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ABSTRACT 

Charles University 

Faculty of Pharmacy in Hradec Králové 

Department of Biochemical Sciences 

Friedrich Schiller University Jena 

Faculty of Chemistry and Earth Sciences 

Institute for Organic and Macromolecular Chemistry 

Candidate: Veronika Měrková 

Supervisors: PharmDr. Hana Jansová, Ph.D., Prof. Dr. Felix H. Schacher 

Title of diploma thesis: Co
2+ 

loaded block copolymer micelles: Preparation and their 

uptake into macrophages 

Since lots of patients suffer from post-operative infections resulting in sepsis, there were 

attempts to modulate immune system response in order to treat this pathological state. 

Cobalt is a biogenic trace element, however its direct administration may cause 

immunological reactions. The immune response can be inflammatory or anti-

inflammatory mediated by macrophages (MΦ). Both are responsible for specific 

actions, regarding MΦ activation and cytokine release. The aim of this study was 

to provoke such response in MΦ and therefore to possibly control the inflammatory 

process. Nevertheless, free cobalt ions are toxic. In order to find a suitable and safe way 

of cobalt administration, the triblock terpolymer PEO-b-PAGECOOH-b-PtBGE was 

synthesized and assembled into micelles in aqueous solution. Eventually the micelles 

were loaded with cobalt chloride to facilitate the detection in a biological in vitro test 

system of human monocyte-derived MΦ. The micelles were characterized in their 

structure, size, shape, appearance and net charge. The amount of cobalt bound inside 

was determined as well. After the synthesis and chemical characterisation, the micelles 

were further characterized for their biological application suitability. Therefore, uptake 

into MΦ and its impact on vitality and cytokine secretion was investigated. It was 

found out that the uptake was increased with increasing micelle concentration in the cell 

culture medium up to concentrations of 300 μg/ml and that the process was not 

carried out by clathrin-mediated endocytosis. The vitality of the cells was not 

significantly affected by the micelles. The cytokine release measurement suggests that 

the MΦ could have been activated into M2 anti-inflammatory state and that the micelles 

are potentially a suitable drug delivery system.  



 

 

 

ABSTRAKT 

Karlova Univerzita v Praze 

Farmaceutická fakulta v Hradci Králové 

Katedra biochemických věd 

Friedrich Schiller Universität Jena 

Chemisch-Geowissenschaftliche Fakultät 

Institute für Organische und Makromolekulare Chemie 

Kandidát: Veronika Měrková 

Školitelé: PharmDr. Hana Jansová, Ph.D., Prof. Dr. Felix H. Schacher 

Název diplomové práce: Micely z blokového kopolymeru obsahující kobaltnaté ionty: 

Příprava a jejich vychytávání do makrofágů 

Jelikož mnoho pacientů trpí pooperačními infekcemi vedoucími k sepsi, bylo naší 

snahou docílit modulace odpovědi imunitního systému a dosáhnout tak léčby tohoto 

patologického stavu. Kobalt je biogenní stopový prvek, avšak jeho přímá administrace 

může způsobit imunologické reakce. Imunitní odpověď zprostředkovaná makrofágy 

(MΦ) může být zánětlivá, nebo protizánětlivá. Obě jsou zodpovědné za specifické děje, 

zahrnující aktivaci MΦ a produkci cytokinů. Cílem této studie bylo vyvolat imunitní 

odpověď MΦ, a tím tedy případně kontrolovat zánětlivý proces. Nicméně volné ionty 

kobaltu jsou toxické. Za účelem nalezení vhodného a bezpečného způsobu podávání 

kobaltu byl syntetizován triblokový terpolymer PEO-b- PAGECOOH-b- PtBGE, z něhož 

byl připraven vodný micelární roztok. Nakonec byl do micel enkapsulován chlorid 

kobaltnatý, aby byla umožněna biologická detekce v in vitro testovacím systému 

lidských monocytárních MΦ. U micel byla zjištěna jejich struktura, velikost, tvar, 

vzhled a povrchový náboj. Dále bylo stanoveno množství kobaltu obsaženého uvnitř 

micel. Po syntéze a chemické charakterizaci byly micely dále zkoumány, aby byla 

zjištěna jejich vhodnost pro biologickou aplikaci. Za tímto účelem bylo sledováno jejich 

vychytávání do MΦ a jeho vliv na vitalitu a sekreci cytokinů. Bylo zjištěno, že 

vychytávání se zvyšuje se zvyšující se koncentrací micel v buněčném médiu 

až do koncentrace 300 ug/ml, a že tento proces nebyl realizován clathrin-dependentní 

endocytózou. Vitalita buněk nebyla micelami významně ovlivněna. Stanovení produkce 

cytokinů naznačuje, že MΦ mohly být aktivovány do protizánětlivého M2 stavu, a že 

micely jsou potenciálně vhodným nosičem kobaltu. 
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1 Introduction 

 

In these days, lots of patients face post-operative infections, leading in some cases 

to immune system overreaction (Angus and van der Poll 2013). This process occurs 

during e.g. sepsis and results in multiple organ failure and eventually death (Chen 

2011). Conservative methods have so far focused on antimicrobial treatment, the new 

approaches, on the other hand, are aimed directly at the immune response. Therefore, 

the metal cobalt was chosen to provoke a reaction in the immune system and contribute 

to immune response modulation. 

Cobalt is a biogenic trace element, essential for various living organisms, because it 

plays an important role in enzymatic processes; however its direct administration may 

cause immunological reactions in the human body (Czarnek et al. 2015). The immune 

response can be pro-inflammatory and/or anti-inflammatory. The key cells in this 

process are macrophages (MΦ), which are capable of phagocytosis of foreign bodies. 

The phagocytosis of the cobalt particles is connected with changes in MΦ physiology, 

including their activation to M1 or M2 state and subsequently alterations 

in the production of cytokines and pro- or anti-inflammatory mediators. (Czarnek et al. 

2015; Mosser and Edwards 2008; Mills et al. 2000) Cobalt ions therefore influence 

an immune response in the system and in specific forms (e.g. encapsulated in micelles) 

could also possibly regulate this action.
 

However, free cobalt ions are in certain concentrations toxic (Simonsen et al. 2012). 

Thus cobalt loaded micelles (further also referred as nanoparticles) were prepared, 

characterized and tested initially in a simplified in vitro system comprised of human 

monocyte-derived MΦ. At first, a triblock terpolymer, based on poly(ethylene oxide)-

block-poly(allyl glycidyl ether)-block-poly(tert-butyl glycidyl ether) (PEO-b-PAGE-b-

PtBGE), was synthesized by ring-opening anionic polymerization (Barthel et al. 2013). 

The PAGE block was then functionalized with 3-mercapto propionic acid using DMPA 

as an initiator. This triblock terpolymer was used because of its ability to form micelles 

in water (Fig. 1). The post- modification allows a better micelle loading with Co
2+

 

due to the newly introduced carboxylic groups followed by an enhanced usage 

as a potential drug delivery system (Barthel et al. 2014). 
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Figure 1: Modified PEO-b-PAGE-b-PtBGE micelle with cobalt 

 

After the polymer synthesis, the micelle solution (ECT) was prepared by dialysis 

method (self-assembly to micelles in aqueous solution). For further intended research 

of micelles including immunofluorescence microscopy, the fluorescent stain nile red 

was encapsulated. Subsequently, the complexation of Co
2+

 by micelles was performed 

and the solution was purified by dialysis. The unfunctionalized and functionalized 

polymers were both analysed using nuclear magnetic resonance (NMR) spectroscopy 

and size exclusion chromatography (SEC) to investigate their structure. The micellar 

solutions were additionally analysed using dynamic light scattering (DLS) and cryo-

electron microscopy (Cryo-TEM) to see the particle size and appearance. Furthermore, 

zeta potential was measured due to changes in the interfacial double layer 

of the particles, caused by their different composition. The solutions containing cobalt 

were furthermore examined by inductively coupled plasma optical emission 

spectrometry (ICP-OES) to determine the cobalt content. 

After the micelles were prepared and chemically characterized, the assessment of their 

uptake into human MΦ was performed using an immunofluorescence microscope 

to detect the nile red fluorescence intensity inside the MΦ. This allowed a direct 

correlation to the amount of micelle loading inside the cells. Seven concentrations 

(including controls) were measured for both conditions – micelles with nile red and 

cobalt and micelles only with nile red for a comparison. Four different solutions 

(low/high concentrated and with/without cobalt inside) were used.  Nile red loading 

of the micelles is barely controllable during their formation. The exact amount of nile 

red encapsulated within the micelles was determined by spectrophotometry afterwards. 

Additionally, vitality of MΦ was analysed 24 h after micelle uptake with Calcein-AM 

staining. In order to get some insight in mechanical processes of micelle uptake, 
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endocytosis was investigated. Therefore, the chemical compound Pitstop-2, which 

blocks the clathrin-dependent endocytosis in MΦ, was added before micelle incubation. 

Since this assessment only shows one path of receptor mediated endocytosis, 

immunofluorescent measurement was performed to examine other possible ways. 

Eventually, MΦ activation state in presence of micelles was assessed 24 h after uptake 

by the measurement of cytokine release. 
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2 Theoretical part 

2.1 Immune system 

The human immune system is a complex network of biological structures – cells, cells’ 

products, tissues and organs, which differentiate foreign substances („nonself“) from its 

own healthy tissues („self“) and protect the organism against diseases (Beck and 

Habicht 1996). It comprises two main components – innate and adaptive immune 

system. 

The innate immunity is responsible for non-specific immediate response and defends 

the organism during the first hours and days. Its cells play a crucial role in further 

activation of adaptive immune response (lymphocytes), which is on the contrary highly 

specific to a provoking agent and can provide long-lasting protection (Alberts 2004). 

Occasionally, the immune system fails to function properly, referring to pathological 

states such as allergies, sepsis or autoimmune diseases (Janeway Jr. et al. 2001). 

 

2.1.1 Components and function of the immune system 

Innate immune system 

The epithelial surfaces are the first barrier the foreign bodies encounter. The tight 

junctions between epithelial cells and also a mucus layer covering interior epithelial 

surfaces, physically prevents the penetration of the agents. Moreover, the mucus layer 

contains proteins called defensins, which are able to inhibit growth of pathogens or even 

kill them (Alberts 2004). 

However, the foreign agents can sometimes evade this kind of protection and in that 

case they are promptly confronted with cells and molecules that are able to trigger 

innate immune response. The cells linked to this process are white blood cells 

(leukocytes) and include MΦ, dendritic cells, neutrophils, eosinophils, basophils, mast 

cells and natural killer cells (NK cells) (Alberts 2004). 

MΦ are cells with highest phagocytic activity in the human body and will be in detail 

described later (chapter 2.1.2). 

Another phagocytic cells are dendritic cells, whose dominant function is an antigen 

presentation and therefore are together with MΦ and B lymphocytes called professional 
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antigen-presenting cells (APC). Immature dendritic cells pick up antigens 

from pathogens and after their ingestion, they migrate upon maturation to the lymph 

nodes, where the antigens are presented to the T lymphocytes. T lymphocytes then 

initiate the adaptive immune response. Activated dendritic cells are also able to secrete 

cytokines, which mediate communication between both immune reactions (Banchereau 

and Steinman 1998). 

The most abundant type of white blood cells are neutrophils. They are (together 

with basophils and eosinophils) granulocytes, because of the granules presented in their 

cytoplasm. These granules contain various antimicrobial and cytotoxic substances (e.g. 

defensins, myeloperoxidase, lysozyme, etc.), which after degranulation help to destroy 

the pathogen. Neutrophils are central cells in acute inflammation and also, they are 

capable of phagocytosis (see below) (Štvrtinová et al. 1995). 

Eosinophils are differentiated leukocytes located in submucosal tissues, which are 

responsible for host protection against multicellular parasites, but also they are involved 

in the numerous inflammatory responses and in the process of allergy, since they carry 

various proteins in granules and have the ability to secrete cytokines (Hogan et al. 

2008). 

Basophils and mast cells play an important role particularly in allergic reactions 

(Abraham and Arock 1998). Due to their similarity, basophils have often been called 

“circulating mast cells”. Mature mast cells, unlike basophils, do not circulate 

in the blood stream and settle in the connective tissues. In their granules, both 

types of cells contain preformed mediators, which are secreted after cell activation. 

These mediators include histamine, heparin, over-sulphate chondroitin sulphates 

and neutral proteases (tryptase, chymase). On the other hand, there are also newly 

generated mediators (often absent in resting mast cells), which are connected 

with immunoglobulin (Ig) E mediated activation and comprise arachidonic acid 

metabolites, primarily prostaglandin D2 in mast cells and leukotriene C4 in basophiles 

(Štvrtinová et al. 1995; Falcone et al. 2000). In addition, mast cells and basophils are 

potent sources of cytokines, mainly tumour necrosis factor (TNF), interleukin (IL) 4, 

IL-5, IL-6 and IL-13. Therefore, these cells act not only as effector cells in allergy, but 

they also regulate immunological and physiological processes in the body (Blank et al. 

2013). 
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NK cells belong to the group of innate lymphoid cells and do not affect the pathogen, 

but rather attack the infected or tumour cells directly. They recognize the compromised 

host cells by changed cell surface (Janeway Jr. et al. 2001). 

Cytokines are small signalling molecules, released by the cells of the immune system. 

These proteins facilitate communication between cells, but can also act on the cells, that 

secrete them (autocrine action). Cytokine is a general name and varies according to its 

producer or function; lymphokine (secreted by lymphocytes), monokine (secreted 

by monocytes), chemokine (cytokine with chemotactic activity) or interleukin (cytokine 

released by one leukocyte, acting on others) (Zhang and An 2007). 

In this study, we focused on following cytokines, released by activated MΦ (Table 1). 

Table 1: Cytokines important in this study 

Cytokine Short description 

TNF pro-inflammatory; fever, cell apoptosis 

IL-1β pro-inflammatory; fever, lymphocyte activation 

IL-6 pro-inflammatory;  fever, acute phase immune response 

IL-8 pro-inflammatory; chemotaxis of neutrophils, innate immune response 

IL-10 anti-inflammatory; downregulation of cytokines 

 

The cells of the innate immune system express on their surface pattern recognition 

receptors (PRRs), sensors with ability to detect two groups of molecules – pathogen-

associated molecular patterns (PAMPs), including for example lipopolysaccharide 

(LPS), mannose, peptidoglycans or N-formylmethionine, and damage-associated 

molecular patterns (DAMPs), involving uric acid or extracellular ATP. PAMPs 

stimulate two types of innate immunity response – phagocytosis and inflammation 

(Alberts 2004; Mahla et al. 2013).  

Phagocytosis is observed mainly in MΦ, dendritic cells, neutrophils and mast cells. 

These so called professional phagocytes express different PRRs to carry out 

the phagocytosis. The first group of the PRRs are signalling receptors. The most 

abundant type representing this category are toll-like receptors (TLRs). Their task is 

to recognize PAMPs and activate the immune reaction (Delneste et al. 2007). 

The second group comprise endocytic receptors, e.g. mannose receptor, which 

upon activation by pathogen initiate phagocytosis (Apostolopoulos and McKenzie 
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2001). Opsonic receptors are another type of receptors involved in this process. 

Opsonization is a molecular mechanism, by which pathogens are coated with IgG 

to attract effector cells of the immune system. Opsonic receptors (e.g. Fcγ receptor) 

are later able to bind such labelled antigens and launch its destruction (Zhang et al. 

2010). The phagocytic cells can be also drawn to the afflicted area by cytokine 

signalling – chemotaxis (Jones 2000). After the pathogen is recognized and bound 

to the receptor, the actin polymerization is induced. The phagocyte’s plasma membrane 

then invaginate the pathogen, pull it inward and form a membrane-enclosed phagosome. 

The phagosome further acidifies and fuses with lysosomes, which contain degrading 

proteins such as defensins, lysozymes or acid hydrolases. The process is terminated by 

decomposition of phagolysosome content. Simultaneously, catalysed by NADPH 

oxidase complex on the phagosome membrane, an increased oxygen consumption 

called respiratory burst activates, causing rapid production of large quantity of reactive 

oxygen species (ROS), which contribute to pathogen destruction (Štvrtinová et al. 1995; 

Alberts 2004). 

Acute inflammation is characterised by production of numerous signalling molecules 

such as prostaglandins, leukotrienes and cytokines. This cause more cells of the innate 

immune response to be attracted and to combat against pathogen. 

Because of the infiltration of leukocytes into the site of inflammation, five basic 

symptoms of inflammation – redness, swelling, heat, pain and loss of function occur. 

Endothelial cells also start to release proteins, which trigger blood clotting, to prevent 

spreading of the pathogen. All these mechanisms effective during local infections 

however, can work against host organism in the process of disseminated infection 

in the bloodstream, known as sepsis (Alberts 2004). Therefore, there have been attempts 

to downregulate the inflammatory response and help the patients to overcome this 

condition. 
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Adaptive immune system 

The innate immune response serves as a first line of defence, but when it fails 

to eliminate the pathogen, the adaptive immune response is called into play. The cells 

associated with this process are lymphocytes. There are two main classes 

of lymphocytes – T-cells and B-cells, which carry out cell-mediated immune response 

and antibody response, respectively. 

In cell-mediated immune response, the antigen is delivered into lymph nodes and 

presented to T-cells by APC. After that, T-cells might either immediately kill 

the infected cell - cytotoxic T cells (Tc), or produce cytokines to activate MΦ and 

induce destruction of the pathogen - T helper (Th) cells (Alberts 2004). Th cells further 

divide into Th1 cells and Th2 cells. Th1 cells secrete IL-2, interferone γ (IFNγ) and 

lymphotoxin-α and stimulate type I immune response, which is characterised 

by promotion of phagocytosis. Th2 cells, on the other hand, release IL-4, IL-5 and 

IL-13 and induce type II immune response, associated with high levels of antibody and 

eosinophils and therefore are effective against extracellular parasites (Fahy 2015). 

In antibody response, the B-cells are activated to secrete immunoglobulins. These are 

released into bloodstream and other body fluids, where they bind to their specific 

antigen. By this action, they prevent binding of the pathogen to the host cell and 

furthermore opsonize it to attract phagocytes (Alberts 2004; Janeway Jr. et al. 2001). 

 

2.1.2 Role of macrophages 

MΦ are large leukocytes and as an APC and main phagocytes in the immune system are 

essential key modulator and effector cells in the innate immune response. 

They originate in bone marrow and develop from stem cell through following stages: 

committed stem cell – monoblast – promonocyte – monocyte in bone marrow – 

monocyte in peripheral blood – MΦ. The blood monocytes are already capable 

of migration, chemotaxis, pinocytosis and phagocytosis. As the monocytes enter 

the tissue through endothelium of the blood vessels, they experience further 

differentiation to become multifunctional tissue MΦ. 

Resident tissue macrophages can be found for example in central nervous system 

(microglia), lungs (alveolar MΦ), liver (Kupffer cells), kidney (intraglomerular 
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mesangial cells), connective tissue (histiocytes) or bones (osteoclasts) (Štvrtinová et al. 

1995). 

In tissues, MΦ display remarkable responsiveness to environmental stimuli, for example 

microbial products, growth factors, cytokines, etc. These stimuli influence MΦ 

physiology and when produced by antigen-specific immune cells, the long-term 

alterations arise in MΦ. Moreover, MΦ themselves produce several factors, which 

affect their own physiology (Gordon 2007). During the immune response MΦ become 

activated and acquire specialized functional phenotypes. Study from Mills et al. set 

the evidence that MΦ can be activated in a classic and alternative way, into M1 and M2 

state, respectively (Mills et al. 2000). 

 

Figure 2: The M1 and M2 macrophages polarization as proposed by Mantovani et al. 2004 

The action of TNF and interferon-γ (INFγ) or LPS induce development of classically activated MΦ (M1). 

Regarding the alternatively activated MΦ, these are further divided into three types; M2a, originated 

in response to IL-4 and IL-13, M2b, induced by combine exposure to immune complexes (IC) and TLR or 

IL-1 receptor agonists and M2c, stimulated by glucocorticoids and IL-10 (Mantovani et al. 2004). 

The M1 population is characterised by high capacity to present antigen, great 

production of nitric oxide and ROS, release of pro-inflammatory cytokines IL-12 and 

IL-23 and therefore enhanced microbicidal and tumoricidal activity and triggers type I 

immune response (associated with Th1 cells). M1 macrophages express opsonic 

receptors and their arginine metabolism shows high level of inducible nitric oxide 

synthase (iNOS) (Mosser and Edwards 2008). 
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By contrast, the M2 macrophages, promote arginase pathway, resulting in creation 

of ornithine and polyamines and express rather non-opsonic receptors (e.g. mannose 

receptors). The M2 phenotype is characterised by high production of anti-inflammatory 

IL-10 and low production of pro-inflammatory IL-12, IL-1, TNF and IL-6 cytokines; 

however M2b is exception and retains high both IL-10 and IL-12. M2b carries out 

immunoregulation, as well as M2c, whose other function are matrix deposition and 

tissue remodelation. M2a are responsible for type II immune response and killing 

parasites (Mantovani et al. 2004; Martinez and Gordon 2014). 

 

2.1.3 Immune regulation in sepsis 

In the state of sepsis, microbial infection or necrotic tissue provoke an excessive 

reaction of the immune system, resulting in massive activation of immune cells and 

cytokine release. The pathogenesis of sepsis is not clear and the immune response may 

vary from patient to patient. The pathogen triggers an inflammatory response, during 

which T lymphocytes (especially Th1 and Th2 cells) play a crucial immune-regulatory 

role. The typical occurrence is Th1 cell-mediated immune response, characterised 

by high levels of IFNγ and IL-12 (pro-inflammatory action). The response can be, 

however, later converted to Th2 cell-mediated immune response and induce production 

of IL-4, IL-5, IL-10 and IL-13, leading, by contrast, to immune suppression (Chen 

2011). The release of cytokines influences the autonomic nervous system, controls heart 

rate, breathing, gastrointestinal peristalsis, sweating, body temperature and other 

physiological indicators to maintain a stable internal environment. Symptoms of sepsis 

can result in multiple organ failure and death. Thus the immune regulation is necessary 

and has to be complex and specifically oriented to patient (Chen 2011; Angus and van 

der Poll 2013). Therefore, application of cobalt could be regarded as one potential 

strategy among others. 

2.2 Cobalt in human body 

Cobalt is an essential trace element, which contributes to physiological function 

of the human body. Its organic form is crucial in metabolism of amino acids, fatty acids, 

haemoglobin, neurotransmitters and in reparation of myelin, which surrounds and 
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protects nerve cells. However, free ionized cobalt in large doses is acutely toxic and 

induces inflammatory response (Czarnek et al. 2015). 

 

2.2.1 Enzyme functions 

Cobalt is involved in several enzymatic processes, where it serves whether 

as a constituent of an included molecule or it acts itself as a cofactor. Regarding the first 

point, cobalt is a key component of cobalamin. This molecule, also known as vitamin 

B12, is a complex organometallic cofactor and four derivatives are observed: 

cyanocobalamin, hydroxocobalamin, methylcobalamin and adenosylcobalamin. Each 

form comprise corrin (tetrapyrrolic) ring with complexed cobalt and the C-Co bound 

participates in the reactions. These corrinoids are associated with three 

subfamilies of enzymes: isomerases, methyltransferases and dehalogenases (Banerjee 

and Ragsdale 2003). 

Apart from vitamin B12, cobalt can be found also in non-corrin binding form 

as a part of enzyme called methionyl aminopeptidase. This enzyme enables release 

of N-terminal methionine from newly translated peptides. It is therefore important 

for intracellular targeting and protein turnover (Bazan et al. 1994; Kobayashi and 

Shimizu 1999). 

2.2.2 Inorganic forms 

Cobalt occurs in various inorganic compounds, e.g. oxides, sulfides or halides, where 

common oxidation states are +2 and +3. In this study, we focused on Co
2+

 ions (CoCl2). 

For a long time, the salts of cobalt have been in general applied to treat anaemia or 

to enhance erythropoietin production (on the grounds of tissue hypoxia). However, 

as mentioned before, cobalt ions and cobalt metal are cytotoxic and genotoxic, evoking 

apoptosis and oxidative DNA damage, caused by ROS. Cobalt accumulates in liver, 

kidney, pancreas and heart and later may cause cardiomyopathy, deafness or thyroid 

problems. Higher concentrations also lead to necrosis and inflammatory response 

(Simonsen et al. 2012). 
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2.2.3 Immunological reactions 

Exposition to cobalt ions results in immune system response. Cobalt gets into the body 

in a different ways – with food, by respiratory system, by the skin or as a component 

of biomaterials. If these ions cannot be removed by phagocytes, MΦ trigger 

the pro-inflammatory response and release pro-inflammatory mediators – IL-1, IL-6 and 

TNF (Czarnek et al. 2015),  Nevertheless, the immune reactions  are complex and there 

is a possibility for MΦ to be activated also into M2 state, when particular circumstances 

occur, e.g. co-stimulation by LPS (Lim et al. 2012). 

Cobalt therefore displays diversity in immune reactions and could serve 

as an immunoregulator. These properties could be used in sepsis treatment, where 

the shift of the immune response is required. 

 

2.3 Polymeric micelles as drug delivery system 

Since free cobalt ions are toxic and highly bound to plasma proteins (Simonsen et al. 

2012), their delivery into MΦ and their consequent action would be uncertain. 

In order to ensure a suitable way of cobalt administration into MΦ, the block copolymer 

micelles were designed. The cobalt inside micelles should not affect or damage other 

cells and tissues and should therefore decrease the toxicity. Since the MΦ themselves 

were the target, the ability of micelles to evade cells of the immune system was not 

demanded. The polymeric micelles possess general advantages such as non-toxicity, 

higher stability, tailorability, greater cargo capacity or controlled drug release (Ahmad 

et al. 2014). Various nanoparticles have been previously proven drug-delivery 

properties and have been used as carriers in many studies, e.g. in anti-tumor therapy, 

gene therapy, AIDS therapy, radiotherapy, in the delivery of proteins, antibiotics, 

virostatics, and vaccines (Tiwari et al. 2012). More specifically, nanoparticles have been 

used for encapsulation of doxorubicin in hydrogel nanoparticles (Mitra et al. 2001), 

curcumin in cationic micelles (Leung et al. 2008), or paclitaxel in poly(n-butyl 

cyanoacrylate) nanoparticles (Huang et al. 2007). The nanoparticles are applied 

in order to e.g. reduce toxicity of the drug, to ensure its longer circulation in the body, 

or to secure specific drug targeting and therefore eliminate the side effects of the drug. 
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The nanoparticle targeting depends on many factors, including nanoparticle’s size, 

shape, or surface properties (Singh and Lillard, JR 2009). 

The polymeric self-assembled micelles are usually prepared using amphiphilic diblock 

(hydrophilic – hydrophobic) or triblock (hydrophilic – hydrophobic – hydrophilic) 

copolymers (Batrakova et al. 2006). In this case, a triblock terpolymer PEO-b-PAGE-b-

PtBGE was synthesised (Fig. 3). 

 

 

Figure 3: Schematic representation of a core−shell-corona micelle; taken from (Barthel et al. 2014) 

Micelle formed by PEO42-b-PAGE15-b-PtBGE12 in aqueous media with a PtBGE core 

(gray), a PAGE shell (purple), and a PEO corona (brown). 

The subsequent functionalization of PAGE block with carboxylic group enables cobalt 

loading and improves cellular uptake. This polymer is used to prepare core – shell – 

corona micelles with a PtBGE core, a PAGE shell, and a PEO corona and sizes bellow 

30 nm. The micelle uptake into cells was also successfully demonstrated (Barthel et al. 

2014). 
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3 Aim of the thesis 

 

The initial impulse to conduct this research was an effort to raise an immuno-

modulation during sepsis. The aim of this study is to prepare cobalt loaded micelles and 

determine their properties – size, structure, hydrodynamic radius, zeta potential and 

amount of cobalt inside. 

It is intended to examine, whether the micelles are taken up by MΦ and which 

mechanism potentially contributes to this process. The research is further 

directed to identify micelles influence on MΦ vitality and cytokine release, regarding 

also their activation state. 

The main point is to find out, whether the cobalt loaded micelles are able to provoke 

either pro-inflammatory or anti-inflammatory immune response, and therefore could be 

applied in further research of sepsis treatment.  
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4 Materials and methods 

4.1 Devices 

The table below (Table 2) includes all devices used during the study. 

Table 2: List of devices used in this study  

Device Manufacturer 

 - 20 °C freezer Liebherr 

 - 80 °C freezer Liebherr 

 + 4 °C refrigerator Liebherr 

Cell counter CASY Schärfe System Gmbh 

Cell incubator APT.line C 150 Binder 

Centrifuge Heraeus Multifuge X3R Thermo Scientific 

DLS device ALV CGS-3 ALV 

Flow cytometer FACS Canto II BD Biosciences 

Fluorescence spectrophotometer SpectraMax M2  Molecular Devices 

Glove box mBraun 

1
H-NMR spectroscopy Fourier 300 Bruker 

ICP-OES 725ES Varian 

Immunofluorescence microscope AxioObserver.Z1 Carl Zeiss 

camera AxioCamMRm  

Laminar flow hood HerasafeTM KS Class II Thermo Scientific 

Size exclusion HPLC chromatography 

(dimethylacetamide, chloroform) 
Agilent system 

Size exclusion HPLC chromatography (chloroform) Shimadzu system 

TEM G
2
 20 FEI Tecnai 

UVACUBE 100 W Hoehnle 

Water bath Type 1007 GFL 

Zeta potential device mBraun 
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4.2 Materials 

In the following table (Table 3), a list of all materials and reagents used in this study is 

provided. 

Table 3: List of materials used in this study 

Product Manufacturer 

3-MPA (3-mercaptopropionic acid) ≥ 99% Sigma-Aldrich 

AGE (allyl glycidyl ether), ≥ 99% Sigma-Aldrich 

dried over CaH2 overnight and distilled under Ar 

Biotech Cellulose Ester Membrane 100-500 g/mol Spectrum Laboratories 

BSA Sigma-Aldrich 

CaH2, 95% Sigma-Aldrich 

Calcein-AM Thermo Fischer Scientific 

CoCl2 hexahydrate, BioReagent Sigma-Aldrich 

DAPI Thermo Fischer Scientific 

DMPA (2,2-dimethoxy-2-phenylacetophenone), ≥ 99% Sigma-Aldrich 

DMSO Sigma-Aldrich 

Donkey serum Dianova 

Donkey-anti-goat AF488 Thermo Fischer Scientific 

EDTA Sigma-Aldrich 

EtOH Nordbrand Nordhausen 

FCS Thermo Fischer Scientific 

GM-CSF PeproTech 

Hoechst 33342 Sigma-Aldrich 

CBA Human enhanced sensitivity master buffer kit BD Biosciences 

CBA Human soluble protein master buffer kit BD Biosciences 

Isolation buffer Sigma-Aldrich, Lonza 

BSA 0.1% 

EDTA 2mM 

PBS 

 

LAMP-1 Santa Cruz 

Lidocain Sigma-Aldrich 

M-CSF PeproTech 
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Nile red, extra pure Carl Roth 

PBS Lonza 

Penicilin/Streptomycin Thermo Fischer Scientific 

PEO (2 kDa, mono methyl ether) Fluka 

dissolved in THF and precipitated in cold 

diethyl ether (-78 °C), dried by azeotropic 

distillation with dry toluene (HPLC-

Grade from VWR, dried via Solvent 

Purification System PureSolv-TM) and 

dried at 100 °C under vacuum 

 

PFA Sigma-Aldrich 

Propidium Iodide (PI) Sigma-Aldrich 

Regenerated cellulose membrane 1000 g/mol Spectrum Laboratories 

Saponin Fluka 

tBGE (tert-butyl glycidyl ether) ≥ 99% Sigma-Aldrich 

dried over CaH2 overnight and distilled under Ar 

THF (tetrahydrofuran) VWR 

dried over Na and distilled under Ar  

 

4.3 Software 

The software used in this study is mentioned in the following table (Table 4). 

Table 4: List of software used in this study 

Software Manufacturer 

BD FACSDiva
TM

 Software 6.1.3 BD Biosciences 

FCAP Array 2.0 Soft Flow Inc. 

Graph Pad Prism 5.0 Grappa Software 

ChemBioDraw Ultra 14.0 PerkinElmer 

Image J 
public domain / National Institute of 

Health (USA) 

Microsoft Office Microsoft Corporation 

Origin Pro 9.0 OriginLab 
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Softmax Pro 5 molecular devices 

Zen 2 pro Carl Zeiss 

4.4 Statistical analysis 

Data of three independent experiments for all assessments were analysed. All results 

were analysed in GraphPad and tested by two-way ANOVA including a Sidak’s 

multiple comparison post-test. Data are presented as mean ± SD. 

4.5 Methods 

4.5.1 Synthesis of PEO42-b-PAGE22-b-PtBGE48 

 

Equation 1: Synthesis of PEO42-b-PAGE22-b-PtBGE48 

The triblock terpolymer was prepared by anionic polymerization in an argon 

atmosphere in a glove box starting with melting of polyethylene oxide monomethylether 

(PEO, Mn = 2000 g/mol) at 110 °C. Simultaneously 4.6 mg of sodium hydride was 

added. After two hours, allyl glycidyl ether (AGE) was added and the substances were 

left stirring overnight. Subsequently, tert-butyl glycidyl ether (tBGE) was added and 

the mixture was stirred for another 24 h. The reaction was terminated by adding 0.3 ml 

of methanol. The polymer was cooled to room temperature afterwards and then dried 

under vacuum at 100 °C (Barthel et al. 2013). The composition was calculated 

from 
1
H-NMR spectrum values. 
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Table 5: Synthesis of PEO42-b-PAGE22-b-PtBGE48 

PEO AGE tBGE Yield 

316 mg 0.42 ml 1.24 ml 1.601 g (94%) 

 

1
H-NMR (250 MHz, CDCl3, 25 °C): 

δ [ppm] = 0.90-1.15 (s, PtBGE); 3.15-3.65 (m, polymer backbone); 3.75-3.95 (d, 

PAGE); 4.90-5.25 (dd, PAGE); 5.60-5.90 (m, PAGE) 

 

Table 6: Molar mass (Mn) and index of polydispersity (PDI) of the polymers 

Polymer Mn PDI 

PEO42 1,900 1.04 

PEO42-b-PAGE22 3,100 1.16 

PEO42-b-PAGE22-b-PtBGE48 4,300 1.34 

 

4.5.2 Modification of PEO42-b-PAGE22-b-PtBGE48  

 

 

Equation 2: Modification of PEO42-b-PAGE22-b-PtBGE48 

After the triblock terpolymer synthesis, functionalization of its PAGE group was carried 

out. Into the flask with the polymer 3-mercaptopropionic acid (3-MPA) and 2,2-

dimethoxy-2-phenylacetophenone (DMPA) were added. The flask was then evacuated, 

filled with argon and 3.0 ml of the solvent THF were added. This mixture was irradiated 

with UV light in the UV cube for 2 hours to activate DMPA as an initiator 

of the reaction. Meanwhile the dialysis (regenerated cellulose membrane, molecular 

weight cut-off 1000 Da) was prepared and subsequently the crude product was purified 

- at first against water, then against water and THF 1:1 and in the end against THF. 

After dialysis, the polymer was dried under vacuum (Barthel et al. 2014). 
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Table 7: Modification of PEO42-b-PAGE22-b-PtBGE48 

Polymer 3-MPA DMPA Solvent f (%) Method 

302.7 mg 0.149 ml 31.9 mg THF > 99% UV cube (100W) 

 

1
H-NMR (250 MHz, CDCl3, 25 °C): 

δ [ppm] = 1.10-1.40; 1.65-2.15; 2.50-3.00; 3.25-4.00; 6.20-7.20 

 

4.5.3 Micelle formation and their loading with cobalt 

 

Both unfunctionalized and functionalized polymers were used to prepare various 

micelle solutions. For preparation of EAT, the PEO42-b-PAGE22-b-PtBGE48 was 

dissolved in THF and subsequently water was added dropwise. After complete 

evaporation of THF, the water was added to a final concentration 0.96 g/l. 

Table 8: Composition of EAT solution 

Solution Polymer THF Water Final conc. 

EAT 5.3 mg 1.0 ml 2.0 ml 0.96 g/l 

 

The following solutions were made by using the functionalized polymer. At first PEO-

b-PAGECOOH-b-PtBGE was dissolved in THF, then alternatively nile red and/or CoCl2 

were added and afterwards the water was added dropwise. After complete evaporation 

of the THF, the solutions with nile red were filtered through 0.45 μm nylon filter to get 

rid of the excess nile red outside the micelles. The solutions were further 

purified by dialysis (Float-A-Lyzer G2, MWCO 100-500 Da). Afterwards,  water 

was added to form final concentrations of the solutions (Barthel et al. 2014; Platonova 

et al. 1997). 

Table 9: Composition of prepared micelle solutions 

Sample Polymer THF Nile red CoCl2 Water Final conc. 

A 19.5 mg 1.5 ml 5.3 mg - 3.0 ml 1 g/l 

B (ECT) 4.7 mg 1.0 ml - - 2.0 ml 1 g/l 

C 3.3 mg 1.0 ml 2.0 mg 2.1 mg 2.0 ml 0.5 g/l 
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D 5.1 mg 1.0 ml - 1.1 mg 2.0 ml 0.5 g/l 

E - (2.0 ml of filtered sol. A) - 1.9 mg - 0.35 g/l 

F 50.2 mg 2.5 ml 12.4 mg - 5.0 ml 5 g/l 

G 49.7 mg 2.5 ml 7.1 mg - 5.0 ml 5 g/l 

 

The solutions F and G with concentrations of 5 g/l and encapsulated nile red inside were 

further used to achieve desired final concentrations and to load possibly higher amount 

of cobalt into the micelles. To load the micelles with Co
2+

, the CoCl2 was added 

to the solution F or G and it was left stirring overnight. Then each of the solutions was 

purified by dialysis (Float-A-Lyzer G2, MWCO 100-500 Da) and filled up with water 

to the final concentrations. 

Table 10: Composition of cobalt loaded micelles solutions 

Sample Solution F Solution G CoCl2 Final conc. 

1 1.0 ml - 57.6 mg 1 g/l 

2 2.0 ml - 111.4 mg 0.97 g/l 

3 2.0 ml - 82.1 mg - 

4
 2.0 ml + 1.0 ml pH 10 buffer    -      149.7 mg 0.9 g/l 

5 - 9.8 ml 570.9 mg 5.07 g/l 

 

Solution 3 was made to continuously measure the amount of Co
2+ 

inside before every 

change of water. The sample 4 was alkalized with pH 10 buffer to see, how it influences 

the loading of cobalt. Red highlighted samples were later used in the biochemical 

experiments. 

 

4.5.4 PBMC isolation, macrophage enrichment and differentiation 

 

Peripheral Blood Mononuclear Cells (PBMCs) were isolated by Biocoll density 

gradient centrifugation. The desired amount of whole blood was drawn from healthy 

donors. Volunteers were informed about the study and gave their consent. 

17 ml of blood samples were mixed and diluted with an equal amount of isolation buffer 

(PBS w Ca/Mg, 0.1% bovine serum albumin - BSA and 2mM EDTA), subsequently 

laid on top of 15 ml Biocoll separating solution and centrifuged for 20 min at 800 g 
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at room temperature and without breaks. A lymphocyte layer which formed between 

the plasma and the Biocoll fraction was then transferred to a new 50 ml tube, washed 

with 45 ml ice cold isolation buffer and centrifuged again (300 g, 10 min, 4 °C) 

without brakes. The resulting cell pellet was transferred to a 5 ml tube and washed and 

centrifuged (200 g, 10 min, 4 °C, with brakes) two more times. Cells were seeded 

at a density of 1.0 x10
6
 cells/cm² in X-VIVO 15 medium supplemented with 10% (v/v) 

autologous human serum, 10 ng/ml human granulocyte macrophage colony-stimulating 

factor (GM-CSF) and 10 ng/ml macrophage colony-stimulating factor (M-CSF) and 

Pen/Strep and incubated for 1 h for adhesion-dependent monocyte enrichment 

in a humidified cell incubator at 37 °C and 5 % CO2. After 1 h of incubation the cells 

were washed twice with plain X-VIVO 15 medium. Adherent monocytes were 

cultivated for 4-5 days further in supplemented X-VIVO 15 for MΦ differentiation until 

seeding for micelle experiments was performed. 

 

4.5.5 Macrophages seeding 

 

For all following experiments, human MΦ derived from monocytes in M0 state were 

used. At first the MΦ medium was prepared: 

X-VIVO serum free hematopoietic cell medium 

10% autologous serum from donor 

10 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF) 

10 ng/ml macrophage colony-stimulating factor (M-CSF) 

Pen/Strep 

 

After that, MΦ were washed with plain X-VIVO 2 ml/well, then 1 ml/well of lidocaine 

solution (4 mg/ml lidocaine, 5 mM EDTA) was added and the cells were incubated 

in a humidified cell incubator at 37 °C and 5 % CO2 till they detached from the surface 

(3-5 min). Subsequently they were washed with another 1 ml/well of lidocaine solution 

and the cell suspension was centrifuged 300g for 5 min at room temperature. 

Afterwards, the cells were counted by CASY cell counter, the desired amount was 

diluted into medium and cells were seeded at a density of 5 x 10
4
/cm

2
 in 0.5 ml /well 

in a 48 well plate for uptake studies, vitality investigation and cytokine secretion and 
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in 1 ml into a 24 well plate equipped with plastic cover slips for immunofluorescence 

analysis. The next day, MΦ were ready for further experiments. 

All measurements were repeated 3 times, using MΦ from 3 different donors. 

 

4.5.6 Amount of nile red in used solutions 

 

Due to micelle preparation protocols, the amount of nile red encapsulated 

within the micelles was not precisely controllable. Hence, fluorescence intensities 

obtained by MΦ imaging after the uptake experiments were not comparable 

among the different micelle solutions which were used. A coefficient for each 

of the stock solutions had to be determined for proper comparison of the results. 

Therefore, three times 400 μg of micelles from each applied stock solution were 

dissolved in 1 ml THF to get three solutions for each condition and measured 

by fluorescence spectrometry with excitation wavelength 530 nm and emission 

wavelength 635 nm. As a background, plain THF was measured. The assessed mean 

value of THF was subtracted from all other values and a mean of three values 

per micelle stock solution was calculated. The final value in relative fluorescence units 

(RFI) of the 1 g/l micelle solution with cobalt was divided (and therefore set as 1) by all 

three other conditions to get the coefficients for final result comparisons. 

 

4.5.7 Micelle uptake into macrophages 

 

For micelle uptake studies, 10
5
 MΦ/well were seeded in a 48 well plate (Fig. 4). Three 

wells of MΦ per each condition (micelle concentration) and for further vitality 

assessment also positive (no treatment) and negative (5% EtOH in medium) control 

were needed. 
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Figure 4: Seeding scheme for micelle uptake assessment 

The 1 g/l micelle solutions (with nile red and cobalt inside and with nile red only 

to compare) were diluted in 0.5 ml/well of medium to get micelle concentrations 50, 

100, 150, 200 and 300 μg/ml. The same was done with 5 g/l micelle solutions to obtain 

concentrations 500 and 1000 μg/ml. Subsequently MΦ medium was changed to 0.25 ml 

micelle containing medium per well and the MΦ were incubated for 1h in 37 °C. 

Meanwhile the solution with Hoechst 33342 stain was prepared (5 μg/ml Hoechst 

in PBS), to make the cells’ nuclei visible under immunofluorescence microscope. 

After incubation, the MΦ were washed two times 0.5 ml/well with PBS with Ca
2+

 and 

Mg
2+

 and then 0.5 ml/well of Hoechst solution was added. The cells were kept 5 min 

in the dark and then were washed with PBS with 5% FCS (fetal calf serum) for some 

nutrient supply while live cell imaging was performed. 

The uptake of the micelles into MΦ was measured by immunofluorescence microscope 

using blue channel (excitation wavelength 335-383nm, emission w. 420-470 nm; 

exposure time 300 ms) to see cells nuclei, red channel (538-562, 570-640 nm; 750 ms) 

to see nile red (micelles) and brightfield (30 ms). Five pictures /well were taken. 

The evaluation of the data was done by ImageJ program. In the images, the MΦ 

with fluorescent micelles inside were marked with a circle with defined area. Inside this 

circle, the mean fluorescence intensity (MFI) of nile red was measured by the program. 

Further, the mean of 50 values for each condition was calculated. 

After imaging, the cells were washed with PBS and kept in 0.25 ml/well fresh medium 

in the incubator for additional 24 h for cytokine secretion and to see how the uptaken 

micelles alter vitality state of MΦ. 
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4.5.8 Vitality assessment with Calcein-AM 

 

For this experiment, the MΦ from micelle uptake measurement were further used. 

Furthermore, other MΦ were seeded the day before to be treated with CoCl2 solution 

instead of micelle solution to investigate if the administration form of cobalt has 

significant differences on cellular outcome. The seeding scheme was the same – 

10
5
 cells/cm² in 0.5 ml/well in 48 well plate. The CoCl2 solutions had the same 

concentration of cobalt per litre as the micelle solutions (228 mg/l), so the same amount 

of the solutions was added – 50, 300 and 1000 μg/ml. The MΦ were then incubated 

for 1h, washed, stained with Hoechst and kept in the fresh medium in the incubator 

overnight (the same procedure as with the micelle solution). 

The 2.5 μM calcein-AM solution was prepared by diluting 5mM DMSO calcein-AM 

stock solution in PBS with Ca/Mg and additionally 1 μg/ml of propidium iodide (PI) 

was added. 

24h after uptake measurement, the supernatants were collected to be later 

used for cytokine measurement and the cells were washed with 0.25 ml/well PBS 

with Ca/Mg. After that, 0.25 ml/well staining solution was added to all conditions (50, 

100, 150, 200, 300, 500, 1000 μg/ml for micelle solution, 50, 300 and 1000 μg/ml 

for CoCl2 solution, positive and negative control) and the cells were incubated 

for 15 min in the incubator. In each condition there was one well left untreated to be 

later used as a background control. Subsequently, they were washed again with PBS 

Ca/Mg and imaged under an IF microscope using all 5 channels, blue – Hoechst (300 

ms), green – Calcein (25 ms), red – nile red (750 ms), far red – PI (750 ms) and 

brightfield (40 ms). 

The evaluation of the data was made by ImageJ program, using the same method 

as with the uptake measurement, but in this case to measure the Calcein fluorescence. 

All measurements had to be normalized by adjusting the values to their own positive 

control (untreated MΦ), because the physiology of the MΦ may vary from donor 

to donor. 
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4.5.9 Blocking of receptor mediated endocytosis in macrophages  

 

To inhibit clathrin-mediated endocytosis the Pitstop-2 molecule was used. 

The assessment was done in duplicates with a micelle concentration of 300 μg/ml 

for both conditions – with and without cobalt inside. The MΦ were seeded at a density 

of 10
5
 cells/well. The next day, the Pitstop-2 (30mM in DMSO) was diluted in plain 

X-VIVO to final concentration 0.25 μM and the MΦ were pre-incubated for 10 min 

with 0.25 ml/well of this solution in 37 °C prior to micelle uptake studies. Subsequently, 

the solution was changed to the medium with micelles (300 μg/ml). A volume of 0.25 

ml/well was applied and the cells were incubated for 1h in 37 °C. The following steps 

were identical to micelle uptake measurements (including Hoechst staining and 

imaging) ( Pitstop-2 Abcam Instruction Manual). 

 

4.5.10  Immunofluorescence analysis of micelle fate 

within macrophages 

 

Additionally to the investigation whether micelles are taken up by receptor-mediated 

endocytosis, micelle fate within MΦ was assessed by investigation of cellular 

lysosomes. 

Used antibody: 

LAMP-1 = lysosome-associated membrane glycoprotein, goat-anti-human (SantaCruz 

sc-8098) 

As a first step, sterile plastic cover slips were placed in the wells of a 24 well plate. 

After that, the MΦ were seeded 10
5 

cells in 1 ml MΦ medium. Two wells per condition 

(300 μg/ml of micelles with or without cobalt; untreated cells for a control) and one 

well for staining control per donor were needed. The next day, micelle uptake was 

performed as stated out above. After that, the cells were washed three times with PBS 

with Ca/Mg 1 ml/well. Subsequently, the cells were fixed with 2% paraformaldehyde 

(PFA) 1 ml/well for 5 min. The fixed MΦ were then washed three times with PBS 

with Ca/Mg 1 ml/well and additionally, PBS with Ca/Mg 0.5 ml/well was added, the lid 

was put on, then the well plate was sealed with parafilm and kept in refrigerator for 72h. 
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After that time, the blocking and permeabilisation solution was prepared: 

3% normal donkey serum 

0.1% saponin 

in PBS 

And also solution with primary antibodies was prepared: 

1 µg/ml LAMP-1 (goat-anti-human) 

in 0.1% Saponin, 0.1% BSA and PBS with Ca/Mg 

Subsequently, the blocking and permeabilisation solution 0.5 ml/well was added and 

the cells were incubated for 30 min. Then all the cover slips from the wells were 

placed on glass slides in a humidified chamber and 50 μl of primary antibody solution 

per cover slip was applied. As a staining control served 0.1% Saponin, 0.1% BSA 

in PBS with Ca/Mg. The samples were refrigerated overnight. 

The next day, the solution with secondary antibody was prepared: 

10 µg/ml donkey-anti-goat-AF488 

16.7 µg/ml DAPI (4',6-diamidin-2-fenylindole) 

in 0.1% Saponin, 0.1% BSA and PBS with Ca/Mg 

The cover slips were returned into a 24 well plate and washed three times 

with 0.5 ml/well 0.1% Saponin, 0.1% BSA in PBS with Ca/Mg. After that, the cover 

slips were placed back on glass slides in the humidified chamber and 50 µl/cover slip 

of the secondary antibody solution was applied. The samples were incubated for 1h 

in the dark at room temperature. After incubation, the cover slips were transferred 

to the 24 well plate and washed two times with 0.5 ml 0.1% Saponin, 0.1% BSA in PBS 

with Ca/Mg per well. Subsequently, the cover slips with cells were washed with 0.5 ml 

PBS with Ca/Mg per well and then with 0.5 ml distilled water per well. Finally, 

the cover slips were mounted on glass slides with mounting medium, the glass slides 

were placed in a folder and kept in the refrigerator until imaging. The samples were 

imaged under an immunofluorescence microscope using four channels, blue – DAPI 

(50 ms), green – LAMP-1 (1 s), red – micelles (250 ms) and brightfield (5 ms). 
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4.5.11 Cytokine release 

 

The presence of cytokines was examined in supernatants (MΦ medium) collected 24h 

after incubation with micelles or CoCl2 solution. The collected medium from each well 

was additionally centrifuged 300g for 5 minutes to exclude cellular debris and 0.2 ml 

of the supernatant per each condition was kept frozen at -80 °C till measurement. 

The supernatants from each micelle concentration (50, 100, 150, 200, 300, 500 and 

1000 μg/ml), CoCl2 solution (50, 300, 1000 μg/ml) and positive control were measured. 

The assessment was done using cytometric bead array (CBA) and two groups 

of cytokines were investigated. For the first group – IL-6, IL-8 and IL-10 - the Human 

soluble protein master buffer kit was used, the second group of cytokines – TNF and 

IL-1β - was assessed by Human enhanced sensitivity master buffer kit (BD Biosciences) 

At first, caption and detection solutions were prepared. Both solutions contained 0.5 μl 

capture or detection beads for each cytokine per tube; the rest was either capture bead 

diluent or detection (enhanced = part A) bead diluent. For the enhanced sensitivity kit, 

a second detection solution was needed (part B). This solution was prepared by adding 

550 μl of detection enhanced bead diluent to lyophilized reagent. After its 

reconstitution, 500 μl of this solution was diluted in 4.5 ml of detection enhanced bead 

diluent. This amount was sufficient for 50 samples. All solutions had to be vortexed 

before use to distribute the beads evenly. 

For the first group of cytokines (IL-6, 8, 10) the following procedure was performed. 

The assessment was done using cytometric bead array (CBA) and 

two groups of cytokines were investigated. For the first group – IL-6, IL-8 and IL-10 – 

the Human soluble protein master buffer kit was used, the second group of cytokines – 

TNF and IL-1β - was assessed by Human enhanced sensitivity master buffer kit (BD 

Biosciences) 

At first, caption and detection bead solutions were prepared. Both solutions contained 

0.5 μl capture or detection beads for each cytokine per tube; the rest was either capture 

bead diluent or detection (enhanced = part A) bead diluent. For the enhanced sensitivity 

kit, a second detection solution was needed (part B). This solution was prepared 

by adding 550 μl of detection enhanced bead diluent to lyophilized reagent. After its 

reconstitution, 500 μl of this solution was diluted in 4.5 ml of detection enhanced bead 
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diluent. This amount was sufficient for 50 samples. All solutions had to be vortexed 

before use to distribute the beads evenly. 

For the first group of cytokines (IL-6, 8, 10) the following procedure was performed. 

To 50 μl of cell culture supernatant, 50 μl of capture bead solution was added and then 

incubated for 1h. After that, 50 μl of detection bead solution was added and the tubes 

were incubated for 2h. Subsequently, 500 μl of wash buffer was added, the tubes were 

centrifuged 200g for 5 min, then 500 μl of wash buffer was taken away and another 

300 μl of fresh wash buffer was added.  

With the enhanced sensitivity kit (TNF, IL-1β) the procedure was slightly different. 

To 50 μl of supernatant, 20 μl of capture bead solution was added and then incubated 

for 2h. Afterwards, 20 μl of detection bead enhanced solution (part A) was added and 

the incubation for another 2h took place. After that, 500 μl of wash buffer was added 

and the tubes were centrifuged 200g for 5 min. Then 500 μl of wash buffer was 

removed and 100 μl of detection bead enhanced solution (part B) was added. 

1h of incubation followed. Subsequently, the washing step with centrifuge was repeated 

and in the end, 300 μl of wash buffer was added. 

After vortexing, the samples were ready for the measurement by flow cytometry (BD 

Biosciences). 
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5 Results and discussion 

 

5.1 Synthesis of PEO42-b-PAGE22-b-PtBGE48 
 

 

The triblock terpolymer was prepared under argon atmosphere in a glove box by ring 

opening anionic polymerization. At first commercially available polyethylene oxide 

monomethylether (PEO) with molar mass of 2000 g/mol was melted at 110 °C and 

deprotonated with sodium hydride. After formation of alkoxide, allyl glycidyl ether 

(AGE) and subsequently the next day tert-butyl glycidyl ether (tBGE) were added. 

After each step, a SEC sample was taken to evaluate the progress of the polymerization 

(Fig.5). The reaction was terminated by adding methanol and analysed by 
1
H-NMR 

(Fig. 8). 
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Figure 5: SEC elution diagram in chloroform of polymerization 

 

All three parts of polymerization were run properly and the triblock terpolymer PEO42-

b-PAGE22-b-PtBGE48 was obtained. It was approached to the micelle formation 

in water. The self-assembly micelles were created, when the amphiphilic triblock 

terpolymer spontaneously formed nanosized aggregates. The individual polymer chains 

were dissolved in THF above threshold concentration – the critical micelle 

concentration, and then dialyzed against water. The hydrophilic blocks form the corona, 

whereas the core of the micelles comprises hydrophobic block. 
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The micelles were all nearly spherical and their size was measured by DLS (Fig. 6). 

The hydrodynamic radius of the particles including the corona was from 14 to 20 nm 

(peak value 21.54 nm). 

Figure 6: Dynamic light scattering measurement 

Number weighted CONTIN plot of EAT in water (1 g/l, 90°, 25 °C) 

 

There were also taken micrographs of the micelles in the solution by Cryo-TEM (Fig. 7) 

to measure the size of the particles. In each of five photographs, 20 micelles were 

analysed (also regarding all the following samples). 

   

Figure 7: Cryo-TEM photographs of EAT in water (1 g/l) 

Their diameter was from 27 to 33 nm. This diameter involves corona and therefore it is 

approximately double the size of the hydrodynamic radius measured by DLS. 
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5.2 Modification of PEO42-b-PAGE22-b-PtBGE48 

 

Because it was intended to load the micelles with cobalt and further examine their 

behaviour in MΦ, the modification of PAGE group was necessary. It was done by thiol-

ene click reaction with 3-mercaptopropionic acid (3-MPA), using 2,2-dimethoxy-2-

phenylacetophenone (DMPA) as a photo initiator. The mixture of the polymer, 3-MPA 

and DMPA was in argon environment dissolved in THF and irradiated by UV light (100 

W) in the UV cube for two hours. More than 99% of double bonds were functionalized 

and the result was observed by 
1
H-NMR (Fig. 8) and SEC (Fig. 9). 
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Figure 8: 
1
H-NMR spectrum of the modified polymer PEO-b-PAGECOOH-b-PtBGE
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Figure 9: SEC in DMAc of the modified terpolymer PEO-b-PAGECOOH-b-PtBGE 
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The micelle solution of modified polymer was prepared and the particles were analysed 

by DLS (Fig. 10). The formed micelles were slightly larger compared to EAT, 

with radius range from 15 to 30 nm (peak value 59.06 nm). 
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Figure 10: Dynamic light scattering measurement 

Number weighted CONTIN plots of ECT in water (1 g/l, 90°, 25 °C) 

 

The micelles were observed also under Cryo-TEM (Fig. 11). 

    

 

Figure 11: Cryo-TEM pictures of ECT in water (1 g/l) 
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The size of the micelles was more than 40 nm in diameter and thus larger than by EAT 

(~30 nm). 

5.3 Loading micelles with cobalt 

 

For cobalt loading, the ECT solutions with nile red already inside micelles were used. 

The solutions were saturated with cobalt chloride and left stirring overnight. 

After loading, they were purified by dialysis with water.  

The solution with concentration 1 g/l was measured by DLS (Fig. 12). The particle size 

was from 13 to 17 nm (peak value 17.80 nm). 
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Figure 12: Dynamic light scattering measurement 

 Number weighted CONTIN plots of ECT + CoCl2 in water (1 g/l, 90°, 25°C) 

 

The Cryo-TEM micrographs of this solution were also taken (Fig. 13). The size 

of the micelle core was from 19 to 24 nm, which is smaller than by the previous 

solutions. This might be explained by cobalt inside, which caused the functionalized 

PAGE to collapse. Also some aggregates of spherical micelles can be observed. 
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Figure 13: Cryo-TEM micrographs of cobalt loaded micelles in water (1 g/l) 

 

Because a higher concentrated solution for the biochemical part was needed, 

the solution with concentration 5 g/l was prepared and measured by Cryo-TEM 

(Fig. 14). 

   

Figure 14: Cryo-TEM pictures of cobalt loaded micelles in water (5 g/l) 

The micelles in this solution tend to be arranged into hexagonal packing, which may be 

caused by higher concentration of the solution. Their size is slightly smaller than 

by 1 g/l solution, from 15 to 19 nm. 

Additionally, zeta potential of the starting EAT solution, subsequently ECT and ECT 

loaded with cobalt solutions were measured (Fig. 15).  
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Figure 15: Zeta potential measurements of EAT, ECT and cobalt loaded micelles in water 

(1g/l, 25 °C) 

 

At first, to get the reference value, EAT solution was measured (-18 mV). 

The functionalized polymer, ECT, contains carboxylic group and therefore the zeta 

potential decreased (-38 mV). When the micelles were loaded with cobalt, the charge 

increased (-7 mV), because cobalt has neutralized the negative charge. 

 

5.4 Quantification of cobalt content 

 

To find out the exact concentration of cobalt inside the micellar solution, ICP-OES 

(inductively coupled plasma optical emission spectrometry) measurement was 

performed (Table 11). However it is unsure, whether all Co
2+

 is inside the micelles or 

not, because it is possible, that some cobalt leaks into the solution. 

Table 11: ICP-OES measurement of different solutions with Co
2+

 loaded micelles 

Sample Micelle concentration Cobalt concentration 

C 0.5 g/l 90.195 ± 0.021 mg/l 

D 0.5 g/l 22.965 ± 1.902 mg/l 

E 0.35 g/l 112.750 ± 1.768 mg/l 

1 1 g/l 228.650 ± 2.899 mg/l 
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2 0.97 g/l 37.900 ± 0,200 mg/l 

4 0.9 g/l 72.000 ± 1,000 mg/l 

 

The results have shown, that the amount of cobalt inside the solution depends on how 

many times the dialysis water was changed. The sample 1 and 2 were prepared the same 

way, but during the preparation of the sample 2, the water was changed 5 times unlike 

in the case of sample 1, where it was changed 4 times. 

The concentration of cobalt was continuously monitored in sample 3. During its 

preparation, the dialysis water was changed 7 times. In the following diagram (Fig. 16) 

it can be seen its decreasing concentration. 
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Figure 16: continuous ICP-OES measurement of sample 3 

Further it was observed, that with alkalization of the solution (sample 4) it was not 

reached higher concentration of cobalt inside and the amount of Co
2+

 was even lower. 

 

5.5 Cobalt chloride solution 

 

To see the difference between cobalt loaded micelles and free CoCl2 regarding their 

influence on the behaviour of MΦ, the water solution of CoCl2 was prepared. Using 

results from ICP-OES, the desired concentration was calculated, so the same amount 

of micelle and CoCl2 solution could have been used for dilution with the medium and 



 

 

 

45 

 

simultaneously the same amount of cobalt was present. The final concentration was 

0.23 g/l (to be used as sample 1). 

5.6 Amount of nile red in used solutions 

 

For the performed cell culture experiments, four different micelle stock solutions were 

prepared (1 or 5 g/l each with or without cobalt). The loading process with nile red 

during synthesis procedure is not precisely controllable, thus it can be assumed that nile 

red content within micelles was not the same among the four different stock solutions. 

Hence, additional recalculation of exact amount of nile red encapsulated inside micelles 

had to be performed. For this purpose, a defined amount of micelles from each solution 

was dissolved in THF to release the encapsulated nile red which was then measured 

with a spectrophotometer. The results of the nile red content quantification are 

displayed as relative fluorescent units (RFI) in table 12. The solutions 1 and 5 are 

with cobalt inside, solutions A and F are without cobalt. The solutions 

with a concentration of 1 g/l were used for preparations of micelle concentrations 

ranging from 50-300 μg/ml and the 5 g/l concentrated solutions were diluted for micelle 

concentrations of 500 and 1000 μg/ml in the medium. 

Table 12: Recalculation of amount of nile red inside micelles 

Solution Conc. 1st 2nd 3rd Coefficient 

THF - 5.36 2.80 3.86 - 

1 1 g/l 1070.83 1063.79 1066.03 1 

A 1 g/l 486.14 500.04 501.78 2.16 

5 5 g/l 201.23 258.29 247.49 4.59 

F 5 g/l 2618.80 2608.73 2612.80 0.41 

 

5.7 Micelle uptake into macrophages 

 

After synthesis of micelles and chemical characterisation, the next step was 

to investigate whether they are taken up by MΦ. Differentiated human monocyte-

derived M0 macrophages were incubated for 1 h with micelle concentrations ranging 
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from 50 to 1000 µg/ml. Immunofluorescence microscopy analysis revealed 

an increasing uptake with increasing micelle concentration in the cell culture medium 

(Fig. 17). Micelle uptake within conditions from 50 to 300 µg/ml and within conditions 

from 500 to 1000 µg/ml, respectively, could only be compared directly by picture 

analysis due to different amounts of nile red encapsulated within the micelles in the four 

used stock solutions (1g/l and 5 g/l each with and without Co
2+

). 

  

   

  

Figure 17: Immunofluorescent measurement: Uptake of cobalt loaded micelles 

The MΦ were treated with micelle concentration of (A) 50 μg/ml, (B) 100 μg/ml, (C) 150 μg/ml, (D) 

200 μg/ml, (E) 300 μg/ml, prepared from 1 g/l stock solution in cell culture medium and (F) 500 μg/ml, 

(G) 1000 μg/ml, prepared from 5 g/l stock solution (containing 4,6 times less of nile red inside the 

micelles). Micelles with nile red (red), nuclei were stained with Hoechst 33342 (blue). 

Quantificational analysis (Fig. 18) revealed that the micelle uptake was directly 

proportional to the concentration of the micelles in the medium for cobalt containing 
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micelles. The absolute values of mean fluorescent intensity (MFI) of nile red are 

displayed and these values were already multiplied by a coefficient (chapter 5.6.) 

to enable immediate comparison between measured values. 
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Figure 18: Micelle uptake into macrophages 

* p < 0.05; *** p < 0.001 

* significant to micelles without cobalt, # significant to micelles with cobalt 

 

Between 50 and 300 µg/ml the uptake of micelles without cobalt was slightly higher 

than by cobalt loaded micelles, which could be dependent on zeta potential 

of the particles. In general, negatively charged particles (in this case micelles 

without cobalt, -37 mV) are better ingested in  phagocytic cells (Frohlich 2012), but 

the particle charge seems to be discussed controversially in the literature. According 

to (Lunov et al. 2011) and (Nicolete et al. 2011), a higher uptake should be monitored 

by particles with less negative charge (cobalt loaded micelles, -7 mV), since 

the plasmatic membrane has negative polarity and therefore contributes to better 

interaction with particles. 

Additionally, the uptake of micelles without cobalt peaked at a concentration 

of 300 µg/ml and decreased with further concentrations of 500 and 1000 μg/ml. This 

could be affected by the preparation date of this solution (two months earlier), or again, 

the influence of different surface charge of these particles could take place, since 

the highest amount of nile red was encapsulated inside these micelles (solution F, 

chapter 5.6). Because only zeta potential of 1 g/l stock solutions was measured, 
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the exact cause of decreased uptake cannot be concluded for the concentrations above 

300 µg/ml. 

The uptake can be influenced also by presence of serum in the medium. That could be 

responsible for some values elevations, because the serum proteins can adsorb 

onto micelle surface and therefore it may change their size and surface charge 

(Aggarwal et al. 2009). The negatively charged particles tend to have higher coverage 

with serum and its presence appears to increase the micelle uptake (Ehrenberg et al. 

2009; Nicolete et al. 2011). Since the size of the micelles as well as their surface charge 

were not determined in presence of the serum in the samples, additional DLS and zeta 

potential measurements have to be done to see if micelles without cobalt show a more 

pronounced serum interaction. 

The serum proteins can also play an important role in a saturation of the receptors 

(presuming that the uptake is mediated via them - chapter 3.1.3). Because many 

of the serum proteins are naturally taken up by cells, the micelle uptake can depend 

on the number of proteins, which are not adsorbed onto micelles surface and therefore 

compete for receptor sites in a plasmatic membrane of the cells (Chithrani et al. 2006). 

 

5.8 Vitality assessment with Calcein-AM 

 

The determination of living or dead MΦ after incubation with micelles is an important 

aspect, because it is necessary to know, whether the micelles are in some way harmful 

to MΦ. Cellular viability was assessed by performing a Calcein-acetoxymethyl assay. 

Calcein-AM is a non-fluorescent molecule, which is able to freely permeate cellular 

membranes. Once it is inside the living cell, intracellular esterases hydrolyse its AM 

group and thus it is converted to membrane-impermeable Calcein. The molecule then 

emits a green fluorescence after excitation. Apoptotic and dead cells do not possess 

sufficient active esterases and therefore the fluorescence is markedly diminished. 

As shown in the images from immunofluorescence microscopy (Fig. 19), there is 

a visible difference in the fluorescence between EtOH treatment as negative control and 

300 μg/ml micelles with Co
2+

, but not between micelles and untreated positive control. 

This suggests that the micelles do not have significant influence on MΦ vitality. 
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Figure 19: Immunofluorescent measurement: Vitality of the macrophages 

Calcein-AM staining of MΦ 24h after micelle uptake (A) negative control, 5% EtOH in the medium, (B) 

300 μg/ml of Co
2+ 

loaded micelles and (C) positive control, treated with plain medium. Calcein 

fluorescence (green), nuclei stained with Hoechst 33342 (blue). 

After quantification of the data, this optical assessment was confirmed. As can be seen 

in the diagrams (Fig. 20), all values are significantly higher than negative control and 

simultaneously there are no significant differences amongst micelles with cobalt, those 

without cobalt and positive control. However the negative control still displays some 

fluorescence, which is not desired. Therefore, other experiments with proper negative 

control (100% dead cells and no fluorescence) are needed. This could be reached 

for example by incubation of MΦ with staurosporine. This alkaloid, isolated from 

Streptomyces, is a relatively non-selective protein kinase inhibitor. These kinase possess 

a binding site for ATP, which appears to be targeted by staurosporine (Tanramluk et al. 

2009). That induce apoptosis in the cells via caspase-dependent or caspase-independent 

pathway (Zhang et al. 2004). 
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Figure 20: Vitality assessment 

Calcein-AM staining of MΦ 24 h after micelle uptake (A) loaded with and without cobalt and (B) 

compared to free cobalt. Controls were treated with plain medium and set as 100 %. * p < 0.05 

*significant to negative control, # significant to positive control 

 

The vitality of the MΦ treated with CoCl2 solution was also unexpectedly high. 

The final concentration of CoCl2 in 1 ml of medium was 50, 100, 150, 200 and 300 μg 

of 228 mg/l and 100 and 200 μg of 1150 mg/l concentrated CoCl2 stock solution 

(approx. 3.8 mM), correlating with the amount of Co
2+

 in 1 g/l and 5 g/l concentrated 

micelle solutions, respectively (chapter 5.4, solution 1). Other researches evaluating 

cytotoxicity of cobalt ions on different types of living cells suggested that concentration 

of 0.5 mM yet showed significant reduction of cells viability (Liu et al. 2016; Kwon et 

al. 2009). However, the exposure times were substantially higher (four hours to four 

days), comparing to this study (one hour). Therefore, it is possible that the vitality 

of the MΦ was not affected in such short exposure time. Experiments with longer 

exposure times have to be performed to rule out any toxicity of the cobalt loaded 

micelles since drug circulation after systemic administration for treatments is expected 

to be much longer than one hour. Cobalt accumulates primarily in liver, kidneys, 

skeleton, pancreas and heart. Therefore, exposition over a longer period of time may 

lead to cardiomyopathy, deafness or thyroid problems. Also, cobalt salts are genotoxic, 

because they contribute to creation of ROS, which cause oxidative DNA damage 

(Simonsen et al. 2012; Czarnek et al. 2015). The cytotoxicity test is one of the most 

important indicators of the biological evaluation system in vitro. Hence, a second 

vitality assay, like a MTT assay (mitochondrial dehydrogenase performance 

measurement), could be included to strengthen the data (Li et al. 2015). 
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5.9 Blocking of receptor mediated endocytosis 

in macrophages 

 

After the micelle uptake could be successfully demonstrated by MΦ, the remaining 

question still was how the micelle uptake into MΦ is realised. There are various 

mechanisms how particles cross the membrane, including for example phagocytosis, 

macropinocytosis, clathrin- or caveolin-dependent endocytosis or also non-specific 

interactions leading to endocytosis. The way of transport depends on many properties 

of the particles – size, shape or stiffness and also on biomechanical attributes of the cell 

membrane (Zhang et al. 2015). 

To obtain further insight, an approach to inhibit the protein clathrin was performed. 

Clathrin is responsible for formation of the coated vesicles at the plasmatic membrane, 

trans-Golgi network and endosomes and thus enabling transport of molecules into and 

within the cell. This process only occurs in non-dividing cells. Clathrin is associated 

with adaptor and accessory proteins, which define its function more specifically e.g. 

recruitment to the membranes, self-polymerization or regulation of available receptors 

(Royle 2006; I 1996; Royle et al. 2005). Besides this function, clathrin concentrates at 

the spindle apparatus during mitosis, where it facilitates the congression 

of chromosomes (Royle et al. 2005). In this study, the focus was on blocking its 

function during receptor-mediated endocytosis. 

For this, the molecule Pitstop-2 (Abcam) was used. Pitstop-2 is a cell membrane 

permeable molecule, which then binds to the amino terminal domain of clathrin heavy 

chain and keeps it from further interactions (Dutta et al. 2012). To block clathrin-

dependent endocytosis, MΦ were pre-treated for 10 min with Pitstop-2 before 

performing micelle uptake. Fig. 21 displays immunofluorescence microscopic images of 

both conditions – untreated MΦ and MΦ pre-incubated with Pitstop-2. The mean 

fluorescence intensity of nile red barely changed upon clathrin inhibition, which 

indicates, that blocking of clathrin does not influence the micelle uptake into MΦ 

overall. 

Quantitative analysis (Fig. 21, C) of the images shows that Pitstop-2 did not 

significantly change the amount of micelles taken up by MΦ. However, it could be 
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confirmed that the uptake of cobalt loaded micelles is less pronounced than the uptake 

of micelles without Co
2+

. 
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Figure 21: Blocking of receptor mediated endocytosis in macrophages 

The immunofluorescent measurement of MΦ treated with 300 μg/ml Co
2+ 

loaded micelles incubated (A) 

without and (B) with Pitstop-2. Micelles with nile red (red), nuclei stained with Hoechst 33342 (blue). 

The following quantificational analysis (C) revealed no significances within micelle type upon Pitstop-2 

treatment. 

 

It can be concluded, that the micelles are not taken up by clathrin-dependent 

endocytosis. Moreover, according to recent studies, Pitstop-2 inhibits not only clathrin-

dependent endocytosis, but also clathrin-independent endocytosis (Dutta et al. 2012; 

Willox et al. 2014). This indicates that Pitstop-2 has additional cellular targets besides 
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the amino terminal domain of clathrin. That signifies that some other form of active or 

passive transport is realised. Since MΦ are cells with the highest phagocytic activity 

in the body, it could be possible that the micelles are taken up by phagocytosis. 

 

5.10  Immunofluorescence analysis of micelle fate 

within macrophages 

 

To further specify the previously stated hypothesis, an immunofluorescent assessment 

of micelle location within the MΦ was performed. The aim was to detect if micelles are 

part of lysosomes in the cell. 

Lysosomes are organelles, which serve as a digestive system of the cell and therefore 

several pathways of intracellular trafficking converge there (G.M. Cooper 2000). 

The first pathway is associated with receptor mediated endocytosis. Starting in clathrin-

coated vesicles, the taken up material is then delivered in endosomes, which later 

acidify and either mature into lysosomes or fuse with them (Luzio et al. 2000). Another 

way is linked to autophagy, a process securing degradation of obsolete parts of the cell. 

In MΦ a third path is also possible. The particles engulfed via phagocytosis are formed 

into phagosomes, which are later converted into lysosomes. Lysosomes are also 

connected with trans Golgi network, to ensure the transport of degrading enzymes 

(Alberts 2004; I 1996; Lodish et al. 2000).  

As seen in the pictures from immunofluorescent microscope (Fig. 22), the fluorescence 

in the green channel (lysosomes) by samples with micelles is not markedly stronger 

than by staining control. The immunofluorescence measurement has shown, that 

the micelles were probably not present in the lysosomes. 
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Figure 22: Immunofluorescent measurement: Micelle fate within macrophages 

The MΦ were incubated with (A1, A2) Co
2+

 loaded micelles and (B1, B2) micelles without Co
2+

. Lysosomes 

were stained by donkey-anti-goat AF488 (green); micelles with nile red (magenta) and nuclei were 

stained with DAPI (blue). 

This result also supports the previous assessment during which the function of clathrin 

was blocked. 

Because the micelles are foreign bodies, it could have been possible, that the micelles 

were taken up by phagocytosis. MΦ possess surface receptors such as mannose 

receptor, complement receptor-, Fcγ receptor-, or scavenger receptor, which are capable 

of nanoparticle recognition and further internalization. As it was already discussed 

in chapter 5.7, the micelle uptake and therefore also its mechanism, is closely bound 

with the particle size and surface charge (Aggarwal et al. 2009). The negatively charged 
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polymer nanoparticles with diameters of around 100 nm were more efficiently 

phagocytized by MΦ than positively charged nanoparticles (Kuhn et al. 2014; Oh and 

Park 2014). Since the proteins of the serum in the medium could have been adsorbed 

onto micelles and thus their size was enlarged, they could have been easily 

taken up by phagocytosis. However, the phagocytic pathway, as well as the clathrin 

dependent endocytosis, terminates in lysosomes and therefore the immunofluorescence 

assay would have revealed this condition. Regarding the macropinocytosis, by which 

an extracellular fluid with particles is invaginated, the same can be concluded. 

Apart from these, the uptake could be simply carried out by translocation 

across the membrane and the micelles could be then freely spread in the cytosol and 

not coated in the vesicles (Zhang et al. 2015). However, the toxicity of the micelles 

could later become more pronounced (Gustafson et al. 2015). 

 

5.11  Cytokine release 

 

It is believed, that MΦ, as the key modulator and effector cells in the immune response, 

can be activated into pro-inflammatory M1 state or anti-inflammatory M2 state 

(Martinez and Gordon 2014; Mosser and Edwards 2008). These states are linked 

to change in MΦ physiology and their ability to release different cytokines as immuno-

modulating agents. Cytokines are proteins important for cell signalling and 

communication, also they are able to regulate the inflammation and therefore influence 

the whole procedure of the immunological reactions (Dinarello 2007). The aim of this 

measurement was to find out, whether micelles and/or cobalt can trigger the release 

of these proteins in MΦ.  

Release of five cytokines – TNF, IL-1β, 6, 8 and 10 was examined. The first four are 

pro-inflammatory cytokines, which means, that in general they induce fever, cell 

apoptosis and are responsible for acute phase of immune response and are secreted 

by M1 macrophages. IL-10 on the other hand, is an anti-inflammatory cytokine and its 

function is to downregulate the other cytokines and is secreted by M2 macrophages 

(Turner et al. 2014; Dinarello 2000, 2000). 

As shown in the following diagrams (Fig. 23), the increasing release of IL-6 and IL-8 

was observed by cobalt loaded micelles up to concentration of 300 μg/ml. However 

above this concentration, the release of these cytokines almost disappeared. This could 
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be caused by significant increase of IL-10 by these concentrations, which could lead 

to decreased release of IL-6 and IL-8. 
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Figure 23: Cytometric bead array (CBA), release of IL-6, IL-8 and IL-10 

Presence of cytokines in the cell culture medium supernatants 24h after micelle uptake into MΦ. Controls 

were treated with plain medium. * p < 0.05; *** p < 0.001. 

* significant to micelles without cobalt 

As for the remaining cytokines, TNF and IL-1β, no release was detected. Further 

assessment using LPS from gram negative bacteria, which induces the inflammatory 

response (and therefore the release of these cytokines) in MΦ (Rossol et al. 2011), 

needs to be performed to compare the reaction with micelle measurement. If there 

is a significant change in MΦ activation upon treatment with cobalt loaded micelles, 

this would also dampen TNF and IL-1β release triggered by LPS. 

The MΦ incubated with CoCl2 solution showed almost no cytokine release. This could 

be caused by short exposure time (1 h). Furthermore, the behaviour of CoCl2 in medium 

with serum (for example binding to proteins) is not known and this could also influence 

the negative result. 

In the following diagram (Fig. 24), the direct comparison between micelles 

with/without cobalt and CoCl2 solution is displayed. As can be seen, the release is 
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significantly higher by cobalt loaded micelles, which at first indicates, that the cobalt 

definitely has an effect on the MΦ activity. Secondly, the micelles seem to be a suitable 

cobalt delivery system into MΦ to induce cellular performance changes, because free 

cobalt did not induce an IL-10 release. 
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Figure 24: Cytometric bead array (CBA), release of IL-10 

Presence of interleukin-10 in the cell culture medium supernatants 24h after MΦ incubation with micelles 

or CoCl2 solution. * p < 0.05; *** p < 0.001 

* significant to micelles without cobalt, # significant to CoCl2 solution 

 

These observations indicate that there might be a possible change in MΦ polarization 

to M2 following micelle treatment with 500 and 1000 µg/ml. However to further 

support this theory, other measurements such as determination of induced genes in MΦ 

by using quantitative PCR analysis have to be performed to substantiate these first 

observations. 
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6 Conclusion 

 

The triblock terpolymer PEO42-b-PAGE22-b-PtBGE48 was synthesized and later 

modified with 3-mercaptopropionic acid to PEO-b-PAGECOOH-b-PtBGE. This 

functionalized polymer was used to form the micelles in water with nile red inside. This 

micelle solution was further saturated with cobalt chloride and left stirred overnight. 

Thus the micelles loaded with cobalt were prepared. The micelle solution was later 

purified by dialysis and after determination of its properties (structure, size, 

hydrodynamic radius, net charge and amount of cobalt inside) used in experiments 

with MΦ. For comparison, micelle solution with nile red only and CoCl2 solution were 

also examined in presence of MΦ. 

It was found out that the micelle uptake into MΦ is directly proportional to the micelle 

concentration in the medium (although by micelles without cobalt the uptake then 

decreased by concentrations 500 and 1000 μg/ml) and also the uptake of micelles 

without cobalt was slightly higher than by cobalt loaded micelles. This occurrence is 

probably associated with the net charge of the particles. Also the behaviour and 

properties of the micelles can depend on the presence of serum in the MΦ medium, 

because specific interactions can take place (protein binding). Further, as it was 

assessed by blocking of clathrin and by immunofluorescent measurement, the micelles 

are not taken up by receptor-mediated endocytosis. The mechanism has not been 

completely clarified; nevertheless a simple fusion of micelles with cell membrane could 

be possible. 

The vitality of the cells is not significantly influenced by micelles, although a new 

experiment with a better negative control has to be performed. 

The cytokine release measurement has shown difference in release of IL-10 

between cobalt loaded micelles and CoCl2 solution, which proves that the micelles are 

potentially a suitable drug delivery system. The assessment further suggests that the MΦ 

could have been activated to the anti-inflammatory M2 state. This process however is 

very complex and cannot be concluded easily, since different states can occur 

simultaneously. But definitely, the immune-regulatory properties of cobalt loaded 

micelles were successfully demonstrated.  
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7 List of abbreviations 

 

Abbreviation Meaning 

3-MPA 3-Mercaptopropionic Acid 

AGE Allyl Glycidyl Ether 

AM Acetoxymethyl 

APC Antigen-Presenting Cells 

ATP Adenosin Triphosphate 

BSA Bovine Serum Albumin 

CBA Cytometric Bead Array 

CDCl3 Deuterated Chloroform 

Coeff. Coefficient  

Cryo-TEM Cryo-Transmission Electron Microscopy 

DAMPs Damage-Associated Molecular Patterns 

DAPI 4',6-Diamidin-2-Fenylindole 

DLS Dynamic Light Scattering 

DMPA 2,2-Dimethoxy-2-Phenylacetophenone 

DMSO Dimethyl Sulfoxide 

DNA Deoxyribonucleic acid 

EAT Unfunctionalized Polymer Solution 

ECT Functionalized Polymer Solution 

EDTA Ethylenediaminetetraacetic Acid 

EtOH Ethylalcohol 

FCS Fetal Calf Serum 

GM-CSF Granulocyte Macrophage Colony-Stimulating Factor 

HPLC High-Performance Liquid Chromatography 

IC Immune complex 

ICP-OES Inductively Coupled Plasma Atomic Emission Spectroscopy 

Ig Immunoglobulin 

IL Interleukin 

INFγ Interferon γ 

LAMP-1 Lysosomal-Associated Membrane Protein  

https://en.wikipedia.org/wiki/Granulocyte_macrophage_colony-stimulating_factor
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LPS Lipopolysaccharide 

MΦ Macrophages 

M-CSF Macrophage Colony-Stimulating Factor 

MFI Mean Fluorescence Intenstiy 

Mn Number Average Molecular Weight 

MTT Methyl Thiazolyl Tetrazolium 

MWCO Molecular Weight Cut-Off 

NADPH Nicotinamide Adenine Dinucleotide Phosphate (reduced) 

NK Natural Killer 

NMR Nuclear Magnetic Resonance 

PAGE Poly Allyl Glycidyl Ether 

PAMPs Pathogen-Associated Molecular Patterns 

PBMC Peripheral Blood Mononuclear Cells  

PBS Phosphate-Buffered Saline 

PCR Polymerase Chain Reaction 

PDI Polydisperzity 

Pen/Strep Penicilin/Streptomycin 

PEO Polyethylene Oxide Monomethylether 

PFA Paraformaldehyde 

PI Propinium Iodide 

PRRs Pattern Recognition Receptors 

RFI Relative Fluorescence Unit 

ROS Reactive Oxygen Species 

SEC Size Exclusion Chromatography 

t-BGE tert-Butyl Glycidyl Ether 

TEM Transmission Electron Microscopy 

THF Tetrahydrofuran 

TLRs Toll-like Receptors 

TNF Tumor Necrosis Factor 

 

  



 

 

 

61 

 

8 References 

Abraham, S. N., and M. Arock. 1998. Mast cells and basophils in innate immunity. 

Seminars in immunology 10 (5): 373–381. doi: 10.1006/smim.1998.0140. 

Aggarwal, P., Jennifer B. Hall, Christopher B. McLeland, Marina A. Dobrovolskaia, 

and Scott E. McNeil. 2009. Nanoparticle interaction with plasma proteins as it 

relates to particle biodistribution, biocompatibility and therapeutic efficacy. 

Advanced drug delivery reviews 61 (6): 428–437. doi: 10.1016/j.addr.2009.03.009. 

Ahmad, Zaheer, Afzal Shah, Muhammad Siddiq, and Heinz-Bernhard Kraatz. 2014. 

Polymeric micelles as drug delivery vehicles. RSC Advances 4 (33): 17028. doi: 

10.1039/c3ra47370h. 

Alberts, Bruce. 2004. Essential Cell Biology, 4th edn. New York, NY: Garland Science. 

Angus, Derek C., and Tom van der Poll. 2013. Severe sepsis and septic shock. The New 

England journal of medicine 369 (9): 840–851. doi: 10.1056/NEJMra1208623. 

Apostolopoulos, V., and I. F. McKenzie. 2001. Role of the mannose receptor in the 

immune response. Current molecular medicine 1 (4): 469–474. 

Banerjee, Ruma, and Stephen W. Ragsdale. 2003. The many faces of vitamin B12: 

catalysis by cobalamin-dependent enzymes. Annual review of biochemistry 72: 209–

247. doi: 10.1146/annurev.biochem.72.121801.161828. 

Banchereau, J., and R. M. Steinman. 1998. Dendritic cells and the control of immunity. 

Nature 392 (6673): 245–252. doi: 10.1038/32588. 

Barthel, Markus J., Ulrich Mansfeld, Stephanie Hoeppener, Justyna A. Czaplewska, 

Felix H. Schacher, and Ulrich S. Schubert. 2013. Understanding and tuning the self-

assembly of polyether-based triblock terpolymers in aqueous solution. Soft Matter 9 

(13): 3509. doi: 10.1039/c3sm00151b. 

Barthel, Markus J., Alexandra C. Rinkenauer, Michael Wagner, Ulrich Mansfeld, 

Stephanie Hoeppener, Justyna A. Czaplewska, Michael Gottschaldt, Anja Trager, 

Felix H. Schacher, and Ulrich S. Schubert. 2014. Small but powerful: co-assembly 

of polyether-based triblock terpolymers into sub-30 nm micelles and synergistic 

effects on cellular interactions. Biomacromolecules 15 (7): 2426–2439. doi: 

10.1021/bm5002894. 

Batrakova, E. V., Bronich, T. K., Vetro, J. A., & Kabanov, A. V. (2006). Polymer 

micelles as drug carriers. Nanoparticulates as Drug Carriers (pp. 57-93). Imperial 

College Press. doi: 10.1142/9781860949074_0005 

http://dx.doi.org/10.1142/9781860949074_0005


 

 

 

62 

 

 Bazan, J. F., L. H. Weaver, S. L. Roderick, R. Huber, and B. W. Matthews. 1994. 

Sequence and structure comparison suggest that methionine aminopeptidase, 

prolidase, aminopeptidase P, and creatinase share a common fold. Proceedings of 

the National Academy of Sciences of the United States of America 91 (7): 2473–

2477. 

BD Biosciences. 2011. Cytometric Bead Array (CBA) Human Enhanced Sensitivity 

Master Buffer Kit Instruction Manual. 

BD Biosciences. 2011. Cytometric Bead Array (CBA) Human Soluble Protein Master 

Buffer Kit Instruction Manual. 

Beck, Gregory, and Gail S. Habicht. 1996. Immunity and the Invertebrates. Scientific 

American 275 (5): 60–66. doi: 10.1038/scientificamerican1196-60. 

Blank, U., F. H. Falcone, and G. Nilsson. 2013. The history of mast cell and basophil 

research - some lessons learnt from the last century. Allergy 68 (9): 1093–1101. doi: 

10.1111/all.12197. 

Czarnek, Katarzyna, Sylwia Terpilowska, and Andrzej K. Siwicki. 2015. Selected 

aspects of the action of cobalt ions in the human body. Central-European journal of 

immunology 40 (2): 236–242. doi: 10.5114/ceji.2015.52837. 

Delneste, Yves, Celine Beauvillain, and Pascale Jeannin. 2007. Immunite naturelle: 

structure et fonction des Toll-like receptors. Medecine sciences : M/S 23 (1): 67–73. 

doi: 10.1051/medsci/200723167. 

Dinarello, Charles A. 2000. Proinflammatory Cytokines. Chest 118 (2): 503–508. doi: 

10.1378/chest.118.2.503. 

Dinarello, Charles A. 2007. Historical insights into cytokines. European Journal of 

Immunology 37 (S1): S34-S45. doi: 10.1002/eji.200737772. 

Dutta, Dipannita, Chad D. Williamson, Nelson B. Cole, and Julie G. Donaldson. 2012. 

Pitstop 2 is a potent inhibitor of clathrin-independent endocytosis. PloS one 7 (9): 

e45799. doi: 10.1371/journal.pone.0045799. 

Ehrenberg, Morton S., Alan E. Friedman, Jacob N. Finkelstein, Günter Oberdörster, and 

James L. McGrath. 2009. The influence of protein adsorption on nanoparticle 

association with cultured endothelial cells. Biomaterials 30 (4): 603–610. doi: 

10.1016/j.biomaterials.2008.09.050. 

Fahy, John V. 2015. Type 2 inflammation in asthma--present in most, absent in many. 

Nature reviews. Immunology 15 (1): 57–65. doi: 10.1038/nri3786. 



 

 

 

63 

 

Falcone, F. H., H. Haas, and B. F. Gibbs. 2000. The human basophil: a new 

appreciation of its role in immune responses. Blood 96 (13): 4028–4038. 

Frohlich, Eleonore. 2012. The role of surface charge in cellular uptake and cytotoxicity 

of medical nanoparticles. International journal of nanomedicine 7: 5577–5591. doi: 

10.2147/IJN.S36111. 

G.M. Cooper. 2000. The Cell: A Molecular Approach, 2nd edn. Sunderland (MA): 

Sinauer Associates. 

Gordon, Siamon. 2007. The macrophage: past, present and future. European journal of 

immunology 37 Suppl 1: S9-17. doi: 10.1002/eji.200737638. 

Gustafson, Heather Herd, Dolly Holt-Casper, David W. Grainger, and Hamidreza 

Ghandehari. 2015. Nanoparticle Uptake: The Phagocyte Problem. Nano today 10 

(4): 487–510. doi: 10.1016/j.nantod.2015.06.006. 

Hogan, Simon P., Helene F. Rosenberg, Redwan Moqbel, Simon Phipps, Paul S. Foster, 

Paige Lacy, A. Barry Kay, and Marc E. Rothenberg. 2008. Eosinophils: biological 

properties and role in health and disease. Clinical and experimental allergy : journal 

of the British Society for Allergy and Clinical Immunology 38 (5): 709–750. doi: 

10.1111/j.1365-2222.2008.02958.x. 

Huang, Chi-Yu, Chih-Ming Chen, and Yu-Der Lee. 2007. Synthesis of high loading and 

encapsulation efficient paclitaxel-loaded poly(n-butyl cyanoacrylate) nanoparticles 

via miniemulsion. International journal of pharmaceutics 338 (1-2): 267–275. doi: 

10.1016/j.ijpharm.2007.01.052. 

Chen, Xing-hai. 2011. Sepsis and immune response. World Journal of Emergency 

Medicine 2 (2): 88. doi: 10.5847/wjem.j.1920-8642.2011.02.002. 

Chithrani, B. Devika, Arezou A. Ghazani, and Warren C. W. Chan. 2006. Determining 

the size and shape dependence of gold nanoparticle uptake into mammalian cells. 

Nano letters 6 (4): 662–668. doi: 10.1021/nl052396o. 

I, Mellman. 1996. Endocytosis and molecular sorting. Annual Review of Cell and 

Developmental Biology 12: 575–625. doi: 10.1146/annurev.cellbio.12.1.575. 

Janeway Jr., C. A., P. Travers, and M. et al. Walport. 2001. Immunobiology: The 

Immune System in Health and Disease, 5th edn. New York: Garland Science. 

Jones, G. E. 2000. Cellular signaling in macrophage migration and chemotaxis. Journal 

of leukocyte biology 68 (5): 593–602. 



 

 

 

64 

 

Kobayashi, M., and S. Shimizu. 1999. Cobalt proteins. European journal of 

biochemistry 261 (1): 1–9. 

Kuhn, Dagmar A., Dimitri Vanhecke, Benjamin Michen, Fabian Blank, Peter Gehr, 

Alke Petri-Fink, and Barbara Rothen-Rutishauser. 2014. Different endocytotic 

uptake mechanisms for nanoparticles in epithelial cells and macrophages. Beilstein 

journal of nanotechnology 5: 1625–1636. doi: 10.3762/bjnano.5.174. 

Kwon, Young-Min, Zhidao Xia, Sion Glyn-Jones, David Beard, Harinderjit S. Gill, and 

David W. Murray. 2009. Dose-dependent cytotoxicity of clinically relevant cobalt 

nanoparticles and ions on macrophages in vitro. Biomedical materials (Bristol, 

England) 4 (2): 25018. doi: 10.1088/1748-6041/4/2/025018. 

Leung, Mandy H. M., Hannah Colangelo, and Tak W. Kee. 2008. Encapsulation of 

curcumin in cationic micelles suppresses alkaline hydrolysis. Langmuir : the ACS 

journal of surfaces and colloids 24 (11): 5672–5675. doi: 10.1021/la800780w. 

Li, Weijia, Jing Zhou, and Yuyin Xu. 2015. Study of the in vitro cytotoxicity testing of 

medical devices. Biomedical reports 3 (5): 617–620. doi: 10.3892/br.2015.481. 

Lim, S., K. McAllister, and M. S. Caicedo. 2012. Phenotypic Differentiation of Primary 

Human Macrophages (M1 vs M2) indicates M1 Response to Cobalt-alloy Particles 

and M2 response to Particles with Endotoxin. 

Liu, Y. K., X. X. Deng, and H. L. Yang. 2016. Cytotoxicity and genotoxicity in liver 

cells induced by cobalt nanoparticles and ions. Bone & joint research 5 (10): 461–

469. doi: 10.1302/2046-3758.510.BJR-2016-0016.R1. 

Lodish, H., A. Berk, and Zipursky, SL, et al. 2000. Molecular Cell Biology, 4th edn. 

New York, NY: W. H. Freeman. 

Lunov, Oleg, Tatiana Syrovets, Cornelia Loos, Johanna Beil, Michael Delacher, Kyrylo 

Tron, G. Ulrich Nienhaus, Anna Musyanovych, Volker Mailander, Katharina 

Landfester, and Thomas Simmet. 2011. Differential uptake of functionalized 

polystyrene nanoparticles by human macrophages and a monocytic cell line. ACS 

nano 5 (3): 1657–1669. doi: 10.1021/nn2000756. 

Luzio, J. P., N. P. Bright, B. M. Mullock, R. C. Piper, P. R. Pryor, and B. A. Rous. 

2000. Lysosome-endosome fusion and lysosome biogenesis. Journal of Cell Science 

113: 1515–1524. 

Mahla, Ranjeet Singh, Madhava C. Reddy, D. Vijaya Raghava Prasad, and Himanshu 

Kumar. 2013. Sweeten PAMPs: Role of Sugar Complexed PAMPs in Innate 



 

 

 

65 

 

Immunity and Vaccine Biology. Frontiers in immunology 4: 248. doi: 

10.3389/fimmu.2013.00248. 

Mantovani, Alberto, Antonio Sica, Silvano Sozzani, Paola Allavena, Annunciata 

Vecchi, and Massimo Locati. 2004. The chemokine system in diverse forms of 

macrophage activation and polarization. Trends in immunology 25 (12): 677–686. 

doi: 10.1016/j.it.2004.09.015. 

Martinez, Fernando O., and Siamon Gordon. 2014. The M1 and M2 paradigm of 

macrophage activation: time for reassessment. F1000prime reports 6: 13. doi: 

10.12703/P6-13. 

Mills, C. D., K. Kincaid, J. M. Alt, M. J. Heilman, and A. M. Hill. 2000. M-1/M-2 

macrophages and the Th1/Th2 paradigm. Journal of immunology (Baltimore, Md. : 

1950) 164 (12): 6166–6173. 

Mitra, S., U. Gaur, P.C Ghosh, and A.N Maitra. 2001. Tumour targeted delivery of 

encapsulated dextran–doxorubicin conjugate using chitosan nanoparticles as carrier. 

Journal of Controlled Release 74 (1-3): 317–323. doi: 10.1016/S0168-

3659(01)00342-X. 

Mosser, David M., and Justin P. Edwards. 2008. Exploring the full spectrum of 

macrophage activation. Nature reviews. Immunology 8 (12): 958–969. doi: 

10.1038/nri2448. 

Nicolete, Roberto, Daiane F. dos Santos, and Lucia H. Faccioli. 2011. The uptake of 

PLGA micro or nanoparticles by macrophages provokes distinct in vitro 

inflammatory response. International immunopharmacology 11 (10): 1557–1563. 

doi: 10.1016/j.intimp.2011.05.014. 

Oh, Nuri, and Ji-Ho Park. 2014. Endocytosis and exocytosis of nanoparticles in 

mammalian cells. International journal of nanomedicine 9 Suppl 1: 51–63. doi: 

10.2147/IJN.S26592. 

Pitstop 2 (ab120687) - Abcam [online]. [cit. 18.3.2017] Available at: 

http://www.abcam.com/pitstop-2-ab120687.html. 

Platonova, O. A., L. M. Bronstein, S. P. Solodovnikov, I. M. Yanovskaya, E. S. 

Obolonkova, P. M. Valetsky, E. Wenz, and M. Antonietti. 1997. Cobalt 

nanoparticles in block copolymer micelles: Preparation and properties. Colloid & 

Polymer Science 275 (5): 426–431. doi: 10.1007/s003960050100. 



 

 

 

66 

 

Rossol, Manuela, Holger Heine, Undine Meusch, Dagmar Quandt, Carina Klein, 

Matthew J. Sweet, and Sunna Hauschildt. 2011. LPS-induced cytokine production in 

human monocytes and macrophages. Critical reviews in immunology 31 (5): 379–

446. 

Royle, Stephen J., Nicholas A. Bright, and Leon Lagnado. 2005. Clathrin is required for 

the function of the mitotic spindle. Nature 434 (7037): 1152–1157. doi: 

10.1038/nature03502. 

Royle, S. J. 2006. The cellular functions of clathrin. Cellular and molecular life 

sciences : CMLS 63 (16): 1823–1832. doi: 10.1007/s00018-005-5587-0. 

Simonsen, Lars Ole, Henrik Harbak, and Poul Bennekou. 2012. Cobalt metabolism and 

toxicology--a brief update. The Science of the total environment 432: 210–215. doi: 

10.1016/j.scitotenv.2012.06.009. 

Singh, Rajesh, and James W. Lillard, JR. 2009. Nanoparticle-based targeted drug 

delivery. Experimental and molecular pathology 86 (3): 215–223. doi: 

10.1016/j.yexmp.2008.12.004. 

Štvrtinová, Viera, Ján Jakubovský, and Ivan Hulín. 1995. Inflammation and Fever from 

Pathophysiology: Principles of Disease. Bratislava: Slovak Academy of Sciences: 

Academic Electronic Press. 

Tanramluk, Duangrudee, Adrian Schreyer, William R. Pitt, and Tom L. Blundell. 2009. 

On the origins of enzyme inhibitor selectivity and promiscuity: a case study of 

protein kinase binding to staurosporine. Chemical biology & drug design 74 (1): 16–

24. doi: 10.1111/j.1747-0285.2009.00832.x. 

Tiwari, Gaurav, Ruchi Tiwari, Birendra Sriwastawa, L. Bhati, S. Pandey, P. Pandey, 

and Saurabh K. Bannerjee. 2012. Drug delivery systems: An updated review. 

International journal of pharmaceutical investigation 2 (1): 2–11. doi: 

10.4103/2230-973X.96920. 

Turner, Mark D., Belinda Nedjai, Tara Hurst, and Daniel J. Pennington. 2014. 

Cytokines and chemokines: At the crossroads of cell signalling and inflammatory 

disease. Biochimica et biophysica acta 1843 (11): 2563–2582. doi: 

10.1016/j.bbamcr.2014.05.014. 

Willox, Anna K., Yasmina M. E. Sahraoui, and Stephen J. Royle. 2014. Non-specificity 

of Pitstop 2 in clathrin-mediated endocytosis. Biology open 3 (5): 326–331. doi: 

10.1242/bio.20147955. 



 

 

 

67 

 

Zhang, Jun-Ming, and Jianxiong An. 2007. Cytokines, inflammation, and pain. 

International anesthesiology clinics 45 (2): 27–37. doi: 

10.1097/AIA.0b013e318034194e. 

Zhang, Youxin, Adam D. Hoppe, and Joel A. Swanson. 2010. Coordination of Fc 

receptor signaling regulates cellular commitment to phagocytosis. Proceedings of 

the National Academy of Sciences of the United States of America 107 (45): 19332–

19337. doi: 10.1073/pnas.1008248107. 

Zhang, Sulin, Huajian Gao, and Gang Bao. 2015. Physical Principles of Nanoparticle 

Cellular Endocytosis. ACS nano 9 (9): 8655–8671. doi: 10.1021/acsnano.5b03184. 

Zhang, Xu Dong, Susan K. Gillespie, and Peter Hersey. 2004. Staurosporine induces 

apoptosis of melanoma by both caspase-dependent and -independent apoptotic 

pathways. Molecular cancer therapeutics 3 (2): 187–197. 


