAM-co-MAA) (84% : 15% : 1% mol BIS) microgels was 

performed in a similar fashion as described for Ce-Ftn(pos) in section 6.6.6. The reaction mixture 

(0.1 mg/mL) was characterized by regular TEM.  

Microgel staining with uranyl acetate: P(NIPAM-co-MAA) (84% : 15% : 1% mol BIS) microgel solution 

with a concentration of 0.1 mg/mL was stained by 2% uranyl acetate as described in the general section 

(6.5.1) and then imaged by regular TEM. For comparison, the same microgel solution was stained 

according to the protocol published by Hoare et al.[173]  

DLS characterization: The size of P(NIPAM-co-MAA) (94% : 1% : 5% mol BIS) microgels was measured 

by DLS: (1) in water, (2) in 10 mM Tris buffer pH 8.0 and 9.0, and (3) in 10 mM glycine buffer pH 2.5.  

Fluorescence microscopy: K36-GFP protein was obtained from Sarah Wypysek. 0.5 mg K36-GFP 

protein was integrated into P(NIPAM-co-MAA) (84% : 15% : 1% mol BIS) microgels in a similar way as 

described for Ce-Ftn(pos) in section 6.6.6. The reaction mixture was diluted 10x and then spin-coated on 

a coverslip. The microgels were imaged in the bright field and the fluorescence of the same area was 

recorded using an excitation wavelength of 488 nm. 

6.6.8 Overcoming the inhomogeneous distribution of charged groups in microgels 

Semi-batch synthesis of P(NIPAM-co-MAA) core microgels: The precipitation polymerization was 

performed in a total monomer concentration of 150 mM and total volume of 30 mL. 478.7 mg NIPAM 

(94 mol%), 7 mg BIS (1 mol %), and 13 mg SDS (1.5 mM) were dissolved in 20 mL water in a 100 mL 

three-neck round-bottom flask equipped with a reflux condenser. The mixture was stirred with a 

magnetic bar at 300 rpm and preheated to 80 C.  Degassing was accomplished by purging with nitrogen 

for 1 h. 19 µL MAA (5 mol %) and 24.4 mg KPS (3 mM) were dissolved separately, each in 5 mL water, 

and likewise degassed with nitrogen at RT. The reaction was started by injecting the initiator. The MAA 

solution was added dropwise in 5 min by a syringe pump and the reaction was let to proceed for 2 h 

with constant stirring, temperature, and nitrogen flow. Purification was performed by 5x dialysis, each 

for at least 4h, against 5 L fresh deionized water. The microgels were lyophilized for storage. The 

synthesis was repeated for 10 min, 20 min, and 30 min MAA feeding time. Finally, the synthesis was 

repeated with MAA placed in the flask, and NIPAM was added dropwise to the flask in 10 min (after 
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the reaction has been started). The integration of Ce-Ftn(pos) into these microgels was conducted 

similarly as described in section 6.6.6.  

One-pot synthesis of P(NIPMAM-co-AA) core microgels: The precipitation polymerization was 

performed in a total monomer concentration of 140 mM and a total volume of 250 mL. In a 500 mL 

three-necked flask, NIPMAM (88% mol) and AA (10%) were dissolved in 210 mL of Milli-Q water. The 

solution was heated to 55 °C and stirred at 300 rpm. KPS, TEMED, and SDS were dissolved separately, 

each in 10 mL Milli-Q water, to give the final concentration in solution 5 mM, 2 mM, and 2.05 mM, 

respectively. BAC (2% mol) was dissolved separately in 10 mL MeOH. All solutions were degassed with 

N2 for at least an hour. To start the reaction, SDS, KPS, TEMED, and BAC solutions were added to the 

flask in this order and rapid succession. After 3 hours, the flask was removed from the oil baths to cool 

it down. The warm solution was filtered through glass wool to remove any aggregates. Next, the 

solution was dialyzed against Milli-Q water with daily changes for at least one week. Afterward, the 

solution was lyophilized. Prior used, the solid microgels were redispersed in Milli-Q water to make a 

10 mg/mL stock solution. The integration of Ce-Ftn(pos) into these microgels was conducted similarly as 

described in section 6.6.6. 

One-pot synthesis of P(NIPAM-co-VIM) core microgels: The precipitation polymerization was 

performed in a total monomer concentration of 150 mM and a total volume of 30 mL. 453.2 mg NIPAM 

(89 mol%), 7 mg BIS (1 mol %), and 42.3 mg VIM (10 mol %) were dissolved in 25 mL water in a 100 mL 

three-neck round-bottom flask equipped with a reflux condenser. The mixture was stirred with a 

magnetic bar at 300 rpm and preheated to 80 °C.  Degassing was accomplished by purging with 

nitrogen for 1 h. 24.4 mg AMPA (3 mM) was dissolved in 5 mL water and likewise degassed with 

nitrogen at RT. The reaction was started by adding the initiator AMPA. The reaction was let to proceed 

for 2 h with constant stirring, temperature, and nitrogen flow. Purification was performed by 5x 

dialysis, each for at least 4 h, against 5 L fresh deionized water. The microgels were lyophilized for 

storage. The synthesis was repeated, but the pH of the solution in the flask was adjusted to pH 3.0 

before heating and degassing. The integration of Fe-Ftn(neg) into these microgels was conducted as 

described in section 6.6.6, but using 20 mM NMP buffer pH 5.0. 

One-pot synthesis of P(NIPAM-co-MAA) microgels at different pH: Here, P(NIPAM-co-MAA)(84% : 

15% : 1% mol BIS) microgels were synthesis at different pH according to the protocol described in 

section 6.6.7. Before heating and degassing, the pH of the solution was adjusted to pH 4.0 and 5.0. The 

integration of Ce-Ftn(pos) into these microgels was conducted similarly as described in section 6.6.6. 

Separation of the charged and uncharged microgels by IEC: P(NIPAM-co-MAA) (94% : 5% : 1% mol 

BIS) microgels were purified by IEC using 5 mL Sepharose HiTrap Q HP column, with Milli-Q water as 

the loading buffer and buffer A as the elution buffer. First, 2 mg of pure microgels was dissolved in 2 
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mL of loading buffer and purified by IEC. Two fractions were collected separately and purified by 5x 

dialysis, each for at least 4 h, against 5 L fresh deionized water. Next, Ce-Ftn(pos) was integrated into 

these two microgel fractions as described in section 6.6.6. Finally, both of the reaction mixtures were 

analyzed by TEM. 

6.6.9 Overcoming the ferritin leakage from microgels 

One-pot synthesis of P(NIPMAM-co-DMAPMA) core microgels: The precipitation polymerization was 

performed in a total monomer concentration of 140 mM and a total volume of 250 mL. In a 500 mL 

three-necked flask, NIPMAM (88% mol) and DMAPMA (10%) were dissolved in 220 mL of Milli-Q water. 

The solution was heated to 55 °C and stirred at 300 rpm. V50 and CTAB were dissolved separately, 

each in 10 mL Milli-Q water, to give the final concentration in solution 2 mM and 0.115 mM, 

respectively. BAC (2% mol) was dissolved separately in 10 mL MeOH. All solutions were degassed with 

N2 for at least an hour. V50, CTAB, and BAC solutions were added to the flask and the reaction was 

started by irradiation with UV light (365 nm). After 3 hours, the flask was removed from the oil baths 

to cool it down. The warm solution was filtered through glass wool to remove any aggregates. Next, 

the solution was dialyzed against Milli-Q water with daily changes for at least one week. Afterward, 

the solution was lyophilized. Prior used, the solid microgels were redispersed in Milli-Q water to make 

a 10 mg/mL solution. The integration of Fe-Ftn(neg) into these microgels was conducted as described in 

section 6.6.6, but using 20 mM NMP buffer pH 5.0. 

Synthesis of the locking shell: The locking shell was designed to consist of P(NIPAM-co-tBAM) (59% : 

39% : 2% mol BAC). A series of mini-batch syntheses were conducted to optimize the mass ratio 

between microgel cores and the shell monomer. For the shell, a 25 mL stock solution with a total 

monomer concentration of 65 mM was prepared. The BAC was first dissolved in 3 mL of MeOH before 

added to the stock solution. CTAB and V50 were also added to the stock solution to give the final 

concentration of 0.115 mM and 2 mM, respectively. Next, 3 mL of the stock solution was added 

separately into seven vials. Then, different amounts of core microgel solution (16.89 mg/mL) were 

added to each sample to set the predetermined core to monomer ratios ((0 – 0.8) : 1). Milli-Q water 

was added to each sample to ensure the same volume across all samples. All samples were heated to 

55 °C, stirred at 300 rpm, and degassed with N2 for at least an hour. The reaction was started by 

irradiation with UV light (365 nm). After 3 hours, the vials were removed from the oil bath to cool 

down. The resulting microgel solution was purified by dialysis against Milli-Q water with daily changes 

for at least one week. The size of the resulting microgels was plotted against the mass ratio. The best 

ratio was chosen from the maximum point of the curve. The corresponding sample then were analyzed 

by TEM. 
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6.6.10 Immobilization of ferritin during microgel synthesis 

Synthesis of Ce-Ftn(neg) microgels using KPS & TEMED redox initiator: The synthesis was performed by 

semi-batch precipitation polymerization. NIPAM, KPS, and TEMED stock solutions were prepared 

separately with a concentration of 66.5 mg/mL, 11.85 mg/mL, and 10 % (v/v), respectively. All the 

three stock solutions were degassed with N2 for 30 min at RT. Next, 0.8 mL NIPAM, 1.197 mg Ce-Ftn(neg), 

6.65 mg VIM, and 2.7 mg VOU crosslinker were dissolved in Milli-Q water to make a total volume of 

8.6 mL. This solution was prepared inside a 25 mL round-bottom flask and degassed for 30 min by 

purging N2 at 55 °C with gentle stirring at 300 rpm. 0.5 mL TEMED solution was added to the flask, and 

10 minutes later the reaction was initiated by adding 0.2 mL KPS to the flask in a single shot. After 5 

minutes, when the solution became cloudy, 0.7 mL NIPAM was injected dropwise to the flask by a 

syringe pump at a speed of 4 mL/h. After the injection was completed, the reaction was continued for 

another 15 min. The reaction was quenched in flowing cold water, gently vortexed (Heidolph), and 

stirred on a roller mixer (Stuart, STR 9D). Subsequently, the microgel was purified by 3 cycles of 

centrifugation (14000 g, RT, 15 min) and redispersion in Milli-Q water. The final solution was diluted 

to 5 mL. 0.5 mL of this solution was dried at 70 °C in the oven (BINDER) and then weighted to determine 

the concentration of the microgel solution. For the synthesis without VIM, all the steps are the same, 

except the VIM was replaced with water. One-pot synthesis was also performed in the same way, but 

all 1.5 mL NIPAM was put in the flask along with the other reactants at the beginning of the reaction. 

Synthesis of Ce-Ftn(neg) microgels using KPS at 70 °C: The synthesis was performed similarly. 1.197 mg 

Fe-Ftn(neg), 6.65 mg VIM, and 2.7 mg VOU crosslinker were dissolved in Milli-Q water to make a total 

volume of 7.8 mL. This solution was prepared inside a 25 mL round-bottom flask and degassed for 30 

min by purging N2 at 70 °C with gentle stirring at 300 rpm. NIPAM and KPS stock solutions were 

prepared separately at a concentration of 66.5 mg/mL and 11.85 mg/mL, respectively. These two stock 

solutions were also degassed with N2 for 30 min at RT. The reaction then was initiated by adding 0.2 mL 

KPS to the flask in a single shot. Subsequently, 2 mL NIPAM was injected dropwise to the flask by a 

syringe pump at a speed of 4 mL/h. After the injection was completed, the reaction was continued for 

another 15 min. The reaction was quenched in flowing cold water, gently vortexed, and stirred on a 

roller mixer. Subsequently, the microgel was purified by 3 cycles of centrifugation (14000 g, RT, 15 min) 

and redispersion in Milli-Q water. The final solution was diluted to 5 mL. 0.5 mL of this solution were 

dried at 70 °C in the oven and then weighted to determine the concentration of the microgel solution. 

For the microgel synthesis with a surfactant, 0.665 mg SDS was added to the flask along with the other 

reactants at the beginning of the reaction. 

Microgel characterizations:  The presence of Ce-Ftn(neg) inside microgel was observed by TEM without 

applying a staining agent. Ce-Ftn(neg) microgels were also characterized by electron tomography and 
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cryo-TEM as described in the analytical methods (section 6.5). The size, ζ-potential, electrophoretic 

mobility, and the size-temperature dependence of the microgels were measured at 20 °C by DLS.  

6.6.11 Ferritin release from microgels 

6.6.11.1 Study of ferritin release by TEM 

To study the release, Ce-Ftn(neg) microgel was incubated in an acidic solution under different conditions. 

First, 250 µL Ce-Ftn(neg) microgel (5 mg/mL) was mixed with 50 µL of buffer F (300 mM acetate buffer 

pH 4.0). For the accelerated release, the buffer was replaced with buffer G (300 mM glycine buffer 

pH 2.5). Both were incubated for 5 min at RT. To check if the microgels can be completely degraded, 

another batch was incubated in pH 2.5 at RT for 5 days. After the incubation, 2 µL of each sample was 

analyzed by TEM. 

6.6.11.2 Study of ferritin release by UV/Vis 

Synthesis of fluorophore-loaded ferritin microgels: AF 488-(Ftn(neg)-1C) and AR 6G-(Ftn(neg)-1C) 

microgels were synthesized with KPS and TEMED redox initiator at 55 °C as described above. Moreover, 

for comparison, one batch of AF 488-(Ftn(neg)-1C) microgel was prepared using KPS initiator at 70 °C.  

Ferritin release from microgels in different solutions: 250 µL of AR 6G-(Ftn(neg)-1C) microgels was 

mixed with 70 µL incubating solutions. After 5 min, the microgel solutions were centrifuged at 14000 g 

for 15 min. The supernatant was carefully pipetted out and analyzed by UV/Vis at 536 nm. The 

incubating solutions were: (1) water, (2) 150 mM NaCl, (3) 50 mM glycine buffer pH 2.5, and (4) a 

solution containing both 50 mM glycine buffer pH 2.5 and 150 mM NaCl. All are the final concentrations 

in 320 µL solution. For the last incubating solution, NaCl was added after 5 min incubation with acid, 

and then the incubation was continued for another 5 min. 

Time-dependent release of ferritin in acidic solution: 250 µL of AF 488-(Ftn(neg)-1C) microgels was 

mixed with 70 µL glycine buffer pH 2.5 to make a final buffer concentration of 50 mM. The incubation 

was performed for 5, 10, 20, 30 min, 20 h, and 6 days. After the incubation, the microgel solutions 

were centrifuged at 14000 g for 15 min. The supernatant was carefully pipetted out and analyzed by 

UV/Vis at 500 nm. For the release at pH 4.0, acetate buffer with a final concentration of 50 mM was 

used and the incubation was performed for 1, 2, and 4 h. 

Estimation of ferritin uptake and release from microgels: To estimate ferritin uptake, we assumed 

that all the unbound ferritin was removed during the first centrifugation. The microgels formed pellet, 

while ferritin remained in solution. This supernatant was concentrated, and the amount of ferritin was 

determined by UV/Vis. By subtracting the initial amount of ferritin and the remaining ferritin in the 

supernatant, we obtained the ferritin uptake. The value was expressed in % relative to the initial 
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amount of ferritin. If the amount of ferritin uptake is divided by the total mass of the resulting 

microgels, we obtained % ferritin content. Ferritin release was estimated at pH 2.5 after 5 min 

incubation in acid. For AF 488-(Ftn(neg)-1C), we also estimated the ferritin release at pH 4.0 in a similar 

fashion. The value was expressed in % relative to the amount of the incorporated ferritin. 

6.6.11.3 Study of ferritin release by fluorescence microscopy 

50 µL of AF 488-(Ftn(neg)-1C) microgels solution with a concentration of  0.1 mg/mL was spin-coated on 

a plasma cleaned coverslip. First, the microgels were imaged in brightfield. Next, the fluorescence 

signals were captured by a fluorescence microscope. To trigger the release of ferritin, 100 µL of 50 mM 

acetic buffer pH 4.0 was added to the sample. Subsequently, the fluorescence images were taken after 

10- and 15-min incubation in the buffer solution. 

6.6.12 Proteolytic degradation of ferritin microgels 

AR 6G-(Ftn(neg)-1C) digestion by chymotrypsin. A stock solution of 2 mg/mL chymotrypsin was 

prepared by dissolving chymotrypsin in a solution containing 1 mM HCl and 2 mM CaCl2. Next, a stock 

solution of 100 mM Tris buffer pH 7.8 containing 10 mM CaCl2 was prepared as digestion buffer. For 

the digestion, 0.1863 mg AR 6G-(Ftn(neg)-1C) was mixed with chymotrypsin and digestion buffer to make 

a 1 mL solution. The protein to protease mass ratio was 2 : 1. The solution was incubated at 37 °C for 

0, 24, and 48 h. After incubation, the solution was diluted with water to 2 mL, centrifuged at 14000 g 

for 15 min to remove any precipitation, and finally analyzed by SEC using buffer E. The amount of 

remaining ferritin was determined from the FPLC chromatograms by integrating the area under the 

curve of ferritin peaks. 

AR 6G-(Ftn(neg)-1C) microgels digestion by chymotrypsin. 1 mL microgels solution containing the same 

amount of 0.1863 mg AR 6G-(Ftn(neg)-1C) was centrifuged at 14000 g for 15 min. The supernatant 

(water) was removed and replace with digestion buffer containing chymotrypsin to make a 1 mL 

solution. The protein to protease mass ratio was 2 : 1 and the solution was also incubated at 37 °C.  

After 0, 24, and 48 h incubation, 150 µL microgel solution was pipetted out. The solution was 

centrifuged at 14000 g for 15 min. The digestion buffer was removed and the microgels were re-

dispersed in a washing buffer (50 mM Tris pH 7.5; 50 mM NaCl; 0.05% Tween-20) to remove any 

precipitated digestion product. The solution was centrifuged once again at 14000 g for 15 min and the 

washing buffer was removed. Finally, the microgels were re-dispersed in 250 µL water and ferritin 

release at pH 2.5 was investigated as described above. 
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6.6.13 Encapsulation of DOX in ferritin 

6.6.13.1 Encapsulation of DOX in Ftn(pos) 

Determination of the best conditions to enlarge Ftn(pos) channels: 1.5 mg Ftn(pos) was dissolved in 1.5 

mL incubation buffer and stirred for 30 minutes. Next, a Fe(II)-DOX stock solution was prepared by 

mixing 1 mM of (NH4)2Fe(II)(SO4)2 and 1 mM DOX-HCl (1 : 1). The Fe(II)-DOX stock solution then was 

added to the protein solution with a concentration ratio of (200 : 1), along with additional incubation 

buffer to make a total volume of 4.5 mL. The incubation was continued for another 2.5 h. The solution 

was cooled down to RT (when necessary), washed 5x with Milli-Q water, concentrated to 2 mL, and 

purified by SEC with buffer C as elution buffer. Various conditions were tested for the encapsulation: 

2 mM Gua-HCl, pH 5.0 (20 mM acetate buffer pH 5.0; 40 mM NaCl), T = 65 °C, and the combinations of 

these conditions. 

Changing the metal-cation used in the pre-complexation of DOX: Cu(II)-DOX and Fe(III)-DOX stock 

solutions were prepared by mixing 1 mM DOX-HCl with 1 mM CuSO4 and 1 mM FeCl3, respectively. The 

encapsulations were performed in pH 5.0 at 65 °C (for 2.5 h; 200 : 1) in a similar fashion as described 

above. 

Changing Cu(II) to DOX ratio used in the pre-complexation: Subsequently, the ratio of Cu(II) to DOX-

HCl was varied from (1 : 1) to (4 : 1), while all the other encapsulation conditions were kept the same 

(pH 5.0, at 65 °C, for 2.5 h; 200 : 1).  

Changing Cu(II)-DOX concentration used for the encapsulation: Next, the ratio of Cu(II)-DOX to 

protein concentration was varied from (200 : 1) to (600 : 1), while all the other encapsulation 

conditions were kept the same (pH 5.0, at 65 °C, for 2.5 h; 1 : 1).  

Changing the salt concentration: Here, the concentration of NaCl in the incubation buffer was varied: 

40 mM, 250 mM, 500 mM, and 1 M, while all the other encapsulation conditions were kept the same 

(pH 5.0, at 65 °C, for 2.5 h; 1 : 1; 200 : 1). 

Changing the incubation time: Finally, the incubation time was varied: 1 h, 2.5 h, 5 h, and 24 h, while 

all the other encapsulation conditions were kept the same (pH 5.0, at 65 °C, 2.5 h; 1 : 1; 200 : 1; 40 mM 

NaCl). 

DOX-Ftn(pos) characterizations: The best result from the encapsulation of DOX in Ftn(pos) was 

characterized by TEM with staining and the DOX loading was determined as described in 

section 6.6.2.3, but at 490 nm. 
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6.6.13.2 Encapsulation of DOX in Ftn(neg)-1C 

This follows closely the protocol for the encapsulation of fluorophore by chemical conjugation. 1.5 mg 

Ftn(neg)-1C was incubated in 1.5 mL disassembly buffer (10 mM glycine buffer pH 2.5) for 4 h to ensure 

complete disassembly. In the meantime, aldoxorubicin stock solution was prepared in anhydrous 

DMSO at 10 mg/mL. After 4 h, the reassembly buffer (50 mM Tris buffer pH 7.5; 50 mM NaCl) was 

added to ferritin solution, and the final pH was adjusted to 7.4 by adding a few µL of NaOH or HCl 1 M. 

Next, the exposed cysteines were reacted with 1, 2, 5, or 10 eq. of aldoxorubicin. The total volume of 

the solution was 4.5 mL. The solution was incubated at RT overnight. The next day, the solution was 

washed 1x with Milli-Q water, concentrated to 2 mL, and purified by SEC with buffer E as elution buffer. 

As reaction controls, Ftn(neg)-1C was reacted with DOX-HCl, and Ftn(neg)-0C was reacted with 

aldoxorubicin or DOX-HCl. All the reactions used 10 eq. concentration of DOX variants relative to the 

cysteine.  

DOX-(Ftn(neg)-1C) characterizations: The size of DOX-(Ftn(neg)-1C) 10 eq. was measured by DLS. The 

sample was also characterized by TEM with staining. Both the loading and yield were determined as 

described in section 6.6.2.3, but at the DOX maximum absorption: 490 nm.   

6.6.13.3 Encapsulation of DOX in HF 

The protocol used here was based on the work reported by Bellini et al.[22] Several modifications were 

made to obtain a better encapsulation yield. 1.5 mg Ftn(neg)-1C was incubated in 1.5 mL disassembly 

buffer (10 mM glycine buffer pH 2.5) for 4 h to ensure complete disassembly. In the meantime, a DOX-

HCl stock solution was prepared at 10 mg/mL. Next, the appropriate amount of DOX-HCl and NaCl was 

mixed with the reassembly buffer (50 mM Tris buffer pH 7.5; 0.5 M NaCl) to make a total volume of 

13.5 mL. After 4h, this solution was added dropwise to the ferritin solution, and the final pH was 

adjusted to 7.4 by adding a few µL of NaOH or HCl 1 M. Next, the reaction mixture was incubated at 

RT overnight. The next day, the solution was washed 1x with Milli-Q water, concentrated to 2 mL, and 

purified by SEC with buffer E as elution buffer.  

DOX-HF characterization: The purified DOX-HF was characterized by TEM with staining. Both the 

loading and yield were determined as described in section 6.6.2.3, but at the DOX maximum 

absorption: 490 nm. 

6.6.13.4 Encapsulation of DOX in HF-7C and HF-1C 

The encapsulation of DOX in HF-7C: 1.5 mg HF-7C was incubated in 1.5 mL disassembly buffer (10 mM 

glycine buffer pH 2.5) for 4 h to ensure complete disassembly. In the meantime, aldoxorubicin stock 

solution was prepared in anhydrous DMSO at 10 mg/mL. Furthermore, TCEP stock solution was 

prepared at 10 mg/mL. After 4 h, 10 eq. TCEP was added to the protein solution and let react for 30 
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min. Subsequently, the reassembly buffer (50 mM Tris buffer pH 7.5; 50 mM NaCl) was added to the 

solution, and the final pH was adjusted to 7.4 by adding a few µL of NaOH or HCl 1 M. 5 minutes later, 

the exposed cysteines were reacted with 0.75 eq. aldoxorubicin. The total volume of the solution was 

4.5 mL. The solution was incubated at RT overnight. The next day, the solution was washed 1x with 

Milli-Q water, concentrated to 2 mL, and purified by SEC with buffer E as elution buffer.  

The encapsulation of DOX in HF-1C: 1.5 mg HF-1C was incubated in 1.5 mL disassembly buffer (10 mM 

glycine buffer pH 2.5) for 4 h to ensure complete disassembly. In the meantime, aldoxorubicin stock 

solution was prepared in anhydrous DMSO at 10 mg/mL. Furthermore, an L-arginine stock solution was 

prepared at 200 mM. After 4 h, 450 µL L-arginine stock solution and the reassembly buffer (50 mM Tris 

buffer pH 7.5) was added to the solution. The final pH was adjusted to 7.4 by adding a few µL of NaOH 

or HCl 1 M. The exposed cysteines then were reacted with 7eq. aldoxorubicin. The total volume of the 

solution was 4.5 mL. The solution was incubated at RT overnight. The next day, the solution was 

washed 1x with Milli-Q water, concentrated to 2 mL, and purified by SEC with buffer E as elution buffer. 

Characterizations: Both DOX (HF-7C) and DOX (HF-1C) were characterized by TEM with staining. 

Furthermore, the loading and yield were determined as described in section 6.6.2.3, but at 490 nm. 

6.6.14 Synthesis of DOX-Ftn microgels and its release study 

Synthesis of DOX (Ftn(neg)-1C) 5 eq. microgels: The synthesis was performed by semi-batch 

precipitation polymerization as described in section 6.6.10. The only difference is, here we used DOX 

(Ftn(neg)-1C) 5 eq. instead of Ce-Ftn(neg). The ferritin loading and release was also estimated as described 

in section 6.6.11.2. The resulting microgels were also imaged by regular TEM without staining.  

Synthesis of DOX (HF-1C) 7 eq. microgels and Ce(HF-1C) microgels: The synthesis was also performed 

by semi-batch precipitation polymerization as described in section 6.6.10. However, here we used DOX 

(HF-1C) 7 eq. or Ce(HF-1C) instead of Ce-Ftn(neg), and we employed half amount of the applied KPS-

TEMED redox initiator in the reaction. The resulting microgels then were analyzed by TEM without 

staining. 

6.6.15 Cytotoxicity of DOX-Ftn variants 

Selection of the appropriate cell lines: The TfR-1 expression of various cell lines was determined by 

quantitative real-time PCR. The experiment was performed by Sarah Boesveld (Medizinische Klinik III, 

Uniklinik RWTH Aachen). 

A general protocol for MTT assays: Hepa 1-6, 3T3, and HeLa cells were plated in 100 µL culture medium 

in a 96-wells microplate at a density of 3.5 x 105 cells/wells and allowed to grow overnight. The next 

day, DOX or DOX-Ftn variants were dissolved in fresh cell culture supernatant and added to the cells. 
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All concentrations were prepared as triplicates and water was used as control. The cells then were 

cultured in a CO2 incubator at 37 °C for 24 h and 48 h. Next, the cell viability was measured by MTT 

Assay kit (Cayman) according to the manufacturer’s instructions. 10 µL of MTT reagent was added to 

each well using a repeating pipettor. Afterward, the cell cultures were mixed gently for one minute on 

an orbital shaker and then incubated for 4 h at 37 °C in a CO2 incubator. The formazan produced in the 

cells will appear as dark crystals at the bottom of the wells. 100 µL of crystal dissolving solution then 

was added to each well and incubated for 18 h in a 37 °C CO2 incubator. Finally, the absorbances were 

measured at 570 nm using a microplate reader.   

Determination of the suitable DOX concentration for MTT assays: Various DOX concentrations were 

tested: 0.032, 0.16, 0.8, 4, 20, and 100 µg/mL. The minimum concentration of DOX which induced a 

significant decrease in cell viability during 24 h and 48 h incubation was chosen as the DOX 

concentration for further experiments.  

MTT assays for various DOX-Ftn variants: The cytotoxicity of DOX-Ftn variants were tested at DOX 

concentration of 0.8 µg/mL (1.38 µM) and 0.058 µg/mL (0.1 µM). 

Reaction control for investigating the DOX attachment on the surface of ferritin cages: The 

encapsulation of DOX in HF-7C (Chapter 6.6.13.4) was repeated, but without opening the cages. This 

means, the glycine buffer pH 2.5 was simply replaced by the reassembly buffer (50 mM Tris buffer 

pH 7.5; 50 mM NaCl). The experiment was repeated once again, but this time TCEP was left out. After 

encapsulation, the reaction mixtures were purified by SEC and the resulting chromatograms were 

compared. 
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7 Appendix 
 

Protein variants and characteristics 

Ftn(pos)  

Molar mass: 21331 kDa; Extinction coefficient: 18910;  

Mutation: A18K, C90K, N98R, C102K, H105K, N25R, N109K, D123K, E162R 

DNA sequence: 

ACCACAGCTAGTACGTCCCAAGTACGTCAGAACTATCACCAAGATAGCGAGAAAGCCATTAATCGCCAAATTC

GCTTGGAACTGTATGCATCGTATGTCTACCTGTCAATGAGCTACTACTTTGATCGTGATGATGTTGCTCTGAAG

AACTTTGCGAAATACTTTCTGCATCAGTCTCATGAAGAACGCGAACATGCCGAGAAACTGATGAAACTGCAGA

ATCAGCGTGGTGGACGCATCTTCTTACAGGACATTCAGAAACCGGATAAAGACGATTGGGAAAGCGGGTTGC

GTGCGATGGAGAAAGCACTGAAACTGGAAAAGAAAGTGAATCAGTCTCTGCTGGAACTCCACAAATTAGCGA

CGAAGAAGAACGATCCGCATCTCTGCGACTTCATCGAAACCCACTATTTAAACGAGCAAGTGAAAGCGATCAA

AGAACTTGGCGATCACGTTACCAACCTTCGGAAAATGGGTGCACCACGCAGTGGCTTGGCCGAATATCTGTTC

GACAAACATACTCTGGGCGATTCCGACAATGAGTCG 

Protein sequence: 

TTASTSQVRQNYHQDSEEAINRQINLELYASYVYLSMSYYFDRDDVALKNFAKYFLHQSHEEREHAEKLMKLQNQR

GGRIFLQDIQKPDEDDWESGLNAMEEALELEKNVNQSLLELHKLATDKNDPHLCDFIETHYLNEQVKAIKELGDHVT

NLRKMGAPESGLAEYLFDKHTLGDSDNES 

 

Ftn(neg)  

Molar mass: 21196.3 kDa; Extinction coefficient: 18910; Mutation: A18E, C90E, C102E, H105E 

DNA sequence: 

ACCACAGCATCAACGAGCCAAGTTCGCCAAAACTATCACCAGGATTCTGAGGAAGCGATTAATCGGCAGATTA

ACCTGGAGTTATATGCGAGCTATGTGTATCTGTCGATGAGCTACTACTTTGACCGTGACGATGTTGCACTGAAG

AACTTTGCGAAATACTTTCTGCATCAGTCCCATGAAGAACGCGAACATGCCGAGAAACTGATGAAACTGCAGA

ATCAACGTGGTGGACGCATTTTCTTGCAAGATATCCAGAAACCGGATGAAGATGACTGGGAAAGTGGCTTGA

ATGCCATGGAAGAAGCACTGGAACTTGAGAAGAACGTGAATCAGTCTCTGCTTGAACTGCATAAACTGGCCAC

TGACAAGAACGATCCGCATCTGTGCGATTTCATCGAAACCCACTATCTGAACGAACAGGTCAAAGCGATCAAA

GAACTCGGGGATCACGTAACCAACCTCCGTAAAATGGGTGCTCCAGAGAGTGGCTTGGCTGAATACTTATTCG

ACAAACACACGTTAGGCGATTCGGACAATGAGTCC 
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Protein sequence: 

TTASTSQVRQNYHQDSEEAINRQINLELYASYVYLSMSYYFDRDDVALKNFAKYFLHQSHEEREHAEKLMKLQNQR

GGRIFLQDIQKPDEDDWESGLNAMEEALELEKNVNQSLLELHKLATDKNDPHLCDFIETHYLNEQVKAIKELGDHVT

NLRKMGAPESGLAEYLFDKHTLGDSDNES 

 

Ftn(neg)-0C 

Molar mass: 21164.31 kDa; Extinction coefficient: 18910;  

Mutation: A18E, C90E, C102E, H105E, C130A 

DNA sequence: 

ACCACAGCATCAACGAGCCAAGTTCGCCAAAACTATCACCAGGATTCTGAGGAAGCGATTAATCGGCAGATTA

ACCTGGAGTTATATGCGAGCTATGTGTATCTGTCGATGAGCTACTACTTTGACCGTGACGATGTTGCACTGAAG

AACTTTGCGAAATACTTTCTGCATCAGTCCCATGAAGAACGCGAACATGCCGAGAAACTGATGAAACTGCAGA

ATCAACGTGGTGGACGCATTTTCTTGCAAGATATCCAGAAACCGGATGAAGATGACTGGGAAAGTGGCTTGA

ATGCCATGGAAGAAGCACTGGAACTTGAGAAGAACGTGAATCAGTCTCTGCTTGAACTGCATAAACTGGCCAC

TGACAAGAACGATCCGCATCTGGCCGATTTCATCGAAACCCACTATCTGAACGAACAGGTCAAAGCGATCAAA

GAACTCGGGGATCACGTAACCAACCTCCGTAAAATGGGTGCTCCAGAGAGTGGCTTGGCTGAATACTTATTCG

ACAAACACACGTTAGGCGATTCGGACAATGAGTCC 

Protein sequence: 

TTASTSQVRQNYHQDSEEAINRQINLELYASYVYLSMSYYFDRDDVALKNFAKYFLHQSHEEREHAEKLMKLQNQR

GGRIFLQDIQKPDEDDWESGLNAMEEALELEKNVNQSLLELHKLATDKNDPHLADFIETHYLNEQVKAIKELGDHVT

NLRKMGAPESGLAEYLFDKHTLGDSDNES 

 

Ftn(neg)-1C 

Molar mass: 21139.27 kDa; Extinction coefficient: 18910;  

Mutation: A18E, C90E, C102E, H105E, C130A, K53C 

DNA sequence: 

ACCACAGCATCAACGAGCCAAGTTCGCCAAAACTATCACCAGGATTCTGAGGAAGCGATTAATCGGCAGATTA

ACCTGGAGTTATATGCGAGCTATGTGTATCTGTCGATGAGCTACTACTTTGACCGTGACGATGTTGCACTGAAG

AACTTTGCGTGTTACTTTCTGCATCAGTCCCATGAAGAACGCGAACATGCCGAGAAACTGATGAAACTGCAGA

ATCAACGTGGTGGACGCATTTTCTTGCAAGATATCCAGAAACCGGATGAAGATGACTGGGAAAGTGGCTTGA

ATGCCATGGAAGAAGCACTGGAACTTGAGAAGAACGTGAATCAGTCTCTGCTTGAACTGCATAAACTGGCCAC

TGACAAGAACGATCCGCATCTGGCCGATTTCATCGAAACCCACTATCTGAACGAACAGGTCAAAGCGATCAAA
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GAACTCGGGGATCACGTAACCAACCTCCGTAAAATGGGTGCTCCAGAGAGTGGCTTGGCTGAATACTTATTCG

ACAAACACACGTTAGGCGATTCGGACAATGAGTCC 

Protein sequence: 

TTASTSQVRQNYHQDSEEAINRQINLELYASYVYLSMSYYFDRDDVALKNFACYFLHQSHEEREHAEKLMKLQNQR

GGRIFLQDIQKPDEDDWESGLNAMEEALELEKNVNQSLLELHKLATDKNDPHLADFIETHYLNEQVKAIKELGDHVT

NLRKMGAPESGLAEYLFDKHTLGDSDNES 

 

HF 

Molar mass: 21094.45 kDa; Extinction coefficient: 18910; Mutation: - 

DNA sequence: 

ACCACCGCGTCCACTAGCCAGGTCCGTCAAAACTACCACCAGGATTCGGAAGCCGCAATCAATCGTCAGATCA

ATCTGGAGCTGTACGCGAGCTATGTCTACCTGTCAATGTCGTATTATTTTGACCGGGACGACGTAGCATTGAAA

AACTTTGCTAAATACTTCTTGCACCAGAGCCACGAAGAACGCGAACATGCAGAGAAACTGATGAAACTGCAGA

ACCAACGCGGCGGCCGTATCTTCCTGCAAGATATTAAGAAGCCCGATTGCGATGATTGGGAATCTGGCTTAAA

TGCTATGGAATGCGCACTGCATCTTGAGAAGAACGTCAACCAGAGTTTGTTAGAGCTGCATAAACTGGCGACC

GACAAAAACGACCCGCATCTGTGTGATTTTATCGAAACGCATTATCTCAATGAGCAAGTTAAAGCTATCAAGGA

ACTGGGTGATCATGTCACCAACCTCCGGAAAATGGGCGCTCCGGAAAGCGGCCTGGCAGAGTACCTCTTCGAT

AAACACACTTTGGGTGATTCAGATAATGAATCG 

Protein sequence: 

TTASTSQVRQNYHQDSEAAINRQINLELYASYVYLSMSYYFDRDDVALKNFAKYFLHQSHEEREHAEKLMKLQNQR

GGRIFLQDIKKPDCDDWESGLNAMECALHLEKNVNQSLLELHKLATDKNDPHLCDFIETHYLNEQVKAIKELGDHVT

NLRKMGAPESGLAEYLFDKHTLGDSDNES 

 

HF-7C 

Molar mass: 20959.48 kDa; Extinction coefficient: 18910;  

Mutation: A52C, E64C, C90A, C102A, C130A, E140C, K143C, E147C, S178C, S182C 

DNA sequence: 

ACCACTGCTTCGACCAGTCAGGTTCGCCAGAACTATCACCAGGATTCTGAAGCTGCGATTAATCGGCAGATCA

ACCTGGAGTTATATGCGAGCTATGTGTACTTATCGATGTCCTACTACTTCGATCGTGACGATGTAGCCTTGAAG

AACTTCTGCAAATACTTCCTGCATCAATCCCACGAAGAACGCTGTCATGCAGAGAAACTCATGAAACTCCAGAA

TCAGCGTGGTGGTCGCATCTTTCTGCAAGACATCAAGAAGCCGGATGCAGATGACTGGGAAAGCGGCCTTAA

CGCAATGGAAGCAGCACTGCATCTGGAGAAGAACGTCAACCAGTCACTGCTGGAACTGCACAAATTGGCTACT

GACAAGAACGATCCCCATCTTGCGGACTTCATCGAAACGCATTACCTGAATTGCCAGGTTTGTGCCATTAAGTG
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TCTTGGCGATCACGTGACCAATCTCCGCAAAATGGGAGCACCAGAGTCAGGGTTAGCAGAGTATCTGTTCGAC

AAACACACATTGGGCGATTGCGATAACGAATGT 

Protein sequence: 

TTASTSQVRQNYHQDSEAAINRQINLELYASYVYLSMSYYFDRDDVALKNFCKYFLHQSHEERCHAEKLMKLQNQR

GGRIFLQDIKKPDADDWESGLNAMEAALHLEKNVNQSLLELHKLATDKNDPHLADFIETHYLNCQVCAIKCLGDHV

TNLRKMGAPESGLAEYLFDKHTLGDCDNEC 

 

HF-1C 

Molar mass: 20973.23 kDa; Extinction coefficient: 18910;  

Mutation: K53C, C90A, C102A, C130A 

DNA sequence: 

ACAACCGCATCTACGTCACAAGTTCGTCAGAACTATCACCAAGATAGTGAAGCTGCCATTAATCGCCAGATTAA

CCTGGAACTGTATGCCTCCTATGTGTATCTGAGCATGAGCTACTACTTTGATCGCGATGACGTTGCGCTCAAGA

ACTTTGCCTGCTACTTCTTGCATCAGAGCCATGAAGAACGTGAACACGCGGAAAAACTCATGAAACTGCAGAA

TCAACGTGGAGGTCGGATTTTTCTGCAGGACATCAAGAAACCGGATGCGGATGATTGGGAATCTGGGCTTAAC

GCGATGGAAGCAGCTCTGCATCTGGAGAAAAACGTGAATCAGTCGTTACTGGAGTTACACAAACTTGCGACTG

ACAAGAACGATCCGCATTTGGCGGACTTCATCGAAACCCATTACCTGAATGAACAGGTAAAAGCCATCAAAGA

GCTGGGCGATCATGTCACCAATCTGCGCAAAATGGGTGCTCCAGAATCGGGCTTGGCAGAGTATCTGTTCGAC

AAACACACGTTAGGCGATAGTGACAACGAGTCC 

Protein sequence: 

TTASTSQVRQNYHQDSEAAINRQINLELYASYVYLSMSYYFDRDDVALKNFACYFLHQSHEEREHAEKLMKLQNQR

GGRIFLQDIKKPDADDWESGLNAMEAALHLEKNVNQSLLELHKLATDKNDPHLADFIETHYLNEQVKAIKELGDHV

TNLRKMGAPESGLAEYLFDKHTLGDSDNES 
 

Note: All the extinction coefficients are in units of M-1 cm-1, at 280 nm and measured in water.  
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AR 6G Atto Rhodamine 6G  

BAC N,N′-Bis(acryloyl)cystamine  

BIS N,N′-Methylenebis(acrylamides)  

Ce-Ftn(neg) Cerium oxide nanoparticle loaded Ferritin(neg) 

Ce(HF-1C) Cerium oxide nanoparticle loaded HF-1C  

CCMV Cowpea Chlorotic Mottle Virus 

CPMV Cowpea Mosaic Virus 
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DOX Doxorubicin  
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EGCC Epigallocatechin gallate 

EPR Enhanced permeability and retention 

Fscn Fluorescein  
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IEC Ion Exchange Chromatography 
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NIPMAM N-isopropylmethacrylamide  
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NPs Nanoparticles 
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PTT Photothermal therapy 

QDs Quantum Dots 
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siRNA small interfering RNA 

tBAM N-tert-Butylacrylamide  

TCEP-HCl (tris(2-carboxyethyl)phosphine) hydrochloride  

TEM  Transmission electron microscopy  

TEMED Tetramethylethylendiamine  

TfR-1 Transferrin receptor 1  

Tris tris(hydroxymethyl)aminomethane  

VCL N-vinylcaprolactam 

VEGF Vascular endothelial growth factor 

VFc Vinyl Ferrocene 

VIM 1-vinylimidazole  

VOU 3,9-Divinyl-2,4,8,10-tetra-oxaspiro[5.5]undecane  

VPTT Volume phase transition temperature  
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