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1. Introduction 

Life-threatening diseases have been one of the biggest burdens for modern societies over the 

last several decades. Over the last century (1900 – 2000) approximately 4 billion (4*109) 

deaths worldwide have been linked to disease according to the World Health Organization 

(World Health Organization, 2017). 530 million of those deaths were related to malignant 

diseases (cancer), accounting for more deaths than World War I and WWII combined (~450 

million). Since deaths from other diseases, like infectious diseases, have reduced drastically 

over the last decades, cancer has become the number one cause of death in industrialized 

countries today (Stewart, 2014). The development of new treatments (e.g., new antibiotics) 

have helped to reduce death, for example from infectious airway diseases, however, in cancer 

therapy, no significant breakthroughs have been reported over the last 40 years. 

Modern technology can be utilized to improve existing treatments and therapies. One great 

example is the development of the endoscope. First constructed around 1800 and intended for 

diagnostic purposes at first, endoscopy is used today to perform minimally invasive surgery, 

reducing the likelihood of complications during the procedure. Nanotechnology has emerged 

as a scientific research field over 25 years ago and grown in popularity ever since, shifting 

over time from laboratory experiments into real world application (Franceschi and 

Kouwenhoven, 2002; Whitesides, 2005). Today nanotechnology is deemed a key technology 

of the 21st century and is applied in many different fields on a day-to-day basis. Carbon-based 

nanomaterials (NMs) for example are implemented in electronic research and products 

(Avouris et al., 2007; Göpel, 1991; Hong and Myung, 2007). NMs are also used to improve 

the stiffness, weight, and resistance of different bulk materials in construction and engineering 

(Bartos, 2009; Sobolev and Shah, 2015; Teizer et al., 2012). In recent years NMs have also 

been integrated into daily consumer products, for example in the food industry (Cushen et al., 

2012; Rashidi and Khosravi-Darani, 2011; Sanguansri and Augustin, 2006; Sozer and Kokini, 

2009) and also the cosmetic industry (Katz et al., 2015; Raj et al., 2012). Additionally, nano-

technology and the NMs resulting from it, have found significant interests in medical research 

(Boisseau and Loubaton, 2011; Caruthers et al., 2007; Demming, 2011; Khang et al., 2010). 

Applications in medicine range from imaging (Popovtzer et al., 2008; van Schooneveld et al., 
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2010; Wang et al., 2008; Xing et al., 2012) to diagnostics and treatments (Cuenca et al., 2006; 

Grodzinski et al., 2006; Hauck et al., 2010; Jain, 2005; Jain, 2003; Soursou et al., 2015).  

One major aspect of improving medical treatment with nanotechnology is the employment of 

NMs for the purpose of drug delivery (Emeje et al., 2012; Farokhzad and Langer, 2009; 

Suwussa et al., 2012). Chemotherapeutics have for a long time been one of the most important 

treatments in the therapy of inoperable tumors. Though, since it was developed in the 1960s 

chemotherapy has struggled to overcome its biggest limitation, side effect induced dose limi-

tation. Most chemotherapeutics are cytostatic drugs, which affect the growth and viability of 

every cell they come into contact with. During a typical intravenous administration, the body 

of the patient is flooded with the cytotoxic drugs in order to reach a sufficient dose-level in 

the tumor tissue. The tumor tissue is preferentially attacked because the cytostatic effect on 

fast proliferating cancer cells is stronger compared to normal tissue. Nevertheless, healthy 

cells and tissue throughout the body are affected by the drug as well, leading to severe side 

effects and limiting the overall applicable dose.  

Drug delivery can considerably improve the performance of the transported drug in different 

ways (see 1.2 Drug delivery p.4). Drug carriers can bind or encapsulate drug molecules and 

thereby transport them safely through the body, minimizing unwanted interaction between the 

drug and healthy tissue, resulting in a reduction of adverse effects. The prevention of unwant-

ed interaction results in a higher effective dose at the target site because fewer drug molecules 

are dissipated on the way.  

The described application of drug carriers for the improvement of chemotherapy demonstrates 

the benefits for improving conventional drugs with the help of nanotechnology. Today the 

most common type of drug carriers are different types of spherical nanoparticles. However, 

other carrier types with different dimensions, like tubular or flat shapes, could present ad-

vantages in important properties, for example, drug loading capacity or cellular uptake.  
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1.1 Nanotechnology and Nanomaterials 

After being part of science fiction for a long time, nanotechnology became a growing field in 

science and research in the 1980s. Nanotechnology, for the most part, is the utilization of ef-

fects and properties exhibited by nanomaterials (NMs). Today there still is no global defini-

tion of what is considered a nanomaterial. One common definition states that materials with at 

least one dimension (x, y or z) in the range < 100 nm are considered NMs. Materials with all 

three dimension in the nanoscale are called nanoparticles. Two nanoscale dimensions are 

characteristic for nanotubes or nanofibers, which usually present diameters < 100 nm with 

lengths > 100 nm. The last type of nanomaterials are nanoplates, like single- or multilayer 

graphene sheets.  

Nanomaterials exhibit special properties which can differ significantly from the properties of 

their bulk material. The first significant difference, presented by all nanomaterials compared 

to their non-nanoscale counterparts, is the surface to volume ratio. Since small NMs can be 

built up from only several tenth atoms, the ratio between surface atoms and the once encapsu-

lated inside the material is significantly higher compared to bulk materials, made up of mil-

lions or billions of atoms. The high ratio of surface atoms makes NMs much more reactive. 

Therefore, even gold nanoparticles exhibit chemical reactivity, whereas macroscale gold is 

considered inert. The altered physicochemical reactivity and small size of NMs give rise to 

new applications, but also to concerns regarding their safety (Holsapple et al., 2005; Ober-

dörster et al., 2005b; Oberdörster et al., 2005a; Stern and McNeil, 2008). Examples of other 

common properties of NMs are an altered electrical conductibility and an enhanced biodistri-

bution. Some NMs occur naturally, but most are synthesized using a variety of different 

methods. The synthesis of NMs will be discussed for the particular case of carbon nanotubes 

in the following section. In general, there are two ways of NM synthesis, the top-down and 

the bottom-up approach. During the top-down process, different methods are used to reduce a 

bulk material for the yield of nanoscaled fractions. The bottom-up process includes examples 

like chemical synthesis, where precursor materials are used to build NMs atom by atom in 

self-assembly reactions.   
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1.2 Drug delivery 

The term drug delivery (DD) describes the concept of transporting a therapeutic agent within 

an organism. Concerning nanotechnology and nanomaterials, DD describes the process of 

utilizing different forms of nanomaterials for drug transport. For the most part, the purpose of 

using nanoscale drug carrier (DC) is to improve the properties and performance of existing 

drugs (Orive et al., 2009; Parveen et al., 2012). The following enhancements are only a few 

examples of how conventional drugs can benefit from DD: 

 Improving the water-solubility of poorly water-soluble drugs to allow higher drug con-

centrations (e.g., drugs exhibiting strong hydrophobicity) 

 Prolonging the circulation time of intravenously (iv) applied drugs  

 Prolonged, tunable drug release times 

 Improving the bioavailability of drugs 

 Reducing negative side effects by reducing or preventing unwanted drug-cell interaction 

 Targeted delivery of therapeutic agents to specific sites 

The following sections will discuss active and passive targeted delivery, different types of 

DCs, the concept of drug loading, possible disadvantages, and examples of clinically used 

DCs. 

 

1.2.1 Passive and active targeting 

Most DCs have a natural target mechanism but to achieve a higher affinity it is possible to 

introduce an active target mechanism to the different carriers. Passive targeting is mostly 

based on the enhanced permeability and retention effect (EPR) or the localized application of 

the DC. Active target mechanisms are mainly antibody (AB) based approaches or use other 

forms of recognition between the carrier and the target. 
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1.2.1.1 Passive targeting 

EPR effect 

The EPR effect describes the anatomical differences between healthy and diseased tissue and 

can be employed for passive targeting (Maeda et al., 2000). Malignant tissue, by its nature, is 

fast growing in comparison to normal cells. High proliferation of the tumor mass requires the 

rapid formation of new blood vessels (fast vascularization) to ensure the ongoing supply with 

nutrients. The accelerated vascularization leads to the formation of leaky blood vessels and 

therefore an enhanced permeability of the tissue. Because of this effect, DCs circulating the 

blood stream can diffuse much easier into the malignant tissue, compared to normal tissue 

with dense vessels. The enhanced permeability results from the fact that during accelerated 

vascularization the smooth muscle layer on the outside of the blood vessel can not form suffi-

ciently. The smooth muscle layer helps to compensate the blood pressure inside the vessel, 

therefore counteracting leakiness. Since EPR affected vessels do not (sufficiently) exhibit the 

smooth muscle layer, the permeability effect increases with higher blood pressure. The in-

creased pressure is counteracted by the muscle cells in normal vessels but pushes endothelial 

cells even further apart in EPR affected ones, leading to even higher permeability. The effect 

is schematically depicted in Figure 1. In addition to malignant tissue, the enhanced permeabil-

ity can also be observed at sites of inflammation, based on the excess production of the in-

flammatory mediator peptide Bradykinin (Maeda et al., 2009). The difference in the EPR ef-

fect between healthy (inflamed) and malignant tissue lies within the retention time of diffused 

particles. In normal tissue the retention time is shorter because the lymphatic drainage system 

is present and operational, transporting foreign objects like DCs out of the tissue. The tumor 

environment in malignant tissue, on the other hand, does not hold any lymphatic system. 

Therefore, DCs which diffused into the tissue are present for a prolonged period of time. Nu-

merous studies have proven the advantages of passive targeting via EPR effect, with Doxil 

(nano-encapsulated Doxorubicin) being only one prominent example (Akao et al., 2010; Cho 

et al., 2008; Chytil et al., 2008; Gullotti and Yeo, 2009).  
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Figure 1: Principle of the EPR effect describing the enhanced permeability of malignant tissue. The 

smooth muscle layer on the outside of normal vessels can counteract the blood pressure from within. The ab-

sence of this muscle layer in tumor vasculature leads to an enhanced permeability of these blood vessels, increas-

ing with higher blood pressure. (modified from (Maeda, 2012)) 

Another passive targeting mechanism is the localized application and delivery of DCs. 

Through the direct intratumoral injection, the local concentration of DCs is significantly im-

proved compared to an intravenous application. However, this method is limited to local can-

cers, like skin or neck cancer, which can be accessed from the outside. The conjugation of the 

DCs with other molecules, like transferrin, can additionally improve cellular uptake and reten-

tion time within the affected cells, improving tumor regression and survival time as demon-

strated in several publications (Sahoo et al., 2004; Sahoo and Labhasetwar, 2005).  

 

1.2.1.2 Active targeting 

Active targeting is established on the basis of specific interactions between target-specific 

DC-bound ligands and the targeted cells or tissue. The success of this process is highly de-

pendent on the affinity and specificity of the ligand to the target site. Active targeting can be 

accomplished through either ligand-receptor or antigen-antibody interaction. If target specific 

ligands or antigens are conjugated to the DC, they will be recognized by overexpressed recep-

tors/antibodies within the target tissue, leading to accumulation, coupling, and internalization 

of the DC into tumor cells. This process has been demonstrated by several groups employing 
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different types of ligands and antigens (Choi et al., 2010; Kocbek et al., 2007; Tong et al., 

2010). 

 

1.2.2 Common types of drug carriers 

The high quantity of different nanomaterials is the reason, why today there is a great variety 

of DCs either under development or already in the clinical application. The totality of DCs 

can at first be divided into carriers which immobilize the drug molecules on their outside and 

carriers who encapsulate their load. Examples for encapsulating carriers are liposomes, 

nanocapsules, dendrimers, and micelles (see Figure 2). Examples of the other group are metal 

nanoparticles (NPs) like Gold-NPs, polymeric NPs, ceramic NPs, or magnetic NPs. In the 

following subsection, some common DCs are presented in more detail. 

 

Figure 2: Examples for different DCs which encapsulate their drug load inside. (modified; (Orive et al., 

2009)) 
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1.2.2.1 Polymeric micelles 

Polymeric micelles are DCs made up from block copolymers. They consist out of a core of 

hydrophobic blocks which are surrounded by a corona formed from hydrophilic polymer 

chains (Torchilin, 2004). For a majority of polymeric micelles, the hydrophilic polymer poly-

ethylene glycol (PEG) is used as the corona-forming block. The chain length of the hydro-

phobic core polymer is usually similar or lower than the one for the PEG. The hydrophobicity 

on the inside allows for easy loading of hydrophobic drugs. Polymeric micelles can, therefore, 

improve the water-solubility of drugs. Additionally, they can increase cellular uptake and re-

duce unwanted interaction of the encapsulated drug and healthy tissue. The improved efficacy 

of polymeric micelle transported drugs has been widely demonstrated (Batrakova et al., 1996; 

Kohori et al., 1998; Lee, 2003; Lukyanov et al., 2004; Yoo et al., 2002). 

 

1.2.2.2 Polymeric nanoparticles 

Polymeric NPs exhibit several desirable properties for the use as DCs. Most polymeric NPs, 

depending on their base material, are fully biocompatible and also biodegradable. The rate of 

biodegradation can also be controlled through the production process, allowing for very 

specific pharmacokinetic profiles in the release of the drug load (Sahoo and Labhasetwar, 

2003). Polymeric NPs can be produced as solid nanoparticles, nanospheres or nanocapsules. 

The difference between those types is their inner composition. Spheres present a matrix-like 

structure on the inside which is able to adsorb active compounds for transport. Capsules con-

sist out of a polymeric shell and core. In this case, the transported drugs are usually dissolved 

within the core or immobilized on the DC surface. The surface immobilization also applies 

for the solid NPs. Especially polymeric nanocapsules, with drugs dissolved into their core, 

exhibit high potential for controlled drug release during biodegradation. Furthermore, the sol-

id polymeric surface presents a great foundation for the attachment of functional groups for 

active or passive targeting mechanisms. The described positive properties of polymeric NPs 

have led to numerous publications about their application, improving drug efficacy and 

transport (Andersen et al., 2010; Brigger et al., 2002; Fisher and Ho, 2002; Sahu et al., 2011; 

Sun et al., 2003; Zhang et al., 2003). 
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1.2.2.3 Metal nanoparticles 

Since metal nanoparticles are mostly non-biodegradable, biocompatibility and the absence of 

NP-related toxicity are very important. Because of their excellent biocompatibility gold (Au) 

NPs have frequently been employed for DC purposes. Their synthesis-process is another 

important advantage of Au-NPs. Through the manipulation of simple synthesis parameters, 

like the change of currents or the addition of certain chemicals, it is easy to manipulate the 

size of the Au-NPs. Additionally, Au-NPs can be synthesized with a very narrow size-

distribution and very small diameters, resulting in a high surface-to-volume ratio. The natural-

ly negative charge on the surface of Au-NPs allows for easy attachment of drug molecules or 

target ligands. Another significant advantage over other DCs is the existence of surface plas-

mon resonance (SPR) bands within Au-NPs. SPR describes the resonant oscillation of con-

ducting electrons under stimulation. Stimulation can be performed for example by excitation 

through laser light or x-ray. The oscillation of the stimulated electrons leads to the emission of 

light. This phenomenon can be utilized for visual confirmation of Au-NP accumulation within 

the target-area, through imaging techniques like CT or MRT. Besides Au-NPs other metallic 

nanoparticles, which share most of those advantages, are also employed as DCs. The benefits 

of metallic NPs in drug delivery were proven by various scientific studies (Bhattacharya et al., 

2007; Brown et al., 2010; Hainfeld et al., 2006; Hosta-Rigau et al., 2010; Joshi et al., 2006; 

Song et al., 2009).  

 

 

 

1.3 Carbon Nanotubes 

Carbon nanotubes (CNTs) are fiber-link nanomaterials, which consist out of pure carbon. 

They can exhibit varying dimension, but almost all CNTs present nanometer diameters and 

macroscale lengths that can be several hundred micrometers long. Because of their electrical 

properties CNTs have found several applications in the field of electronics, where they are 

used to improve capacitors or batteries (Landi et al., 2009; Li et al., 1999; Ouyang et al., 

2002). Their physical properties, like high tensile strength combined with a low weight, ren-



10 

 

ders them additionally interesting to enforce common bulk materials in construction (Bartos, 

2004; Dresselhaus et al., 1996; Sobolev and Shah, 2015; Teizer et al., 2012). In recent years 

increasing interest in CNT application arose from the fields of biology, life sciences, and 

medicine. CNTs have successfully been used as biosensors, even for single-molecule detec-

tion purposes (Besteman et al., 2003; Sotiropoulou and Chaniotakis, 2003; Wang, 2005). In 

medicine, CNTs present promising properties for the application in imaging and therapeutics 

(Kam et al., 2005; Kostarelos et al., 2009; Kostarelos et al., 2005; La Zerda et al., 2008; 

Welsher et al., 2009).  

The following subsections will cover the two major types of CNTs, their synthesis and 

essential (surface) properties.  

 

1.3.1 Types of CNTs 

CNTs are divided into two major groups, single walled carbon nanotubes (SWCNTs) and 

multi walled carbon nanotubes (MWCNTs). SWCNTs are made up from one 2D graphene 

layer, which is rolled up to form a tube with a single wall. MWCNTs are tubes with multiple 

sidewalls, consisting out of several single tubes stacked into each other or from one long gra-

phene sheet which is rolled up multiple times. The composition of the two CNT types is 

depicted in Figure 3.  

 

Figure 3: Composition of the two types of CNTs. SWCNTs (a) are made up from one rolled-up 2D graphene 

layer (b), whereas MWCNTs (c) are made from multiple rolled layers stacked into each other (d).  (modified; 

itech.dickinson.edu) 

SWCNT usually present diameters < 10 nm, whereas MWCNTs show diameters > 10 nm. 

Both tubes present macroscale lengths of up to several hundred micrometers. These meas-
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urements result in a needle-like shape which gives CNTs the potential to enter cells passively 

by piercing the cellular membrane (Bianco et al., 2005; Kateb et al., 2007; Prato et al., 2008).  

Each CNT type can be subdivided into the three following groups based on their confor-

mation: 

 chiral 

 armchair 

 zigzag 

The conformation is derived from the rolling direction in relation to the orientation of the gra-

phene structure. If the ‘cutting line’ lies horizontally within the graphene structure (n,0) the 

resulting CNT presents a zigzag conformation. If the ‘cutting line’ lies exactly diagonal with-

in the structure (n,n) it is called armchair conformation. All other orientations (n,m ; with n ≠ 

m ≠ 0) are called chiral conformations. This principle is presented in Figure 4. The 

conformation influences important properties like the CNT conductibility.  

 

Figure 4: Different conformations of CNTs resulting from the orientation of the rolling direction within 

the graphene structure. 
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1.3.2 Synthesis of CNTs 

CNTs can be synthesized by the use of different techniques. Examples are CVD synthesis, 

arc-discharge synthesis, and laser-ablation. As with all nanomaterials, CNTs can be 

synthesized by either a top-down or bottom-up process.  

 

1.3.2.1 Arc-discharge synthesis 

During arc-discharge synthesis, two carbon rods are placed into a reactor as an electrical an-

ode and cathode, with only a few millimeters of space between their tips. The reactor is set to 

a reduced pressure (~500 mbar) with a protective helium atmosphere inside. By applying 

~100 amps to the graphite rods, a continuous electric arc is created which constantly con-

sumes the anode. The wear of the anode creates different carbon-based nanomaterials like 

fullerene, bucky-balls, and SW- and MWCNTs. The yield of desired CNTs is dependent on 

the synthesis parameters, like electrode spacing, pressure, and electrical current. Catalyst, like 

Ni-Co, can be applied to increase the CNT yield even further (Anazawa et al., 2002; Arora 

and Sharma, 2014; Journet et al., 1997). A schematic of the synthesis setup is depicted in Fig-

ure 5. Since carbon nanostructures are skimmed from the carbon bulk material (anode), arc-

discharge synthesis is a top-down process.  

 

Figure 5: Schematic setup of the CNT production by arc-discharge synthesis. (nanoshel.com) 
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1.3.2.2 Synthesis via laser-ablation 

The principle of CNT synthesis via laser-ablation is somehow similar to arc-discharge 

synthesis, however, the setup differentiates significantly. During laser-ablation, a graphite 

target is placed into the reaction chamber under either a protective atmosphere (e.g., argon) or 

under a processing atmosphere (like nitrogen). In preparation for the ablation process, the 

reaction chamber is heated up to ~1200 °C. A focused, high energy laser beam (e.g., from a 

Nd-YAG laser) is shot onto the graphite target, leading to the production of carbon-based 

nanostructures through ablation. A constant gas flow transports the nanomaterials to a water-

cooled collector where they are deposited. Likewise, to the arc-discharge synthesis, the yield 

of either SW- or MWCNTs depends on the reaction parameters, like temperature, gas type or 

laser beam intensity (Bhushan, 2012; Thostenson et al., 2001; Zhang et al., 1998). Identical to 

the arc-discharge technique laser-ablation is a top-down process. An exemplary synthesis set-

up is depicted in Figure 6.  

 

Figure 6: Schematic setup of the CNT production by laser-ablation synthesis. (Bhushan, 2012) 
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1.3.2.3 CVD synthesis 

While laser-ablation and arc-discharge synthesis present factors, like target or anode size, 

which limit the CNT yield because they prevent strong upscaling, gas-phase syntheses like 

chemical vapor deposition (CVD) can produce high CNT amounts over a short time period. 

The carbon-based precursor material in CVD synthesis is gaseous carbon (e.g., hydrocarbon 

gas), unlike the solid precursors in the bottom-down processes described above. By applying 

high temperatures and pressure to the precursor gas carbon nanostructures are deposited onto 

a heated substrate. High CNT yields can be achieved at ~1200 °C and 10 atm of pressure (Ni-

kolaev et al., 1999). This process is called high-pressure conversion of carbon monoxide 

(HiPco) and is mostly used with carbon monoxide as a precursor. Hydrocarbon gas can be 

applied, but the CNT yield will be significantly diminished by the generation of amorphous 

carbon, which needs to be removed by further purification steps. The addition of catalysts, 

like ferrocene gas, can reduce the production of unwanted carbon structures (Cassell et al., 

1999; Gore and Sane, 2011; Yellampalli, 2011). Through the use of specialized processes like 

plasma enhanced CVD, it is possible to produce perfectly aligned CNTs, with well-defined 

dimensions, on glass substrates (Ren, 1998). During CVD the CNTs are built from carbon 

atoms provided by the precursor gas. Therefore CVD is a bottom-up process. A schematic of 

the synthesis setup in CVD is presented in Figure 7.  

 

Figure 7: Setup of a CNT synthesis using CVD. (Gore and Sane, 2011) 
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1.3.3 Surface properties of CNTs 

Since graphene sheets are the base material for both SW- and MWCNTs both CNT types ex-

hibit a benzene ring-like structure on their surface. The atomic surface structure looks like 

honeycombs, with six carbon (C) atoms forming each comb. Due to this layout, each C-atom 

expresses three covalent σ-bonds with adjacent C-atoms (except C-atoms on the outer edges) 

as depicted in Figure 8.  

 

Figure 8: Atomic surface structure of a CNT. Each C-atom is covalently bound (green) to three adjacent C-

atoms. The one remaining unbound electron from each C-atom is ‘donated’ to one of the neighboring free elec-

tron clouds. The resulting negative surface charge induces the strong hydrophobicity of raw CNTs. (Requardt et 

al., unpublished) 

Carbon, as an element of the fourth main-group, is seeking four bonds since it is tetravalent. 

Because three of the four unbound electrons are utilized to form the three mentioned σ-bonds, 

one unbound electron remains. Each C-atoms ‘donates’ its unbound electron to the formation 

of a free electron cloud in order to reach noble gas configuration (most energy-efficient con-

figuration). Therefore, on the surface of a perfect CNT, each C-atom is bound to three 

adjacent C-atoms, and a free electron cloud exists with n free atoms (n = amount of C-atoms 

on the surface). The free electron cloud exhibits a strong negative charge which leads to a 
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strong hydrophobicity of the CNT surface. Additionally, the free electron cloud and therefore 

the surface charge is mobile. Shifting to one end of the CNT structure a temporary positive 

charge can be created at the other end, leading to a strong electron pulling force from neigh-

boring molecules. This effect can result in radical formation if electrons from other molecules 

or ‘stolen.' Single electrons from the electron cloud can, under certain conditions (high ener-

gy), be utilized to covalently bind substitutes (like oxygen groups) to a C-atom on the surface. 

During this process the electron is permanently removed from the free electron cloud, reduc-

ing the negative charge and hydrophobicity. 

The free electron cloud can be employed for several procedures. Given the right experimental 

parameters (lack of oxygen and sufficient reaction energy) substitutes like PEG molecules can 

be covalently bound to the CNT surface. This process can be used for the PEGylation of 

CNTs to reduce hydrophobic interactions, leading to reduced (cyto-) toxicity. The hydropho-

bicity from the free electron cloud can also be employed for drug loading purposes as the fol-

lowing section will explain.  

 

1.3.3.1 Hydrophobic drug loading 

Local hydrophobic domains on the surface can be utilized for intended hydrophobic binding 

processes. One prominent example is the loading of hydrophobic drugs through π-π-

interaction. The hydrophobic drug and surface domain create a non-covalent bond (through π-

electrons) if they come into close range to each other. This effect is a self-assembly process 

which automatically takes place to a certain extent if hydrophobic (drug) molecules and CNTs 

are mixed in an aqueous solution. The intensity of the π-bonds is strongly dependent on the 

pH-value of the surrounding solution. pH-values above neutral (>7) promote the bonds, while 

reduced pH-values (<7) weakens them. Environments with pH-values of 6.5 and below lead 

to an extensive termination of the π-bond. This effect is exploited for selective drug release 

from DCs. Healthy tissues exhibit physiological pH-values of ~7.4 – 7.5. The tumor environ-

ment, on the other hand, presents significantly reduces values of 6 – 6.5. Therefore, DCs with 

hydrophobically bound drug molecules rapidly release the loaded drug after they reach the 

tumor tissue, since the non-covalent bond is terminated due to the reduction in pH-value.  
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1.3.4 CNT functionalization 

Following, a short introduction is given in ways of how CNTs can be functionalized. The 

overview of the modifications includes non-covalent, as well as covalent functionalization 

methods and their applicability for drug delivery application. 

 

1.3.4.1 Non-covalent methods 

The non-covalent methods are similar to the drug loading mechanism described above. These 

types of functionalization rely on forces like Van der Waals interactions and hydrophobic 

interactions (see above). Those forces can be utilized to attach functional groups to the 

outside of a CNT reversibly. Since the non-covalent forces rely on physicochemical proper-

ties, a well-defined reaction environment is an essential requirement for the functionalization 

process. In some cases, additional chemicals may be needed as catalysts. One advantage of 

non-covalent functionalization is the minimal damage to the CNT surface, leaving most of the 

CNT (surface) properties unaltered. However, non-covalent binding of functional groups also 

presents several disadvantageous for drug delivery application. One notable downside is that 

the most drug loading mechanisms also rely on non-covalent interactions. Therefore, a non-

covalent surface functionalization would compete with the drug loading mechanism, reducing 

the drug loading capacity. An even more important disadvantage is the non-covalent bond 

itself. As described for the hydrophobic drug loading, small environmental changes (e.g., a 

reduction in pH-value) can weaken non-covalent forces significantly. Because physiological 

conditions can change in vivo, depending on the localization within the body and other fac-

tors, the integrity of the functionalization can not be fully ensured, leaving a high level of un-

certainty with regards to maintaining the CNT biocompatibility (Liu et al., 2010).  
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1.3.4.2 Covalent methods 

Another way of functionalization is through the covalent attachment of functional groups. 

Covalent functionalization relies on the creation of new electron bonds between the C-atoms 

on the surface and functional molecules. For this purpose two electrons have to be utilized, 

usually one from the functional molecule and one from the CNT structure. Typically, a group 

(e.g., an –OH group) is cleaved from the functional molecule through a high reaction energy, 

leaving an unbound electron in the molecule structure. The second electron needed to form 

the covalent bond most likely originates from the free electron cloud. For the transition of the 

free electron and the covalent attachment to a C-atom additional energy is needed which has 

to be added in for of heat or pressure. One example for a covalent functionalization process is 

an acid oxidation. During an acid oxidation, for instance with concentrated sulfuric acid, car-

boxylic groups (reactive oxygen groups) are covalently attached to the CNT surface. Covalent 

functionalization yields several benefits. First of all, the covalent bond is significantly strong-

er compared to its non-covalent counterparts, resulting in a much more secure attachment of 

the functional molecules. Therefore, the functionalization is stable, even under physiological 

conditions. Also, the physicochemical properties of the CNT can be selectively altered, allow-

ing reduction of negative properties like the global hydrophobicity (Kam et al., 2005; Klumpp 

et al., 2006). The last mentioned effect could also be viewed as a disadvantage, because the 

conservation of all original CNT properties is near impossible to achieve during covalent 

functionalization (Liu et al., 2010; Niyogi et al., 2002).  

 

1.3.5 CNT application in drug delivery 

Like most nanomaterials, CNTs have been used to improve existing drugs by employing them 

as drug carriers. Research groups have used CNTs for the delivery of small molecules, like 

cisplatin or Doxorubicin, and also for protein, as well as RNA delivery (Bianco et al., 2005; 

Madani et al., 2011; Zhang et al., 2011). 

The group of Awasthi et al. utilized amino-group-functionalized MWCNTs (f-MWCNT) for 

the attachment of DNA molecules onto the f-MWCNT surface. The loaded f-MWCNTs 

showed improved water-solubility in combination with a high DNA delivery rate, leading to 
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efficient gene transfection without the need for a viral vector (Awasthi et al., 2009). Liu et al. 

grafted polyethyleneimine (PEI) onto MWCNTs to form a platform for the immobilization 

and release of DNA. PEI presents primary, secondary, and tertiary amines, which can be 

utilized for the immobilization process. PEI-MWCNTs provided an increased efficiency for 

DNA transport compared to amine-functionalized or pristine MWCNTs (Liu et al., 2005).  

Borowiak-Palen et al. have loaded the anticancer drug cisplatin into SWCNTs with diameters 

of 1.3 – 1.6 nm. The loaded SWCNTs showed a subsequent drug release over a one-week 

duration, significantly reducing the viability of human prostate cancer cells in a dose-

dependent manner. The drug loading capacity of the SWCNTs was 21 µg cisplatin per 100 µg 

CNTs (Tripisciano et al., 2009). The group of Bhirde et al., as well as Feazell et al. have also 

demonstrated the use of CNTs for the (targeted) transport of platinum-based anticancer drugs 

(Pt (IV)) (Bhirde et al., 2009; Feazell et al., 2007). Feazell et al. used phospholipid-PEG func-

tionalized SWCNTs in which Pt (IV) was internalized. The reduced pH-value inside the lyso-

somes of targeted cancer cells (in vitro) triggered a rapid release of the incorporated drug, 

providing good efficacy. Hampel et al. demonstrated that carboplatin can also be loaded in 

SWCNTs, leading to effective suppression of bladder cancer cell growth (Hampel et al., 

2008). Heister et al. used SWCNTs for a triple functionalization with Doxorubicin, a mono-

clonal antibody, and a fluorescent marker for targeted drug delivery. The monoclonal anti-

body is used to recognize the tumor marker CEA, while the fluorescent marker is intended for 

imaging purposes. However, the described SWCNTs were not functionalized for biocompati-

bility (Heister et al., 2009). Zhang et al. coated carboxyl functionalized SWCNTs with poly-

saccharides. These saccharide coated CNTs were employed for effective DOX loading at pH 

7.4 and showed an increased drug release at pH reduction (Zhang et al., 2009). 

The variations for CNT-based drug delivery systems described above are only a few examples 

of all published variations. Working through the literature, it is eye-catching that most 

publications focus almost entirely on the drug loading process, delivery, and efficacy of the 

described CNT drug carrier. Rarely the focus lies on the biocompatibility of the produced 

DCs, even though functionalized CNTs should be thoroughly investigated for adverse effects, 

given their hydrophobic properties and the potential asbestos-like character.  

 



20 

 

2. Aim & scope of this thesis 

Malignant diseases (cancer) have become the most frequent cause of unnatural death in indus-

trialized countries around the world, as reported in the ‘World Cancer Report 2014’ by the 

World Health Organization (Stewart, 2014). Inoperable or metastasized tumors have to be 

treated with either radiation therapy, chemotherapy or a combination of both. Although there 

have been major revolutions in chemotherapy, like targeted-therapy, the limitations which 

were discovered by researchers in the 1940s and 1950s still apply today, as described by 

Chabner and Roberts (Chabner and Roberts, 2005). Nanomaterials, in the form of nano-sized 

drug carriers, can help to overcome those limitations, by transporting drug molecules safely 

throughout the body and releasing them only at the intended target area. Thereby they can 

reduce severe side-effects and simultaneously increase the effective concentration at the tar-

get-side (Chidambaram et al., 2011). The overall aim of this doctoral thesis was to investigate 

if multi walled carbon nanotubes (MWCNTs) can potentially be used as drug carriers to re-

duce the limitations and improve the performance of drugs like chemotherapeutics. For this 

purpose MWCNTs synthesized using chemical vapor deposition (CVD) acted as a base mate-

rial.  

In a first step, residual iron was removed from the MWCNT structure and the effect on the 

cytotoxicity of the potential DC base material was investigated. For this purpose A549 lung 

epithelial cells and HepG2 hepatoma cells, both established human cell lines, were employed. 

A549 cells represented the lung, as an organ for direct exposure (inhalation) to raw MWCNTs 

(e.g., during synthesis or handling), while HepG2 cells represented the liver, as a point of high 

CNT accumulation in vivo. The cytotoxicity of the MWCNTs (with and without residual iron) 

was investigated, including ROS production and a cell cycle analysis. Additionally, a thor-

ough characterization of the two MWCNTs was performed to identify significant differences. 

In the second experimental phase, a two-step solvothermal functionalization process was es-

tablished to covalently functionalize the MWCNTs with polyethylene glycol (PEG), to 

achieve biocompatibility in an in vitro test environment. To this end a co-culture model with 

human umbilical vein endothelial cells (HUVECs) and human umbilical vein smooth muscle 

cells (HUVSMCs) was developed, to converge on the in vivo composition of a human blood 

vessel. The influence of the unmodified and PEGylated MWCNTs to the co-culture model, 
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employing the described primary cells, was thoroughly investigated. Effects on cells viability, 

cellular organelles, and gene expression were analyzed to assure sufficient biocompatibility of 

the functionalized CNTs. Subsequently, the drug loading potential of the developed drug car-

riers and their ability to reduce the cytotoxicity of loaded drugs was evaluated in HUVECs, by 

loading the chemotherapeutic drug Doxorubicin onto the carriers. 

 

 

 

 

3. Materials and methods 

 This section contains information about the materials and methods utilized in this thesis. It 

is structured into subsections about the synthesis, characterization, and functionalization of 

the employed MWCNTs (and their different variations), cell culture techniques (including the 

used cell lines), the various readouts with their respective assays and conducted statistical 

analysis.  

As described in the scope of the thesis, the experimental work has been divided into two sec-

tions with regards to the content. Therefore, the experimental description given for each assay 

is also divided into the appropriate sections respectively.  

 

 

3.1 Multi walled Carbon Nanotubes 

 Information about the MWCNT characterization, handling, oxidation, and PEGylation are 

presented below. Please note the naming and grouping of the various MWCNT types present-

ed below, as it is used to identify individual MWCNT types within the following results, dis-

cussion and conclusion.  
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3.1.1 MWCNT synthesis and characterization 

All MWCNT types described in this thesis are based on one MWCNT type (from now on 

referred to as either ‘Fe-CNT’ or ‘CNT’). MWCNTs were synthesized by Dr. Silke Hampel, 

at the Leibniz Institute for Solid State and Materials Research (IFW Dresden, Germany), by 

using aerosol-assisted chemical vapor deposition (CVD) at 800 °C. Cyclohexane was used as 

a precursor gas and ferrocene as a catalyst gas. MWCNTs were divided into two groups after 

production. One group was used as produced (‘Fe-CNT’). The other group was heat-treated, 

for 60 min at 2600 °C under a protective argon atmosphere, to remove all iron remaining 

within the MWCNT structure (from now on referred to as ‘nonFe-CNT’). Both groups were 

analyzed using a scanning electron microscope (SEM) Supra 55 (Zeiss, Germany) and a 

transmission electron microscope (Tecnai F30; FEI, USA). Both analyses revealed lengths of 

16.5 ± 8 µm and diameters of 48 ± 12 nm. The results were identical for both groups (CNT 

and nonFe-CNT). Detailed SEM pictures of both MWCNT types are presented in Figure 9.  

 

Figure 9: SEM pictures of the MWCNTs produced via CVD. A: MWCNTs as produced, without heat-

treatment. B: MWCNTs, heat-treated for 60 min at 2600 °C under an argon atmosphere to remove all remaining 

iron. Green numbers indicate diameters (in nm) of the respective MWCNT. (Photos: Courtesy of IFW Dresden)  

Both MWCNTs appeared curly and flexible during SEM and TEM analysis. Results of a Ra-

man analysis, performed at the IFW, are presented in Figure 10. Both MWCNTs presented 

the characteristic G-Peak at 1600 cm-1. The G-Peak (also called Graphite-Peak) arises from 

carbon as the MWCNT base material. Additionally, both MWCNTs exhibited the D-Peak at 

1300 cm-1. The D-Peak (Defect-Peak) results from defects on the CNT surface. The untreated 
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MWCNT (CNT) presented a D/G ratio of ~1, while the nonFe-CNT presented a D/G ratio << 

1. The decreased D-Peak indicates that the number of surface defects was significantly re-

duced (by the heat-treatment) for this MWCNT type.  

 

Figure 10: Rama spectra of ‘CNT‘ and ‘nonFe-CNT.' The G-Peak results from carbon as the MWCNT base 

material. The D-Peak results from defects on the MWCNT surface. (Data: Courtesy of IFW Dresden) 

The MWCNT surface composition was analyzed (at the IFW) by X-ray photoelectron spec-

troscopy (XPS). Results of the analysis are presented in Table 1. The untreated CNT showed 

a surface composition of 95% carbon and 5% oxygen. The nonFe-CNTs presented 99% car-

bon and <1% of oxygen on their surface. Oxygen on the surface of CNTs results from reac-

tive oxygen groups. These groups can bind to the surface at defect sites were bonds between 

carbon atoms are broken or by utilizing an electron from the free electron could to form a 

bond (see 1.3.3 Surface properties of CNTs, p.15). By the introduction of severe energy (2600 

°C) under an oxygen free (argon) atmosphere the chemically unfavorable bonds between the 

CNT surface and reactive oxygen groups are severed, leading to the reformation of original 

bonds and electrons returning to the free electron could.  

 

 



24 

 

Table 1: XPS surface analyses of both MWCNTs. C = Carbon; N = Nitrogen; O2 = Oxygen (Data: Courtesy of 

IFW Dresden) 

Element: C (wt%) N (wt%) O2 (wt%) 

CNT 94.8 0.3 4.9 

nonFe-CNT 99 0.3 <1 

Further characterization of the MWCNTs (at the IFW) included thermal stability and free sur-

face area analysis (BET). The untreated MWCNTs exhibited thermal stability until 480-490 

°C while the nonFe-CNTs were stable until 500-520 °C. BET analysis indicated free surface 

areas between 50 to 100 m²/g for both MWCNT types.  

 

3.1.2 MWCNT functionalization  

To functionalize the MWCNTs with PEG, a stable (well deagglomerated) concentration of 50 

µg/ml had to be achieved in aqueous solution. MWCNTs were therefore oxidized first, fol-

lowed by the PEGylation process. The untreated MWCNTs (CNT) acted as a base material 

for all functionalizations mentioned below. A schematic overview of the different types of 

MWCNTs and how they were functionalized is given in Figure 11. In addition to the func-

tionalizations presented below, one group of untreated MWCNTs were shortened in length by 

mechanical grinding in a ball mill for 24 h (from now on referred to as ‘CNT_GND’). The 

ground MWCNTs were used as a particulate control.  

 

Figure 11: Schematic overview of the different MWCNT functionalizations. 2, 12 and 20kDa indicate the 

various chain lengths of the PEG employed for PEGylation.  



25 

 

3.1.2.1 MWCNT oxidation 

MWCNTs were oxidized via acid oxidation. A 3:1 mixture of concentrated sulfuric and nitric 

acid was added to the MWCNTs (1 mg/ml) in Erlenmeyer flasks. The flasks were partially 

submerged in an active ultrasonic bath, with continuous water exchange, for the designated 

time. After 3 or 6 h of oxidation respectively the reaction was stopped by diluting the mixture 

strongly with distilled water. The mixture was subsequently filtered through a 0.4 µm filter 

using vacuum filtration. The collected oxidized MWCNTs (still on the filter) were washed 

several times with distilled water, and in the last step with ethanol, to ensure complete 

neutralization of the acid. MWCNTs were transferred into glass vessels and dried at 75 °C for 

at least 24 h. The oxidation yielded either 3 h (from now on called ‘CNT_Ox3h’) or 6h (from 

now on call ‘CNT_Ox6h’) oxidized MWCNTs. All steps up until and including the dilution 

of the acid/MWCNT mixture were performed under a fume hood as a protection against ni-

trous fumes (NOX).  

 

3.1.2.2 MWCNT PEGylation 

The oxidized MWCNTs were functionalized using PEG (Sigma-Aldrich, Germany) with 

three different chain lengths (2, 12 and 20 kDa). PEG was purchased in high purity 

(BioUltra), suitable for cellular experiments. Each PEG type was dissolved in aquabidest at a 

concentration of 10 mg/ml by stirring. The designated oxidized MWCNTs were added to the 

solution at a concentration of 50 µg/ml and suspended as described below (see 3.1.3 MWCNT 

suspension and general treatment). The suspensions were transferred into a solvothermal reac-

tor. Solvothermal functionalization was performed by heating the sealed reactor at 165 °C for 

12 h (CNT_Ox3h) or 24 h (CNT_Ox6h) respectively. The functionalization resulted into two 

different PEGylations, each with the three respective PEG types: A ‘light PEGylation’ 

(CNT_Ox3h PEGylated for 12 h) and a ‘heavy PEGylation’ (CNT_Ox6h PEGylated for 24 

h). By attaching molecules (reactive oxygen groups or PEG) via oxidation or PEGylation to 

the MWCNT surface the loading potential of the MWCNT is reduced. The idea behind the 

two different functionalizations was to investigate if the light PEGylation was sufficient to 

counteract MWCNT cytotoxicity without overloading the surface or if the prolonged func-

tionalization is needed to achieve this goal.  
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3.1.3 MWCNT suspension and general treatment 

Before cell culture treatment MWCNTs were sterilized. All types, except the PEGylated once, 

were sterilized by heating them at 160 °C dry heat for 4 h. The PEGylated forms were sterile 

after the solvothermal functionalization process (165 °C in suspension). This sterility was 

carefully preserved until cell culture treatment, since PEG cannot be dry heated at 160 °C 

without causing thermal degradation. One uniform protocol was used to suspend the various 

MWCNT types. Dry MWCNTs were weight in, using glass vessels, and the appropriate 

amount of cell culture medium was added to achieve a concentration of 50 µg/ml. The 

ultrasound rod Sonopuls HD 2070 (Bandelin Electronic, Germany) was used to 

deagglomerate the solution. During sonication glass vessels were partially submerged into an 

ice bath. Sonication was performed for two 5 min intervals, with a short cooling interval in 

between, at full power and a 9/10 amplitude. MWCNT suspensions were always created 

immediately before each experiment and not stored for longer than 4 h.  

Given the asbestos-like health hazard of aerosolized CNTs, all handling steps until the 

complete suspension (including weighing and oxidation) were performed while wearing a 

respirator class FFP3.  

 

3.1.4 MWCNT grouping 

To lay out the experimental descriptions, results, and discussion more clearly the various 

MWCNTs were combined into different groups: 

 Pristine MWCNTs:    ‘CNT’, ‘CNT_GND’, ‘CNT_Ox3h’, ‘CNT_Ox6h’ 

 light PEGlated MWCNTs:  All MWCNTs oxidized for 3 h and PEGlated for 12 h

         (with 2, 12 and 20 kDa)  

 heavy PEGlated MWCNTs: All MWCNTs oxidized for 6 h and PEGlated for 24 h

         (with 2, 12 and 20 kDa) 

The groups were chosen to simplify the identification of the mentioned MWCNT (group). If 

either the light or heavy PEGlated group is mentioned, it comprises all three PEG types (2, 12 

and 20 kDa). If only one or two of the three PEG types is discussed, it will be explicitly ad-

dressed.  
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3.2 Cell culture 

This section displays information about cell lines used, permanent cell culture, culture tech-

niques related to the respective experiments and the used materials. 

 

3.2.1 Cell lines and permanent culture 

The cell lines that were used in the experiments of this thesis are described below. Established 

cell lines were used as well as primary human cells. Established cell lines are usually derived 

from tumors which formed in the respective tissue. Established cells are therefore 

predominantly naturally immortalized cells that are relatively easy to maintain in an in vitro 

culture for forty or more passages. These properties render established cell lines easy to use 

and widely available. Therefore the two established cell lines A549 and HepG2 were chosen 

to investigate the influence of the post-production heat-treatment on MWCNT cytotoxicity. 

Given their tumorigenic descent, established cell lines are often deemed relatively robust 

against adverse effects exhibited from test substances. That is why the severity of the cellular 

response can be transferred only partially to how ”normal” cells of the respective tissue type 

would react. Primary cells, on the other hand, are normal cells which are obtained for example 

from biopsies or a pulmonary lavage. Primary cells have higher demands on their culture 

conditions compared to established cells and can only be cultured in vitro for 10 to 15 passag-

es before they go into senescence. Since they are not tumorigenic, primary cells can reflect the 

full, isolated reaction this cell type would exhibit in vivo. The term isolated reaction is 

referred to the fact that the complicated in vivo reaction of various neighboring tissues and the 

immune system cannot, or at least not fully, be reproduced in an in vitro culture. Based on 

their higher sensitivity compared to established cells, primary endothelial and smooth muscle 

cells were used to investigate the effect of PEGylation on MWCNT biocompatibility.  

 

3.2.1.1 A549 lung epithelial cells 

A549 cells are lung epithelial cells which are widely used to model type II pulmonary epithe-

lial cells in vitro. They were established from an adenocarcinoma of a 58-year-old Caucasian 

male by Giard et al. in 1972 (Giard et al., 1973). A549 are one of the best-characterized lung 
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epithelial cell lines in the literature today (Croce et al., 1999). They show a wide field of ap-

plication, for example for pulmonary drug application (Foster et al., 1998) or lung barriers 

models (Rothen-Rutishauser et al., 2008). In vitro A549 cells grow attached as a monolayer. 

The cells appear branched out at low density and form a highly compacted epithelial layer at 

high confluency (see Figure 12). A549 cells were chosen as a target cell line for the 

cytotoxicity analysis since a pulmonary exposure from aerosolized CNTs is a major health 

risk and the most likely route of exposure during production and handling.  

 

Figure 12: A549 cultured in vitro. A: Cells at low density present a branched out morphology. B: At high con-

fluency A549 form a dense epithelial layer and show a compact morphology. (100x magnification) 

A549 cells (ATCC CCL-185) were cultured in standard cell culture flasks (TPP, Germany) 

using low-glucose DMEM (Biochrome, Germany) supplemented with 10 % FCS (PAN Bio-

tech, Germany) and 0.01 % gentamicin. Cells were usually seeded between 0.5 and 1*104 

cells/cm² growth area, due to their short doubling-time of ~24 h, and split upon reaching con-

fluence. Cells were detached, after aspiration of the culture medium and washing with 37 °C 

warm PBS, by adding 2 ml 37 °C warm Trypsin/EDTA into the 75 cm² tissue flask and incu-

bating for 5 min at 37 °C. The trypsin reaction was stopped by adding 8 ml (2x4 ml) fresh 

culture medium. The cell suspension was transferred to a 15 ml Falcon tube, centrifuged at 

200 g for 5 min and simultaneously counted using a Casy cell counter. After aspiration of the 

supernatant, cells were resuspended in 10 ml fresh medium, and the desired density was 

seeded into a new culture flask, preincubated for at least 30 min with 10 ml culture medium. 

The culture medium was changed 24 h after seeding and every second day after that. Only 

cells between passage number 10 and 40 were used for experiments.  
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3.2.1.2 HepG2 hepatoma cells 

The HepG2 cell line is an established cell line that originates from the hepatocellular carci-

noma of a 15-year-old Caucasian American male. The cell morphology is epithelial (Donato 

et al., 2015), similar to the A549 cells but with a bigger surface and more square compared to 

the elongated A549 (see Figure 13). HepG2 can secrete major plasma proteins like albumin, 

transferrin or acute-phase proteins like fibrinogen (Knowles et al., 1980).  

 

Figure 13: HepG2 cells cultured in vitro. A: Overview-picture of HepG2 cultivated for 24 h (bright field mi-

croscopy at 100x magnification). B: Detailed morphology of cultivated HepG2 cell. 

Because they are easy to cultivate in large scale in vitro environments, HepG2 are often 

preferred as a model for liver cells instead of primary human hepatocytes, which are more 

poorly available and more difficult to cultivate. HepG2 can be employed for a variety of stud-

ies, ranging from toxicological investigations involving nanomaterials (Sharma et al., 2012) 

over uptake studies (Hu et al., 2007) to drug metabolism studies (Lan et al., 2010). In certain 

applications, however, primary human hepatocytes are favorable because they more accurate-

ly represent the in vivo condition. One example is the biotransformation properties of HepG2 

which are significantly hindered compared to primary hepatocytes (Wilkening et al., 2003). 

HepG2 cells were chosen for cytotoxicity analysis since the literature shows that internalized 

CNTs accumulate predominantly within the liver and liver macrophages (Schipper et al., 

2008; Wang et al., 2004; Yang et al., 2007).  

HepG2 cells (ATCC HB-8065) were cultured in standard cell culture flasks (TPP, Germany) 

using low-glucose DMEM (Biochrome, Germany) supplemented with 15 % FCS (PAN Bio-

tech, Germany) and 0.01 % gentamicin. The cells were usually seeded at densities of 1.5-
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5*104 cells/cm² growth area, with respect to their relatively low doubling-time of 48 h. The 

culture was split upon reaching confluence by aspirating the culture medium, washing with 37 

°C warm PBS, and adding 2ml 37 °C warm Trypsin/EDTA solution into the 75 cm² culture 

flask. After a 5-10 min incubation period at 37 °C, the Trypsin reaction was stopped by add-

ing 8 ml fresh culture medium (2x4 ml) and the cell suspension was transferred to a 15 ml 

Falcon tube. The cells were centrifuged at 200 g for 5 min and counted in a Casy cell counter 

simultaneously. The supernatant was aspirated, cells were resuspended in 10 ml fresh culture 

medium and seeded into a culture flask, preincubated with 10 ml medium for at least 30 min, 

at the desired density. The culture medium was changed 24 h after the initial seeding and eve-

ry second day after that. Only cells between passage number 10 and 40 were used for experi-

ments.  

 

 

3.2.1.3 Human umbilical vein endothelial cells (HUVEC) 

HUVECs are primary endothelial cells, isolated from the endothelium of umbilical cord veins 

from newborns. They are easy to isolate and widely available (Crampton et al., 2007; Jiménez 

et al., 2013), given the availability of umbilical cords in obstetric clinics. HUVECs are a 

widely used model for studying the function and pathology of endothelial cells, including 

studies on angiogenesis (Chen et al., 2009; Nakatsu et al., 2003; Poliseno et al., 2006), 

endothelial cell proliferation (Bhattacharya et al., 2004; Favot et al., 2003) as well as the 

uptake and cytotoxicity of nanomaterials from endothelial cells (Corbalan et al., 2011; Davda 

and Labhasetwar, 2002; Hanini et al., 2011; Langeggen et al., 2003; Mukherjee et al., 2005; 

Wu et al., 2010). Under viable in vitro conditions, HUVECs form confluent monolayers and 

express a typical cobblestone morphology as seen in Figure 14. Since HUVECs are primary 

cells, they require specialized culture media and are healthy for a lesser amount of time com-

pared to established cell lines. 
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Figure 14: Human umbilical vein endothelial cells (HUVECs) cultured in vitro. A: Light microscopy over-

view-picture of near confluent HUVECs expressing the typical cobblestone structure (source: ScienCell.com). B: 

Immunofluorescence staining of microtubule (green) and cell nuclei (blue) in sub-confluent HUVECs (200x 

magnification). 

HUVECs (InSCREENeX, Germany) were cultured in standard cell culture flasks (TPP, Ger-

many), coated with gelatin. Endothelial Cell Growth Medium (ECGM) (Promocell, Germany) 

was used, supplemented with the provided 2 % fetal bovine serum and endothelial growth 

factors. No antibiotics were supplemented since the addition of antibiotics can impact the pro-

liferation of primary cells negatively. HUVECs were normally seeded at densities between 

0.5-1.5*104 cells/cm² growth area and split upon reaching ~80 % confluency. Since primary 

cells are more sensitive, compared to established cell lines, accutase solution was used for 

detaching the cells instead of Trypsin/EDTA. Accutase is a mixture of naturally occurring 

protein and collagen cleaving enzymes. In contrast to Trypsin/EDTA accutase only cleaves 

attachment proteins, used to attach cells to surfaces or the other cells, and does not attack the 

cellular structure itself. To detach HUVECs 5 ml of 37 °C warm accutase were added after 

aspirating the culture medium. Cells were incubated for 5-10 min until the cells were 

detached from the surface. The cell suspension was transferred to a 15 ml Falcon tube and 

centrifuged at 200 g for 3 min while the concentration was analyzed using a Casy cell coun-

ter. The supernatant was aspirated, and the cell pellet was resuspended in 5 ml fresh culture 

medium. The new culture vessel (75 cm² culture flask) was incubated with 5 ml 0.5 % gelatin-

solution (in PBS) for at least 1 h prior to seeding. Immediately before seeding the gelatin-

solution was aspirated, fresh 37 °C warm culture medium was added to the flask and HU-

VECs were seeded at the desired density. The culture medium was change 24 h after seeding 

and every second day after that. Primary HUVECs were used for experiment only between 
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passage number 4 and 10. The consistent viability of HUVECs up until and above passage 

number 15 was confirmed prior to any of the main experiments.  

 

3.2.1.4 Human umbilical vein smooth muscle cells (HUVSMC) 

HUVSMCs can likewise be isolated from human umbilical cord veins. As a part of the vascu-

lar cell structure, HUVSMCs have been employed to study blood-related questions like for 

example effects on thrombin generation (Catalioto et al., 1996). In addition, HUVSMC have 

also been used in the literature to investigate the effect of small molecules (Hu and Cotgreave, 

1997; Liu et al., 2007; Wiesbauer et al., 2002; Zhu et al., 1995) and for tissue engineering 

research (Aktas et al., 2011; Norotte et al., 2009; Wu and Ringeisen, 2010). Cultured in vitro, 

both in a sub-confluent layer and directly after reaching confluence, HUVSMCs appear 

partially rectangular. The morphology changes, if cultivated in a confluent layer, to very 

elongated and strongly aligned cells after approximately 24-48 h. This morphology is typical 

for smooth muscle cells (see Figure 15).  

 

Figure 15: HUVSMCs cultivated under in vitro conditions. A: Directly after reaching confluence. (Source A: 

Sciencell.com) B: Morphology 48 h after reaching confluence. (100x magnification, co-cultured with HUVECs)  

HUVSMCs (ScienCell, USA) were cultured in standard cell culture flasks (TPP, Germany), 

coated with gelatin. Smooth Muscle Cell Growth Medium (SMCM) (ScienCell, USA) was 

used, supplemented with the provided 2 % fetal bovine serum and smooth muscle cell growth 

factors. No antibiotics were supplemented. HUVSMCs were usually seeded at 0.7-2.5*104 

cells/cm² growth area and were split upon reaching ~90 % confluence. For cell detachment, 
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the culture medium was aspirated and 5 ml warm accutase solution were added. After a 5-10 

min incubation period, the cell suspension was transferred to a 15 ml Falcon tube and 

centrifuged at 200 g for 3 min while the cell concentration was analyzed using a Casy cell 

counter. The supernatant was aspirated, and the cell pellet was resuspended in 5 ml warm 

culture medium. A standard cell culture flask was incubated with 4 ml 0.5 % gelatin solution 

for at least 30 min prior to cell seeding. Immediately before cell seeding, the gelatin solution 

was aspirated and 10 ml 37 °C warm SMCM were added. Cells were seeded at the desired 

density, and the medium was changed 24 h after seeding and every second day after that. Pri-

mary HUVSMCs were used for experiments only between passage number 4 and 10. The 

consistent viability of HUVSMCs up until and above passage number 12 was confirmed prior 

to any of the main experiments. 

 

3.2.1.5 HUVEC/HUVSMC co-culture model 

Endothelial and smooth muscle cells are the two cell types which make up the structure of the 

blood carrying vessels (arteries and veins). The inside, which comes into direct contact with 

the transported blood, is lined with a monolayer of epithelial cells. This cell layer is separated 

by a membrane, made up of elastic tissue, from an outer layer formed by smooth muscle cells 

(see Figure 16). Depending on the type of vessel the layer of smooth muscle cells is either 

slim (veins) or thick (arteries). Since a drug carrier, for example, loaded with anticancer 

drugs, would be injected intravenously (iv), the blood vessel would be the point of highest 

exposure while the carrier travels through the body. Cells that are cultivated in a monoculture 

in vitro can show different behavior compared to their in vivo counterpart since they are not in 

their normal in vivo environment. In vivo, the endothelial cells are in direct contact with the 

neighboring smooth muscle cells. Cell-cell-interactions, like the secretion of different mole-

cules or direct signaling, can influence cell properties and behavior (like viability and proin-

flammatory responses).  
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Figure 16: Schematic cross-section of an artery. (modified; Source: Blausen.com) 

To create an in vitro test environment, which converges further on the in vivo situation than a 

simple monoculture, a HUVEC/HUVSMC co-culture model was established. 12-well plate 

cell culture transwell membrane inserts with a 0.4 µm porous membrane (Corning, Germany) 

were used. At the beginning, the inserts were placed upside down into 6-well plates, and the 

bottom of the membrane (pointing up) was coated with gelatin solution (0.5 %), by placing a 

drop (200 µl) and incubating for at least 30 min at 37 °C. The gelatin was aspirated, and 

HUVSMCs were seeded by placing a drop of 180 µl SMCM, with a concentration of 2.5*105 

cells/ml, and incubating for 60 min. 1.5 ml SCGM was placed into each well of the 12-well 

companion plate, and each membrane insert was placed into one well so that the drop on top 

dripped into the respective well. In the next step, the top of the membrane was also coated 

with gelatin (300 µl for 30 min). After that, HUVECs were seeded by adding 300 µl of 1*105 

cells/ml suspended in ECGM. Both culture media were changed 24 h after seeding (0.5 ml 

ECGM, 1.5 ml SMCM) and every second day after that. Both cell lines reached confluence 

and typical morphology after 48 h of cultivation. A schematic of the co-culture model is 

displayed in Figure 17. The HUVEC/HUVSMC co-culture model was used in all experiments 

of the second section except for the microscopical analyses (see below).  
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Figure 17: Transwell membrane insert which is inserted into a 12-well companion plate (left; source: 

corning.com) used for the HUVEC/HUVSMC co-culture and schematic of the co-culture model (right). 

 

 

 

3.3 Readouts 

In the section below the different readouts with their according assays are presented. Readouts 

varied from standard readouts like cell viability to complex analyses like morphology analysis 

from 3D models, reconstructed from z-stacked confocal images. If a readout is utilized in both 

experimental sections, the approached is described for each section individually. 

 

3.3.1 Cell viability (WST-8 assay) 

Exposure to substances, like nanomaterials or chemicals, can influence the viability of cells in 

vitro. A reduced cell viability can be a first indication of the negative impact of the investigat-

ed substance. In the experiments described below, cell viability was analyzed using the WST-

8 assay (Dojindo, Germany). WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-

disulfophenyl)-2H-tetrazolium) is a water soluble tetrazolium salt. In the presence of an elec-

tron mediator, it is reduced into an orange formazan dye that can be colorimetrically detected 

at 450 nm wavelength (see Figure 18). In the in vitro culture, NADH, which is produced 

through dehydrogenases by the mitochondria, is the electron mediator. Since only viable cells 

can supply NADH to the reaction, the reduction of the tetrazolium salt to formazan is directly 
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proportional to the number of viable cell in the culture. Therefore the measured optical densi-

ty can be directly correlated to the viability of the culture.  

 

Figure 18: Schematic of the chemical reaction utilized in the WST-8 assay. (Source: Dojindo, Germany) 

 

Utilization during first experimental section 

To assess the impact of the post-production heat-treatment on MWCNT cytotoxicity the via-

bility of A549 and HepG2 cells was analyzed. A549 cells were seeded at 3.5*104 cells/cm² 

and HepG2 cells at 8.5*104 cells/cm², both in a volume of 500 µl, in 48-well plates (TPP, 

Germany). After a 48 h culture period, the cells were exposed to 1, 5, 10 and 25 µg/cm² of the 

respective MWCNT type for either 24 or 48 h. The culture medium was aspirated and 1 ml of 

fresh 37 °C warm culture medium, mixed with the appropriate amount of MWCNT solution, 

was added. Triton-X 100 (2 %) was added 30 min before the end of the exposure time to one 

row as a positive control. Subsequently, after the aspiration of the exposure medium, the cells 

were washed twice with warm PBS and 500 µl warm culture medium containing 10 % WST-

8 solution were added to each well. The A549 and HepG2 cells were incubated for 30 and 60 

min respectively, with the WST-8 solution, at 37 °C. After that, the supernatants (containing 

the produced formazan dye) were filtered through 0.2 µm syringe filters (Filtropour S 0.2µm, 

Sarstedt, Germany) to remove all MWCNTs before the analysis. 100 µl of the filtered super-
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natants were transferred into a 96-well plate and analyzed in an UV/VIS spectrometer 

(EPOCH Reader, BioTek, Germany) at 450 nm. 

 

Utilization during second experimental section 

To investigate the effect of PEGylation on MWCNT biocompatibility the viability of HU-

VECs and HUVSMCs, cultivated in the co-culture model described above, was analyzed. 

HUVECs and HUVSMCs were seeded as described above. Either 48 or 72 h after the seed-

ing, culture media were aspirated, and the HUVECs in the upper compartment were exposed 

to 1, 5, 10 and 25 µg/cm² of the various MWCNT types for 24 h, by adding 1 ml of the ap-

propriate MWCNT solution. At the same point in time, the SMCM of the HUVSMCs in the 

lower compartment was changed. 30 min before the end of the exposure time, Triton-X 100 

(2 %) was added in the upper compartment of an untreated group as a positive control. Fol-

lowing the exposure the culture medium was removed from both compartments, cells were 

washed twice with warm PBS, and fresh culture medium containing 10 % WST-8 solution 

was added (500 µl upper and 1.5 ml lower compartment). After a 60 min incubation period at 

37 °C, the supernatants were filtered through syringe filters, as described above, and 100 µl of 

each supernatant was transferred to a 96-well plate. The OD was analyzed using an UV/VIS 

spectrometer at 450 nm (see above). Supernatants of HUVECs and HUVSMCs were analyzed 

separately.  

 

 

3.3.2 Membrane integrity (LDH assay) 

Lactate dehydrogenase (LDH) is an enzyme which catalyzes the conversion of lactate to py-

ruvate within almost all cells. LDH is an important enzyme in the Cori cycle (in the liver) 

where it catalyzes the conversion of lactate, which is produced by anaerobic glycolysis in the 

muscles, to glucose (which is sent back to the muscles to be metabolized again). During the 

conversion of lactate to pyruvate and back, NAD+ is reduced to NADH/H+ by splitting two 

hydrogen atoms of the lactate molecule (or substituting them from NADH/H+ to pyruvate). 
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Exposure of cells to harmful chemicals or compounds results in damage to the cellular plasma 

membrane, either from mechanical influence or induced cell death. In the event of plasma 

membrane damage, the cytoplasmic LDH is released into the cell culture supernatant. There-

fore the amount of membrane damage or rather cell death can be directly correlated to the 

amount of free LDH within the cell culture. 

To measure a reduction in membrane integrity following MWCNT exposure, the Cytotoxicity 

Detection Kit (LDH) (Roche, Germany) was used. The assay, like the WST-8 assay, is based 

on the conversion of a tetrazolium salt to formazan. First NAD+ is reduced to NADH/H+ by 

the conversion of lactate to pyruvate, catalyzed by LDH within the supernatant. Then a cata-

lyst (diaphorase) oxidizes NADH/H+ to NAD+ and transfers the two hydrogen atoms to the 

added tetrazolium salt (yellow). The addition of hydrogen converts the tetrazolium salt to 

formazan (red), which can be quantified using an UV/VIS spectrometer. The reaction is 

depicted in Figure 19.  

 

Figure 19: Chemical reaction in the LDH assay. (source: Roche) 
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Utilization during first experimental section 

To assess the impact of MWCNTs, with and without post-production heat-treatment, on the 

membrane integrity of A549 and HepG2 cells, the LDH assay was performed together with 

the WST-8 assay (see above). After the exposure period (24 or 48 h) the supernatants, con-

taining the free LDH, were collected in Eppendorf cups and the WST-8 assay was 

subsequently performed. Supernatants were stored at 4 °C until LDH analysis (max. 3 days). 

As a first step, supernatants were filtered through syringe filters to remove MWCNTs. 

Thereafter, 50 µl of each supernatant was transferred to a 96-well plate, and 50 µl of the pre-

pared assay solution was added. The plate was incubated on a shaker, at ~400 RPM in the 

dark at room temperature, for 30 min. LDH concentration, indicated by the amount of pro-

duced formazan, was analyzed immediately after the incubation at 490 nm wavelength using 

an UV/VIS spectrometer. Using the supernatants from the identical culture which was used to 

perform the WST-8, allowed for direct correlation between the resulting data. 

 

Utilization during second experimental section 

To investigate the effect of PEGylation on the membrane damage induced by MWCNTs the 

LDH assay was performed. Likewise to the first experimental section, the LDH assay was 

performed in combination with the WST-8 assay. After the exposure of the HU-

VEC/HUVSMC co-culture, the supernatants of each compartment were collected separately 

in Eppendorf cups and stored at 4 °C until analysis (max. 3 days). First, the supernatants were 

filtered through syringe filters for MWCNT removal. Then 50 µl of each supernatant was 

transferred to a 96-well plate and mixed with 50 µl of the prepared assay solution. Plates were 

incubated for 30 min as descript above. The LDH amount was analysis immediately after in-

cubation using an UV/VIS spectrometer at 490 nm. LDH amounts were analyzed separately 

for HUVECs and HUVSMCs. Using the supernatants from the identical culture which was 

used to perform the WST-8, allowed for direct correlation between the resulting data. 
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3.3.3 Intracellular ROS production (DCFH-DA assay) 

Reactive oxygen species (ROS) are forms of reactive chemical species containing oxygen. 

The most common species are hydroxyl radicals (OH*), hydrogen peroxide (H2O2) and super-

oxides (O2
−). These species are formed by the addition or removal of electrons (hydroxyl radi-

cal and superoxide) or by substituting atoms like hydrogen (hydrogen peroxide). ROS are 

distinguished into two groups, exogenous and endogenous ROS. Exogenous ROS are pro-

duced by the involvement of environmental factors, like drugs, smoke, particles or ionizing 

radiation. Endogenous ROS, on the other hand, are formed by intracellular pathways. One 

example is the electron transport chain within mitochondria. During the transport of electrons, 

the unintended creation of a superoxide is possible, and the chance increases with reduced 

mitochondrial integrity. The dismutation of superoxides into hydrogen peroxide, and subse-

quently into hydroxyl radicals, can occur if H+ is added:  

2𝐻+ + 𝑂2
− + 𝑂2

−  →  𝐻2𝑂2 + 𝑂2     ∥     𝐻2𝑂2 + 𝑒− → 𝑂𝐻∗ + 𝑂𝐻− 

ROS can covalently bind to cellular structures and thereby alter them. This can lead to inacti-

vation of proteins and enzymes or the alteration of DNA bases, which can lead to mutagenesis 

and carcinogenesis. 2,7-dichlorodihydrofluorescein (DCFH-DA) can be used to analyze the 

production of intracellular ROS. DCFH-DA is a reduced form of fluorescein, which can be 

absorbed by cells in vitro. Inside the cell the acetate group is cleaved from the molecule by 

esterase, leaving DCFH. If DCFH comes into contact with ROS, it is oxidized to 2,7-

dichlorofluorescein (DCF), which is fluorescent at Ex/Em 492/520 nm.  

 

Utilization during first experimental section 

The DCFH-DA assay was utilized during the first experimental section to analyze the intra-

cellular ROS production, following the exposure of A549 and HepG2 cells with MWCNTs 

(with and without heat-treatment). A549 and HepG2 cells were seeded in 6-well plates and 

exposed to 1 and 10 µg/cm² of each MWCNT for 24 or 48 h. Paraquat was added to one 

group as a positive control (5 mM for 24 h, 3 mM for 48 h). After the exposure period, the 

medium was removed, and cell layers were washed twice with warm PBS. Fresh culture me-

dium containing 1 mg/ml DCFH-DA (dissolved in DMSO) was added, and the plates were 
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incubated for 30 min at 37 °C. The medium was removed, and the cells were washed twice 

with PBS before detaching them by incubation with Trypsin/EDTA for 5 min. The cell sus-

pensions were transferred to 15 ml Falcon tubes and centrifuged at 800 RPM for 5 min. After 

the centrifugation, the cells were resuspended in fresh culture medium. This step was repeated 

twice to remove MWCNTs from the cell suspension. After the third centrifugation, the cells 

were resuspended in PBS, and 10 µl of propidium iodide (PI) was added. The cells were 

filtered through a 35 µm filter mesh into flow cytometry tubes. The samples were analyzed 

using a flow cytometer (FACScan, Becton Dickinson, Germany). Flow cytometry allows for 

single cell analysis, meaning that the DCF signal from each cell is monitored and can be 

directly correlated to the amount of intracellular ROS.  

 

 

3.3.4 Cell cycle analysis (CycleTestTM) 

Cell proliferation is the key to how cells can keep tissue healthy, repair damage inside the 

body, but also to how malignant tumors can develop if cell proliferation is not controlled cor-

rectly. The process of cell division is summed up by the cell cycle, which describes the differ-

ent phases cells traverse during division. Resting cells occupy the G0-phase (gap-phase) in 

which they are not dividing. These cells are either resting after a prior mitosis, or they are 

going into senescence (will not divide anymore) because of cell aging or other factors. The 

start point of mitosis is the G1-phase. Cells in the G1-phase increase their metabolic activity, 

increase the number of important cell organelles (like mitochondria and ribosomes) and grow 

in size. In the next phase, the S-phase, the DNA synthesis commences. Each chromosome is 

replicated into two sister chromosomes leading to an increase in DNA amount from 2C to 4C 

(doubled). The S-phase is followed by the G2-phase during which the cell grows, in prepara-

tion for mitosis, and the spindle apparatus is formed by microtubule. In the final M-phase (mi-

totic phase) the doubled DNA gets divided between the two spindle poles (separated in pro-

phase, metaphase, anaphase, and telophase) and the cell divides. The division (mitosis) itself 

is sometimes called cytokinesis phase. G1-, S- and G2-phase are usually summarized as the 

Interphase (intermitosis). The cell cycle with its different phases is visualized in Figure 20. 

The state a cell occupies within the cell cycle can be determined by measuring the DNA 
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amount. Cells in the G0/1-phase present a normal DNA amount of 2C. Cells within the S-

phase show a DNA content between the normal and doubled amount (>2C, <4C). Cells occu-

pying the G2/M-phase would present a doubled DNA amount of 4C. Exposing a cell culture to 

certain chemicals or materials can change the amount of cells within each cell cycle state. 

This change can be a result of a cytotoxic effect, which promotes proliferation in other cells, a 

direct increase in proliferation (e.g., from growth factors), or a mechanical interference during 

mitosis.  

 

Figure 20: Cell cycle schematic. (source: scienceset.co.uk) 

 

Utilization during first experimental section 

The CycleTEST Plus assay (Becton Dickinson, Germany) was used to analyze the cell cycle 

of A549 cells, exposed to the two MWCNT types at 0.5, 1 and 5 µg/cm² for 24 h. The HepG2 

cells were not used for this analysis because they are polynuclear. Polynuclear cells are not 

suitable for DNA based cell cycle analysis since it is impossible to distinguish if a cell ex-

presses doubled DNA prior to mitosis or if the analyzed cell has an additional core compared 

to another cell. A549 cells were seeded, at 3.5*104 cells/cm² in 6-well plates and exposed, 48 

h after seeding, as described above. Following the exposure, the cells were washed twice us-

ing PBS and detached by adding Trypsin/EDTA for 5 min. The cell suspension was trans-
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ferred to 15 ml Falcon tubes and centrifuged at 400 g for 5 min. The supernatants were aspi-

rated, the cell pellet was resuspended in culture medium, and centrifuged again for improved 

MWCNT removal. The supernatants were aspirated, and the cells were resuspended in a sup-

plied trypsin buffer to permeabilize the cell membranes. Ribonuclease A was added to remove 

all RNA from the cells because stained RNA would falsify the quantification of DNA. In the 

last step, PI was added to stain the DNA, and the cell suspension was filtered through a 35 µm 

filter mash into FACS tubes. Single cell analysis was performed using a flow cytometer 

(FACScan; Becton Dickinson, Germany). The resulting data were analyzed with ModFit LT 

(version 3.3.11). 

 

 

3.3.5 Proinflammatory response (cytokine secretion) 

Proinflammatory responses of cells and tissue can be measured in the form of cytokine re-

lease. Cytokines are small molecules which are important for cell signaling. Their release af-

fects the behavior of surrounding cells and can attract other cells, like immune cells, to the 

point of release. Cytokines include prominent groups like interferons, tumor necrosis factors, 

and chemokines. Figure 21 illustrates the cytokine release during chronic intestinal inflamma-

tion in inflammatory bowel disease as an example of the complexity and variety of cytokine 

release (Neurath, 2014).  

 



44 

 

 

Figure 21: Complexity of cytokine release during chronic inflammatory processes (e.g. in inflammatory 

bowel disease). (Neurath, 2014) 

 

Utilization during second experimental section 

The cytokine release of the HUVEC/HUVSMC co-culture was measured from the identical 

experiments used for the WST-8 and LDH assay. Part of each supernatant, following the ex-

posure to the various MWCNTs, was transferred to an Eppendorf cup, immediately frozen in 

liquid nitrogen and stored at -80 °C. The secretion of 4 (HUVSMC) and 5 (HUVEC) proin-

flammatory cytokines were analyzed. The cytokines selected were IL-1β, IL-6, IL-8 and 

MCP-1 for the HUVSMCs and IL-1β, IL-6, IL-8, MCP-1 and MIP-3α for the HUVECs. The 

release of these cytokines was measured after the exposure of the co-culture model to the pris-

tine MWCNTs (CNT, CNT_GND, CNT_Ox3h, and CNT_Ox6h) and the heavy PEGylated 

MWCNTs. The cytokine measurement was performed using 10-spot U-Plex plates on an 
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MSD reader (Mesoscale Discovery, USA). The MSD technology is similar to conventional 

ELISA assays (enzyme-linked immunosorbent assay) with several benefits. There are 10 

spots present in each well of the employed 96-well plates. Each spot can be separately coated 

with a cytokine specific capture antibody. After the desired cytokine is captured, a SULFO-

TAG conjugated detection antibody can bind to the cytokine/captureAB complex. For the 

detection step electricity is applied to the electrode, at the bottom of the spot, which leads to 

light generation from the SULFO-TAG. The amount of generated light can be used to quanti-

fy the cytokine concentration. Figure 22 illustrates the mechanism.  

 

Figure 22: Principle of the MSD detection method for the quantification of cytokines using U-Plex well 

plates. (modified; source: mesoscale.com) 

 

 

3.3.6 Immunofluorescence microscopy analysis 

Certain changes to cells can best be detected visually, for example, changes in the cellular 

cytoskeleton and therefore the morphology. General morphological changes can be observed 

using conventional bright-field microscopy. More specific changes, however, demand the 

usage of specific microscopical analyses like immunofluorescence microscopy (IFM). IFM 

uses primary and secondary antibodies (AB) to stain specific cell organelles. The primary AB 
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binds to a specific target, like microtubule, and the secondary AB binds to the primary AB. If 

stimulated with light at a certain wavelength the secondary AB emits light at a distinct, slight-

ly different wavelength that can be detected. Multiple cell organelles can be stained simulta-

neously by using specific primary/secondary AB combinations that do not cross-react with 

other AB combinations. To detect several differently stained organelles, pictures are taken 

while each secondary AB is excited than the pictures are merged to create one picture where 

all organelles are visible.  

 

Utilization during second experimental section 

To detect changes in the cytoskeleton, induced by MWCNT exposed, the microtubule of 

HUVECs were stained using a rat monoclonal anti-Tubulin antibody (ab6161; Abcam, USA). 

Additionally, ve-cadherin (vascular endothelial cadherin) were stained, which is a marker for 

intercellular junctions and an endothelial cell marker, using a rabbit polyclonal anti-Ve-

cadherin antibody (ab33168; Abcam, USA). DAPI was used as a counterstain to visualize the 

cell nucleus. 8-well chamber slides (Merck Millipore, Germany) were coated with collagen by 

adding 500 µl PureCol (Advanced BioMatrix, USA) and incubation for at least 2 h at 37 °C. 

Collagen was used because animal components within gelatin can cause cross-reactions with 

antibodies, resulting in increased background signals. PureCol was aspirated, and HUVECs 

were seeded in 700 µl medium (5*104 cells/ml). After 48 h cultivation, the cells were exposed 

to either the pristine or the heavy PEGylated MWCNTs at 3 and 6 µg/cm² for 24 h. Thereaf-

ter, the exposure medium was removed, and cells were washed twice with warm PBS. HU-

VECs were then fixed by adding 500 µl 2 % paraformaldehyde (PFA) to each well and incu-

bating for 45 min at 4 °C. PFA was removed, and the cells were washed for 3*5 min with 

PBS. Then the cells were permeabilized by adding 0.1 % Tween20 (in PBS) for 10 min at 

room temperature (RT), followed by another 3*5 min washing step. To minimize unspecific 

AB binding 1 % (wt/vol) bovine serum albumin (BSA) was added (in PBS containing 0.05 % 

Tween20) and incubated for 30 min at RT. The two primary antibodies were diluted 1:750 in 

PBS containing 0.1 % BSA and 0.05 % Tween20. 250 µl primary AB solution was added to 

each well and the chamber slides were placed at 4 °C overnight, followed by another 3*5 min 

washing step. A donkey anti-rat Alexa Fluor488 (ab150153; Abcam, USA) and a donkey anti-
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rabbit Alexa Fluor568 (ab175693; Abcam, USA) antibody were used as secondary antibodies. 

Secondary Abs were diluted 1:400 in PBS containing 0.1 % BSA and 0.05 % Tween20. 250 

µl of the solution was added to each well and incubated for 90 min at RT in the dark. After 

washing for 3*5 min, DAPI was added (4 µg/ml) and incubated for 10 min at RT protected 

from light. After a final washing step of 3*5 min, ProLong Gold antifade reagent (Invitrogen, 

USA) was added to reduce photo bleaching, and the slides were sealed with glass coverslips. 

Samples were stored at 4 °C until microscopical analysis. 

The AXIO Imager.M2 microscope (Zeiss, Germany) with an HBO short arc mercury lamp as 

the light source for excitation was used to take pictures at 200x and 400x magnification. Pic-

tures were processed using the Zen 2.3pro software (Zeiss, Germany).  

 

 

3.3.7 Confocal microscopy analysis 

Conventional microscopes, which are used for bright field as well as immunofluorescence 

imaging, are limited in their z-resolution (depth). The reason for that lies partly in the form of 

lighting or excitation respectively. In IFM the light, used for excitation of the fluorescent dye, 

is produced by a lamp (e.g., a short arc mercury lamp). The light is then sent through specific 

filters, which reduces it to one desired wavelength to render it monochromatic and shined on a 

relatively wide spot on the sample. By this method the entirety of the sample within the ob-

served spot can be excited at once, yielding an entire image at once. However, without a 

strong focus of the irradiated light fluorescence molecules are excited as deep down into the 

sample as the light can penetrate, resulting in a strong blur in depth perception that strongly 

limits the ability to examine 3D structures. This hurdle can be overcome in confocal micros-

copy (CM) by utilization of a confocal laser scanning microscope (CLSM). In CM the sample 

is scanned point by point, like in an electron scanning microscope, and software is used to 

merge all scanning points to create the image. This kind of focus can only be realized by em-

ploying laser beams because normal light sources can not be focused this strongly and trans-

mit enough energy at the same time. Since CM is a kind of optical microscopy, it is limited in 

the lateral xy-resolution by the aperture of the objective. Because the laser is focused onto a 
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very narrow point, a pinhole mechanism can be used to block emitted light from depth outside 

the focal point depth. The principle is depicted in Figure 23 and illustrates that only light from 

the narrow xyz focus point can pass through the pinhole in front of the detector (blue lines), 

while light from out of focus areas (above and/or below the focus point) is blocked (red lines). 

For this reason, CM presents superior depth resolution compared to the bright field or IF mi-

croscopy. Since the focused laser beam is also able to penetrate the sample deeper than nor-

mal light (a few hundred nanometers in tissue), it is possible to take several images at varying 

depth (z-stacks) and merge them into 3D images using rendering software. 

 

Figure 23: Principle of the pinhole mechanism to achieve strongly increased depth resolution in CLSM. 

(source: Australian microscopy & microanalysis research facility - ammrf.org.au) 

 

Utilization during second experimental section 

CLSM was employed during the second experimental section to get more information about 

changes in the cellular morphology induced by the different MWCNT types. The seeding and 

exposure of HUVECs were identical to the experimental setup during IFM (see above). After 

the exposure cells were washed twice with PBS and fixed using 2 % PFA and incubating for 

45 min at 4 °C. After washing 3*5 min with PBS, the cells were permeabilized and block as 
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described before. Primary ABs (see above) were diluted 1:750 in PBS (containing 0.1 % BSA 

and 0.05 % Tween20) and the AB solution added to the cells (250 µl each well). After an 

overnight incubation at 4 °C, the AB solution was aspirated, and cells were washed for 3*5 

min. A Cy3 donkey anti-rat and a Cy5 donkey anti-rabbit AB (Life Technologies, Germany) 

were used as secondary Abs. The secondary Abs were diluted 1:400 in PBS (containing 0.1 % 

BSA and 0.05 % Tween20). 250 µl of the solution was added to each well and incubated at 

RT, in the dark, for 60 min. After washing the cells for 3*5 min, ToPro1 (Dianova, Germany) 

was diluted 1:500 and added (250 µl each well) for an incubation period of 30 min, at RT in 

the dark. ToPro1 was used as a counterstain to stain the cell nucleus. Cells were washed for 

3*5 min, and ProLong Gold antifade reagent was added. The slides were sealed using glass 

coverslips and stored at 4 °C up until analysis. 

The LMS 501 Meta laser scanning confocal microscope (Zeiss, Germany), with two HeNe-

lasers (543 nm + 633 nm) and one Ar-laser (488 nm) was used for analysis. To analyze the 

3D-morphology of HUVECs z-stack images were created, using 10 slices with 2 µm distance 

at 200x magnification and 21 slices with 0.54 µm distance at 400x magnification. Imaris (v. 

6.7) was used to analyze the data and render 3D-images from the z-stacks.  

 

 

3.3.8 Gene expression analysis via pathway arrays (RTqPCR) 

The term gene expression characterizes the process during which information from genes is 

used to synthesis gene products. Gene products are mostly proteins, but gene expression of 

non-protein coding genes results in other products, like transfer RNA (tRNA) or small nuclear 

RNA (snRNA). All living organelles (prokaryotes, eukaryotes and also viruses) rely on the 

concept of gene expression, to produce proteins and other functional molecules, in order to 

survive. Gene expression, in part, is strongly dependent on environmental factors, like the 

availability of nutrients, the temperature or the exposure to harmful substances and condi-

tions. Whereas the high availability of nutrients would lead to an increased gene expression of 

metabolism linked proteins, the exposure to radiation could lead to an increase in gene ex-

pression to produce the antioxidant Glutathione (GSH). Gene expression can be analyzed at 
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two levels, the RNA and the protein level. While an analysis at the protein level (translation 

level) gives direct information about the type and amount of proteins present within the cell, 

the analysis at RNA level (transcription level) shows higher sensitivity. While the synthesis of 

proteins, at least in higher quantities, is done as a reaction to a dominant environmental factor. 

The transcription of information from DNA to RNA, on the other hand, is often done as a 

precautionary measure at the smallest indication of impairment on the cell vitality and is 

therefore available at an earlier stage.  

 

Utilization during second experimental section 

Human Molecular Toxicology PathwayFinder array 

The Human Molecular Toxicology PathwayFinder array – PAHS-3401ZE (Qiagen, USA) 

was employed for the RTqPCR based gene expression analysis. The array is in the 384-well 

format and is spotted for 360 target-genes from the following 13 import toxicological path-

ways: 

 Apoptosis 

 Necrosis 

 DNA damage & repair 

 Mitochondrial energy metabolism 

 Fatty acid metabolism 

 Oxidative stress & antioxidant response 

 Heat shock response 

 Endoplasmic reticulum stress & unfolded protein response 

 Cytochrome P450s & phase I drug metabolism 

 Steatosis 

 Cholestasis 

 Phospholipidosis 

 Immunotoxicity  

The array also contains 5 reference genes and various quality controls (see below). The gene 

array is designed to give an overview of the regulation of genes from the respective pathways. 

It is however not comparable to a genome-wide expression analysis, like DNA microarrays, 

which can investigate substantially more genes but are also considerably more complex to 
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evaluate. Therefore, the PathwayFinder is a compromise to get information about pathway 

specific gene regulation without an in-depth analysis. 

 

Exposure and cell harvesting 

RTqPCR based gene expression analysis was used to investigate the gene expression of HU-

VECs exposed to the pristine and heavy PEGylated MWCNT types. HUVECs and HU-

VSMCs were co-cultured, using transwell membrane inserts, as described above. The endo-

thelial cells in the upper compartment were exposed to 9 µg/cm² of the pristine and heavy 

PEGylated MWCNTs for 24 h. The dose of 9 µg/cm² was chosen because it represents the 

concentration at which the unmodified ‘CNTs’ induce approximately 20 % cytotoxicity in 

HUVECs. Therefore, an effect on gene expression can be assumed while the cytotoxicity is 

still moderate, with an acceptable loss in cell numbers. After the exposure period, the medium 

was removed, and the cells were washed twice with 1 ml 4 °C cold PBS to remove excess 

CNTs. Subsequently, the HUVECs were harvested by add 350 µl RLT buffer (from the RNe-

asy Mini Kit (Qiagen, USA)) including 1% β-Mercaptoethanol. The cell lysate was resus-

pended three times with a 1000 µl pipette and transferred to Eppendorf cups. Cell lysates were 

stored at -80 °C until further processing. 

 

RNA isolation 

The RNA was isolated using the RNeasy Plus Mini Kit (Qiagen, USA). The cell lysates were 

thawed and homogenized by sonication for 2*10 sec. The lysates were transferred to and fil-

tered through gDNA eliminator spin columns to remove genomic DNA from the samples. 

After several purification steps, the immobilized RNA was eluted by filtering 30 µl RNase-

free water twice through the column. The purity and total amount of the eluted RNA were 

analyzed using an UV/VIS spectrometer (NanoDrop 2000; Thermo Fisher Scientific, Germa-

ny). The purity was evaluated using the absorption ratio between 260 and 280 nm wavelength. 

The 260/280 ratio of all samples ranged from 2.02 to 2.21, indicating high purity. Total RNA 

amounts for one membrane insert varied between 1.5 and 3 µg. RNA Nano Chips were used 

in the Agilent 2100 Bioanalyzer (Agilent Technologies, Germany) to determine the RNA in-
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tegrity. RNA integrity, measured in RIN (RNA integrity number), was above 7 for the better 

part of the samples, with only a few samples in the RIN range of 6.5 - 7.  

Please note that for the following analysis 3 technical replicates (within 1 experiment) were 

pooled by adding a volume containing 0.5 µg RNA of each sample into an Eppendorf cup and 

vortexing. The replicates were pooled to reduce the overall number of samples, but at the 

same time, to keep the biological variance that exists between replicates. 

 

Performing the RTqPCR arrays 

Prior to all procedures, pipettes, kit components, vessels (like Eppendorf cups), and the work-

ing surface were cleaned with RNase away (cDNA transcription) or DNase away (array prep-

aration) respectively. Pipettes, vessels, and RNase-free water were additionally treated under 

UV-light for 30 min. 

To perform the RTqPCR analysis, 0.187 µg RNA (pooled) of each sample were transcribed 

into cDNA, which is used to perform the RTqPCR. The RT2 First Strand Kit (Qiagen, Ger-

many) was used for cDNA transcription. 2 µl of a genomic DNA elimination mix was added 

to the desired RNA quantity, and the total volume was filled-up to 10 µl with RNase-free wa-

ter. To eliminate possible genomic DNA within the RNA sample, the mixture was carefully 

mixed using a pipette (100 µl) and incubated at 42 °C for 5 min. The reaction was stopped by 

placing the sample on ice (4 °C) for at least 1 min. Thereafter, 10 µl of the reverse-

transcription mix, containing 4 µl BC3 buffer, 3 µl RNase-free water, 1 µl of a control nu-

cleotide (P2), and 2 µl of RE3 reserve-transcriptase, were added to the sample. The mixture 

was carefully homogenized using a 100 µl pipette and placed at 42 °C for 15 min to perform 

the reverse transcription. The reaction was stopped by placing the sample at 95 °C for 5 min. 

Finally, 91 µl of RNase-free water was added, and the samples were stored at -80 °C, after 

mixing, until analysis.  

To create the reaction mixture for the RTqPCR arrays, 102 µl of the cDNA mixture, together 

with 2100 µl RT2 SYBR Green Mastermix, and 1998 µl of RNase-free water were added into 

a 5 ml Eppendorf cup. The reagents were thoroughly mixed by inverting the cup several 
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times. A multi-pipette was used to pipette 10 µl of the reaction mixture into each well of the 

384-well assay plate. The plate was sealed with an adhesive film and centrifuged for ~15 sec. 

at 1000g, using a PCR plate spinner, to remove all air bubbles. The RTqPCR was performed 

using the ViiA7 Real-Time PCR System (Applied Biosystems, USA). The following cycle 

conditions were used: Cycle 1: 10 min at 95 °C (during this cycle the Taq Polymerase enzyme 

is activated); Cycle 2-40: 15 sec at 95 °C followed by 1 min at 60 °C with a ramp rate of 1.6 

°C/sec (during these cycles the PCR is performed); Cycle 41: 15 sec at 95 °C, 1 min at 60 °C, 

and 15 sec at 95 °C (during this last cycle the melting curves are recorded). During the PCR 

(cycle 2-40) fluorescence signals are detected (Cyber Green), proportionate to the DNA 

amount within the sample, which is later used to calculate Ct-values at a given threshold. The 

threshold for Ct-value determination is set automatically by the software for each performed 

array. To ensure comparability between the individual samples, an identical threshold was set 

manually for all arrays. This manual threshold was the mean value of all automatic thresholds. 

Each data set was checked visually, to assure that the manual threshold (0.18921, SD: 

0.00799) was placed well within the log-linear range of the amplification curve.  

 

Data analysis 

NormFinder (Andersen et al., 2004) and geNorm (Vandesompele et al., 2002) algorithm were 

used to select reference genes, based on their expression stability. The GeneGlobe Data Anal-

ysis Center (online) (Qiagen, USA) was used to calculate fold changes and statistical analysis. 

Genes with real fold changes (RFC) > 2 and RFC < -2, with p-values below 0.05, were con-

sidered statistically significant up or down regulated. Additionally, the difference between the 

untreated MWCNT and each of the heavy PEGylated MWCNTs was statistically analyzed. 

For an advanced pathway analysis, the data were also analyzed with the Ingenuity Pathway 

Analysis software (Qiagen, USA). 
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Quality control 

The quality of the array data was controlled through the incorporated array controls GDC, 

PPC, and RTC (all triplicates). GDC (genomic DNA control) was used to test for genomic 

DNA contamination. 1 sample presented 1 positive (Ct-value 28.3) GDC. However, only 1 of 

the GDC triplicates on the respective array revealed a positive value and the PPC/RTC con-

trols were flawless. Therefore, the data from this array was still included in the analysis. The 

reverse transcription control (RTC) is a quality control for the cDNA transcription through the 

incorporation of the control nucleotide (P2) (see above). The positive PCR control (PCR) con-

tains a plasmid with a primer assay that detects a sequence it produces, hence allowing con-

firmation of the PCR performance. A ΔCt-value between RTC and PPC below 5 confirms the 

effectiveness of the reverse transcription. All samples presented positive RTC/PPC ΔCt-

values (2.1 – 2.6).  

 

3.3.9 Experimental drug loading with DOX 

To determine the potential drug loading capacity of functionalized MWCNTs, the heavy 

PEGylated MWCNTs were loaded with the anti-cancer drug Doxorubicin (DOX). The load-

ing was carried out via π-π self-assembly (see 1.3.3.1 Hydrophobic drug loading, p.16). 

Subsequently, the drug loaded MWCNTs were analyzed for their ‘safety’ by exposing HU-

VECs and comparing the viability to cells exposed to free DOX. 

 

Drug loading  

DOX was added in the appropriate volume of aquabidest (pH 8-8.5), to reach a concentration 

of 1 mM, and dissolved by stirring. 100 µg/ml of the respective PEGylated MWCNTs were 

suspended in aquabidest (pH 8-8.5) by sonication and added to the DOX solution (equal 

amounts each). The mixture was stirred on a magnetic stirring plate at RT, protected from 

sunlight. After 24 h the mixture was filtered through a 0.4 µm filter using vacuum filtration. 

The drug loaded MWCNTs were washed, under vacuum filtration, several times with 

aquabidest (ph 8-8.5)to ensure the complete removal of all unbound DOX molecules. The 
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volumes used for washing were carefully monitored to ensure knowledge about the total fil-

tration volume. The filtered aquabidest was transferred into a 48-well plate and diluted in sev-

eral steps. The plate was analyzed for residual DOX via UV/VIS absorption. DOX loaded 

MWCNTs were resuspended in a defined volume of aquabidest (pH 8-8.5) and stored until 

use at 4 °C in the dark (maximum storage time: 72 h). The amount of loaded DOX was 

calculated by substituting the amount of residual DOX from the initially applied amount. An 

addition 10 % were substituted from the calculated amount to account for loss during mixing 

and filtration (e.g., reaction vessel adsorption). 

 

‘Safety’ assessment of DOX-loaded MWCNTs 

To assess the toxicity of MWCNT-loaded DOX, in comparison to free-DOX, HUVECs were 

exposed to a dose-range of 0.05 to 5 µM free-DOX and 0.5 to 10 µM MWCNT-loaded DOX 

for 24 h under static conditions and additionally under ‘flow’ conditions. HUVECs were 

seeded and cultivated in 24-well plates for 48 h, as described above. The culture medium was 

aspirated and the appropriate amount of culture medium, containing either free-DOX or 

MWCNT-loaded DOX, was added to the cells. The cells were incubated for 24 h, under static 

conditions or on a shake (~300 RPM) to simulate a flow across the cell surface. After the ex-

posure time cells were washed twice with warm PBS and culture medium containing 10 % 

WST-8 solution was added. After a 60 min incubation, the OD was analyzed using an 

UV/VIS spectrometer (see above). Triton-X 100 (2 %) was added 30 min before the end of 

the exposure time as a positive control. 

 

 

3.4 Statistical analysis 

Data are presented as mean ± standard deviation (SD) of at least three independent experi-

ments. The statistical significance, compared to the respective control groups or in between 

individual groups, was determined by one-way analysis of variance (ANOVA), or two-way 

ANOVA, and Bonferroni post-test. Bonferroni post-test was chosen since it leans towards 
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false-positive results rather than false-negative. In the author’s opinion, false-positive results 

are favorable when investigating toxicological properties. Statistical analysis was performed 

using GraphPad Prism (version 4) and p-values <0.05 were considered statistically signifi-

cant.  

 

 

4. Results 

 In this section, the results of the readouts described above are presented for the respective 

experiments. Results are divided into two distinct paragraphs. The first paragraph depicts the 

results for the impact of the post-production heat-treatment on MWCNT cytotoxicity. The 

second paragraph shows the results for the effect of PEGylation on MWCNT 

biocompatibility.  

 

4.1 Impact of post-production heat-treatment on MWCNT cytotoxicity 

The effect of the post-production heat-treatment on MWCNT cytotoxicity was investigated 

using the following readouts: Cell viability, membrane integrity, intracellular ROS production 

and a cell cycle analysis. All readouts were performed using the A549 and HepG2 cells, ex-

cept for the cell cycle analysis. Since HepG2 cells are polynuclear cells with varying numbers 

of nuclei, it can not be determined whether a cell has double its DNA amount in preparation 

for mitosis or if the increased DNA amount is the result of a higher nucleus count compared 

to other HepG2 cells. Please note that in this paragraph of the results the untreated MWCNTs 

are addressed as ‘Fe-CNT'. 

 

4.1.1 Cell viability (WST-8 assay) 

The viability of the A549 and HepG2 cells, exposed for both 24 and 48 h to the two different 

MWCNTs (Fe, nonFe), was assessed using the WST-8 assay. The results for the A549 cells 

are presented in Figure 24 and the results for the HepG2 cells in Figure 25. In the A549 cells 
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both MWCNTs induced a significant, dose-dependent loss of cell viability at both time-

points. The Fe-CNTs reduced the cell viability to 75 % after 24 h and to 60 % after 48 h. The 

nonFe-CNTs, on the other hand, induced a reduction to 55 % after 24 h and to 40 % after 48 

h. The loss of cell viability induced by the nonFe-CNTs was significantly stronger, compared 

to the Fe-CNTs, at both time-points. The comparison between both exposure times, for each 

respective MWCNT, indicates a time-dependency of the effect. The time-dependency is also 

depicted by the reduced EC50-values after 48 h in comparison with the values after 24 h. The 

results further revealed that the Fe-CNTs induce a significant viability loss only in the highest 

dose of 25 µg/cm² (at both time-points). In contrast, the nonFe-CNTs induced a significant 

viability reduction at both 10 and 25 µg/cm² (at 24 and 48 h).  

 

 

Figure 24: Results of the cell viability (WST-8 assay) for the A549 cells. A: Cell viability after 24 h of expo-

sure to the two MWCNTs. B: Cell viability after 48 h of exposure. Results are given as percent of the untreated 

control. * indicates statistically significant differences compared to the control group, # indicates statistically 

significant difference between the two MWCNTs. EC50 = half maximal effective concentration. [*/# ≡ p<0.05, 

**/## ≡ p<0.01, ***/### ≡ p<0.001] 

The HepG2 cells presented different results. After 24 h of exposure both MWCNTs induced a 

hysteresis reaction, indicated by an increased cell viability and undetermined EC50-values. 

The 48 h exposure to both MWCNTs resulted in a reduction of the cell viability to 

approximately 50-40 % of the untreated control. The loss in cell viability was only detectable 

in the highest dose of 25 µg/cm² and did not significantly vary between the two MWCNT 

types. The EC50-value for the nonFe-CNTs was slightly lower compared to the Fe-CNTs 

(23.63 and 25.05 µg/cm² respectively).  
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Figure 25: Results of the cell viability (WST-8 assay) for the HepG2 cells. A: Cell viability after 24 h of 

exposure to the two MWCNTs. B: Cell viability after 48 h of exposure. Results are given as percent of the un-

treated control. * indicates statistically significant differences compared to the control group, # indicates statisti-

cally significant difference between the two MWCNTs. EC50 = half maximal effective concentration. [*/# ≡ 

p<0.05, **/## ≡ p<0.01, ***/### ≡ p<0.001] 

 

4.1.2 Membrane integrity (LDH assay) 

To analyze if the MWCNTs induced damage to the cellular membrane and at what extent, the 

LDH assay was employed. Results obtained from the A549 cells are presented in Figure 26. 

After 24 h of exposure, only the heat-treated nonFe-CNTs induced a significant increase in 

LDH leakage, up to 175 % of the untreated control. Exposure to the Fe-CNTs resulted in 

LDH leakage at levels similar to the control group. After 48 h of exposure, the Fe-CNTs did 

induce a significantly increased LDH release, up to ~325 % of the control. The LDH release 

resulting from the nonFe-CNTs after 48 h was increased up to 550 % of the untreated control. 

LDH leakage induced by the nonFe-CNTs was significantly higher compared to the Fe-CNTs 

at this time-point. Both MWCNTs increased the leakage of LDH only at 10 and 25 µg/cm² for 

the respective time-points, indicating that the effect is dose-dependent. Comparison of the 

results for each MWCNT between the two time-points presents a strong time-dependency.   
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Figure 26: Results of the membrane integrity assay (LDH assay) for the A549 cells. A: LDH leakage after 

24 h of exposure to the two MWCNTs. B: LDH leakage after 48 h of exposure. Results are given as percent of 

the untreated control. * indicates statistically significant differences compared to the control group, # indicates 

statistically significant difference between the two MWCNTs. [*/# ≡ p<0.05, **/## ≡ p<0.01, ***/### ≡ 

p<0.001] 

The results from the HepG2 cells, after 24 and 48 h of exposure, are depicted in Figure 27. 

Both MWCNTs induced a time- and dose-dependent increase in LDH leakage. After 24 h 

none of the MWCNTs induced a significant increase in LDH release, while after 48 h the re-

lease was significantly increased up to 200 % of the control. LDH leakage was significantly 

increased at 10 and 25 µg/cm², by both MWCNTs, and did not significantly vary between the 

two types. The total amount of LDH released by the HepG2 cells was substantially lower 

compared to the highest amount released by the A549 cells (200 vs. 550 % of the control 

group). 

 

Figure 27: Results of the membrane integrity assay (LDH assay) for the HepG2 cells. A: LDH leakage after 

24 h of exposure to the two MWCNTs. B: LDH leakage after 48 h of exposure. Results are given as percent of 
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the untreated control. * indicates statistically significant differences compared to the control group, # indicates 

statistically significant difference between the two MWCNTs. [*/# ≡ p<0.05, **/## ≡ p<0.01, ***/### ≡ 

p<0.001] 

 

4.1.3 Intracellular ROS production (DCFH-DA assay) 

The intracellular production of reactive oxygen species was quantified using the DCFH-Da 

assay. Please note that the maximum MWCNT concentration during exposure was reduced 

from 25 to 10 µg/cm² to ensure sufficient CNT removal before the analysis (see Materials & 

Methods for details). Figure 28 presents the results for the A549 cells after 24 and 48 h of 

exposure. At both time-points, the untreated Fe-CNTs did not significantly increase the pro-

duction of ROS. However, the nonFe-CNTs induced a significantly increased ROS produc-

tion at 10 µg/cm² during both exposure times. After 24 h the increased ROS production 

prompted by the nonFe-CNTs was significantly higher than the results for the Fe-CNT. 

 

Figure 28: Results of the DCFH-DA assay for the A549 cells. A: ROS production after 24 h of exposure to the 

two MWCNTs. B: ROS production after 48 h of exposure. Results are given as percent of the untreated control. 

* indicates statistically significant differences compared to the control group, # indicates statistically significant 

difference between the two MWCNTs. [*/# ≡ p<0.05, **/## ≡ p<0.01, ***/### ≡ p<0.001] 

Data from the HepG2 cells are illustrated in Figure 29. After a 24 h exposure, the nonFe-

CNTs induced a significantly increased production of ROS at 10 µg/cm² while the Fe-CNTs 

did not. In the 48 h exposure scenario both MWCNTs induced significantly increased values 

at 10 µg/cm². While results exhibited after the exposure to the nonFe-CNTs were slightly 

higher, compared to the Fe-CNTs, the difference was not statistically significant.  
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Figure 29: Results of the DCFH-DA assay for the HepG2 cells. A: ROS production after 24 h of exposure to 

the two MWCNTs. B: ROS production after 48 h of exposure. Results are given as percent of the untreated con-

trol. * indicates statistically significant differences compared to the control group, # indicates statistically signif-

icant difference between the two MWCNTs. [*/# ≡ p<0.05, **/## ≡ p<0.01, ***/### ≡ p<0.001] 

 

 

4.1.4 Cell cycle analysis 

The CycleTEST Plus DNA Kit (BD Bioscience, Germany) was used to evaluate the impact of 

MWCNT exposure on the cell cycle of A549 cells. HepG2 cells were not used in this experi-

ment because they are polynuclear (see Materials & Methods). Results of the experiment are 

presented in Figure 30. Over the employed dose range from 0.5 to 5 µg/cm² the Fe-CNTs did 

not induce significant changes other than a slight decrease in the percentage of cells in the 

G0/1-phase. Exposure to the nonFe-CNTs induced significant changes in the cell cycle 

distribution of A549 cells compared to the untreated control. At both 1 and 5 µg/cm², the 

number of cells in the S-phase was significantly reduced. Simultaneously the percentage of 

cells in the G2/M-phase was significantly and dose-dependently increased. An increased cell 

amount in the mitotic G2/M-phase would normally indicate an increased cell proliferation. 

However, an increased proliferation would also result in an increased cell number in the S-

phase (see Discussion for further explanation). In the depicted raw data the significant 

changes under the influence of 5 µg/cm² nonFe-CNTs are exemplarily shown in comparison 

to the negative control.  
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Figure 30: Results of the cell cycle analysis from the A549 cells. A: Results after the 24 h exposure to the Fe-

CNTs. B: Results after the 24 h exposure to the nonFe-CNTs. C: Raw data from the negative control group. D: 

Raw data from the 5 µg/cm² nonFe-CNT exposure group. Results are given as percentages of the total cell num-

ber analyzed for the respective group. * indicates statistically significant differences compared to the control 

group, red arrows point to the population of cells within the G2-phase and the resulting percentage. [* ≡ p<0.05, 

** ≡ p<0.01, *** ≡ p<0.001] 
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4.2 Effect of PEGylation on MWCNT biocompatibility 

The following readouts were utilized to investigate the effect of PEGylation on MWCNT bio-

compatibility: cell viability, membrane integrity, secretion of proinflammatory cytokines, 

immunofluorescence microscopy and confocal microscopy. All readouts, except the micro-

scopical analyses, were performed using the co-culture model of HUVECs and HUVSMCs 

(see Materials & Methods).  

The different MWCNT types were arranged into three distinct groups to keep the results laid 

out clearly: pristine MWCNT types (including the raw MWCNTs, ground MWCNTs, the 3 h 

and the 6 h oxidized MWCNT type), 12 h PEGylated types (light PEGylation) and 24 h 

PEGylated types (heavy PEGylation). Please note the in this paragraph of the results the un-

treated MWCNTs are addressed as ‘CNT’.  

 

 

4.2.1 Cell viability (WST-8 assay) 

The cell viability after MWCNT exposure was determined using the WST-8 assay, similar to 

the experiments in the first paragraph. The viability was determined for the directly exposed 

HUVECs and the co-cultured separately. The results are given in Figure 31. All pristine 

MWCNTs evoked a significant dose-dependent loss in HUVEC cell viability. The raw, 

ground and 3 h oxidized MWCNTs reduced the cell viability significantly to ~60 % of the 

untreated control in the highest dose of 25 µg/cm². The viability loss evoked by the 6 h 

oxidized MWCNTs was significantly less, compared to the other pristine types, but still 

significant at 25 µg/cm². All light PEGylated MWCNTs reduced the cell viability of 

HUVECs significantly only in the highest dose (70-80 %). The decrease in cell viability was 

significantly smaller compared to the raw MWCNTs at 25 µg/cm².  The exposure to all heavy 

PEGylated MWCNTs led to no loss in HUVEC cell viability over the whole dose range. In 

the co-cultured HUVSMCs, no loss in cell viability was detected following the exposure to all 

MWCNT types. 
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Figure 31: Results of the cell viability (WST-8 assay) for the HUVEC/HUVSMC co-culture system. A-C: 

Cell viability of the HUVECs after 24 h of exposure to the various MWCNT types. D-F: Cell viability of the 

HUVSMCs after 24 h of exposure to the various MWCNT types. Results are given as percent of the untreated 

control. * indicates statistically significant differences compared to the control group. + indicates a significant 

difference between the untreated control and groups of two or more types at near identical values (if p-values 

were different the lowest p-value is displayed). # indicates statistically significant difference between two indi-

cated types or between one type and an indicated type group. [*/+/# ≡ p<0.05, **/++/## ≡ p<0.01, ***/+++/### 

≡ p<0.001] 
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4.2.2 Membrane integrity (LDH assay) 

Data of the LDH release following the exposure of the co-culture system are depicted in Fig-

ure 32. Analog to the cell viability assessment, the LDH release was analyzed separately for 

the directly exposed HUVECs and co-cultured HUVSMCs. All pristine MWCNTs, excluding 

the 6 h oxidized type, induced a significant increase in LDH release from HUVECs at both 10 

and 25 µg/cm², up to 160 % of control. The 6 h oxidized type provoked a slight but not signif-

icant increase at 25 µg/cm². The LDH release induced by the 6 h oxidized type was signifi-

cantly lower compared to the 3 h oxidized type at 10 µg/cm² and significantly lower com-

pared to all other pristine types at 25 µg/cm². Exposure to the light PEGylated MWCNTs re-

sulted in similar results in HUVECs, up to 160 % of the control, with no significant differ-

ences compared to the raw MWCNTs.  The LDH release following the exposure of HUVECs 

to the heavy PEGylated MWCNTs was not significantly increased over the entire dose range. 

At 10 and 25 µg/cm², the release was significantly lower compared to the raw MWCNTs. No 

significant release of LDH was detected from the co-cultured HUVSMCs following the expo-

sure to all MWCNTs.  
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Figure 32: Results of the membrane integrity (LDH assay) for the HUVEC/HUVSMC co-culture system. 

A-C: LDH release of the HUVECs after 24 h of exposure to the various MWCNT types. D-F: LDH release of 

the HUVSMCs after 24 h of exposure to the various MWCNT types. Results are given as percent of the untreat-

ed control. * indicates statistically significant differences compared to the control group. + indicates a significant 

difference between the untreated control and groups of two or more types at near identical values (if p-values 

were different the lowest p-value is displayed). # indicates statistically significant difference between two indi-

cated types or between one type and an indicated type group. [*/+/# ≡ p<0.05, **/++/## ≡ p<0.01, ***/+++/### 

≡ p<0.001] 
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4.2.3 Proinflammatory reaction (cytokine release) 

Cytokine release of the co-cultured HUVECs and HUVSMCs was investigated separately 

(see Materials & Methods). Only the pristine and heavy PEGylated MWCNTs were analyzed 

for the induction of a proinflammatory response. In the case of the HUVECs the secretion of 

IL-1β, Il-8. IL-8, MCP-1, and MIP-3α were measured. For the HUVSMCs IL-β, IL-6, IL-8, 

and MCP-1 were quantified. No induction of IL-1β or MIP-3α release was detected at any 

time. Therefore these data are not displayed.  

The results for the cytokine release from the directly exposed HUVECs are presented in Fig-

ure 33. A significant increase in the release of IL-6 was detected, following the exposure to all 

pristine MWCNT types for 24 h. Values reached up to 200 % of the untreated control, except 

for the 6 h oxidized type which induced a slight but not significant increase to up to 130 %. 

Exposure to the heavy PEGylated MWCNTs resulted in no increased release of IL-6 over the 

applied dose range. HUVECs showed similar results for the secretion of IL-8. The exposure 

to all pristine MWCNTs, except the 6 h oxidized type, prompted a significantly increased 

release of IL-8, up to 160 % of the untreated control. The heavy PEGylated MWCNTs, on the 

other hand, did not induce any increased release of IL-8. All pristine MWCNTs (including the 

6 h oxidized type) caused a significant, dose-dependent increased release of MCP-1 from 

HUVECs. The MCP-1 release prompted by the 6 h oxidized MWCNTs was slightly but not 

significantly higher (300%) compared to the other types (200-250%). After the exposure to 

the heavy PEGylated MWCNTs, HUVECs presented varying results for the release of MCP-

1. The MWCNTs PEGylated with 2kDa PEG induced no significantly increased MCP-1 

secretion over the entire dose range. For the 12kDa and 20kDa type the secretion of MCP-1 

was drastically increased, but solely at the highest dose of 25 µg/cm² (500-600 % of control). 

All other doses provoked no increased MCP-1 release (100 % of control). The MCP-1 release 

induced at 25 µg/cm² by these two types was significantly higher compared to the release 

following the exposure to the raw MWCNTs.  
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Figure 33: Results for the cytokine secretion from HUVECs following MWCNT exposure. A: Results for 

the secretion of IL-6 following exposure to the pristine and heavy PEGylated MWCNTs respectively. B: Results 

for the secretion of IL-8 following exposure to the pristine and heavy PEGylated MWCNTs respectively. C: 

Results for the secretion of MCP-1 following exposure to the pristine and heavy PEGylated MWCNTs respec-

tively. Results are given as percent of the untreated control. * indicates statistically significant differences com-

pared to the control group. # indicates statistically significant difference between two indicated types. [*/# ≡ 

p<0.05, **/## ≡ p<0.01, ***/### ≡ p<0.001] 
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A significantly increased secretion of proinflammatory cytokines was also detected from the 

co-cultured HUVSMCs after HUVECs were exposed to the different MWCNTs. The results 

for the HUVSMCs are presented in Figure 34. The release of IL-6 was significantly increased 

after the indirect exposure to the raw and ground MWCNTs. Both oxidized types provoked a 

slight but not significantly increased secretion of IL-6. Indirect exposure to the heavy 

PEGylated MWCNTs caused no significant increase in IL-6 release. Regarding the release of 

IL-8, all pristine MWCNTs except the 6 h oxidized type induced a significant increase. Simi-

lar to the release of IL-6 the heavy PEGylated MWCNTs did not provoke any increased re-

lease of IL-8. Exposure to all pristine MWCNT types resulted in a significantly increased re-

lease of MCP-1 over the whole dose range, up to 160 % of control. Contrariwise exposure to 

the 24h PEGylated types induced a significant increase in MCP-1 release solely at the highest 

dose of 25 µg/cm² for the 20kDa type. All other types and doses of the heavy PEGylated 

MWCNTs expressed similar levels compared to the untreated control. 
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Figure 34: Results for the cytokine secretion from HUVSMCs following MWCNT exposure to the co-

cultured HUVECs. A: Results for the secretion of IL-6 following exposure to the pristine and heavy PEGylated 

MWCNTs respectively. B: Results for the secretion of IL-8 following exposure to the pristine and heavy 

PEGylated MWCNTs respectively. C: Results for the secretion of MCP-1 following exposure to the pristine and 

heavy PEGylated MWCNTs respectively. Results are given as percent of the untreated control. * indicates statis-

tically significant differences compared to the control group. # indicates statistically significant difference be-

tween two indicated types. [*/# ≡ p<0.05, **/## ≡ p<0.01, ***/### ≡ p<0.001] 
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4.2.4 Immunofluorescence analysis 

To investigate changes in the cellular morphology, provoke by the different MWCNTs, im-

munofluorescence antibody staining of the microtubule, cell nuclei and ve-cadherin of ex-

posed HUVECs was performed. Pictures of the findings described below are presented in 

Figure 35.  

Confluent cell layers in the untreated control exhibited the cobblestone structure that is typical 

for confluent HUVECs. Cell nuclei appeared round with sharp borders, and the cyto-

plasm/nucleus ratio was even throughout the culture. Only cells that were severely compacted 

between adjacent cells showed a lesser amount of cytoplasm. The expression of ve-cadherin 

was strong and even, with expression mainly located at the borders between cells. Some cells 

undergoing mitosis could be spotted within the culture. Mitotic cells presented a spindle appa-

ratus with two poles and the linear DNA in between. After the exposure to 3 or 6 µg/cm² of 

the heavy PEGylated MWCNTs for 24 h, the morphology of HUVECs was very similar. Nu-

clei appeared round, and the ratio between cytoplasm and nuclei was constant. A strong and 

even expression of ve-cadherin was observed, similar to the control group, mainly located at 

borders between cells. Mitotic cells presented bipolar spindle apparatuses with linear DNA. 

Following the exposure to all pristine MWCNTs, significant morphological changes could be 

noted. Cell nuclei were partially deformed, showing drawn-out instead of round shapes. Also, 

the cytoplasm/nucleus ratio varied throughout the culture, with some cells showing strongly 

reduced amounts of cytoplasm. This effect was observed within cells in loose cellular net-

works and not only in cells strongly compacted between adjacent cells (like in the control 

group). Subjectively judged, the expression of ve-cadherin was lower compared to either the 

control group or the heavy PEGylated MWCNTs. An important change was observed in 

mitotic cells: A substantial part of mitotic cells displayed altered spindle apparatuses. The 

affected cells presented spindle apparatuses consisting out of 3 or more poles instead of the 

usual bipolar structure. The DNA in these dividing cells had the shape of 3 or more pointed 

stars, depending on the number of spindle poles. The amount of bipolar and multipolar spin-

dle apparatuses were counted for each group. The data for the exposure to 3 µg/cm² are given 

in Table 2 and for the 6 µg/cm² exposure in Table 3 respectively. The results revealed that 

neither the control group nor any heavy PEGylated MWCNT type induced any multipolar 

spindle apparatuses at both concentrations. All pristine MWCNTs (CNT, CNT_GND, 
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CNT_Ox3h, CNT_Ox6h) induced 35-39 % multipolarity at 3 µg/cm² and 38-45 % at 6 

µg/cm² respectively.  

 

Figure 35: Immunofluorescence pictures of HUVECs exposed to various MWCNT types. A+B: Overview 

and detailed view of a mitotic cell of the untreated control group. C+D: Overview and detailed view of a mitotic 

cell of HUVECs exposed to the 12kDa heavy PEGylated MWCNT type. E+F: Overview and detailed view of a 

mitotic cell (with multipolarity) of HUVECs exposed to the 6 h oxidized MWCNT type as an example for all 

pristine MWCNTs. All pictures were taken after a 24 h exposure to 3 µg/cm² of the respective MWCNT type at 

400x magnification. Green = microtubule; blue = cell nuclei; red = ve-cadherin; White arrows indicate spindle 

poles in mitotic cells.  
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Table 2: Amount of the bipolar and multipolar spindle apparatuses observed in HUVECs after a 24 h exposure to 

3 μg/cm² of the different MWCNT types. Data were collected from 3 individual experiments. One well (0.7 cm²) 

was counted per type. Data are presented as mean ± standard deviation. 

 Con-

trol 

CNT CNT_GN

D 

CNT_Ox6

h 

CNT_PEG

2kDa 

CNT_PEG

12kDa 

CNT_PE

G20kDa 

Bipolar 42 ± 8 23 ± 5 27 ± 6 26 ± 5 37 ± 5 46 ± 7 43 ± 11 

Multipolar -- 15 ± 4 17 ± 6 14 ± 3 -- -- -- 

% Multipo-

lar 

0 % 39 % 39 % 35 % 0 % 0 % 0 % 

 

Table 3: Amount of the bipolar and multipolar spindle apparatuses observed in HUVECs after a 24 h exposure to 

6 μg/cm² of the different MWCNT types. Data were collected from 3 individual experiments. One well (0.7 cm²) 

was counted per type. Data are presented as mean ± standard deviation. 

 Con-

trol 

CNT CNT_GN

D 

CNT_Ox6

h 

CNT_PEG

2kDa 

CNT_PEG

12kDa 

CNT_PE

G20kDa 

Bipolar 36 ± 9 31 ± 

13 

36 ± 15 34 ± 16 29 ± 11 41 ± 7 44 ± 7 

Multipolar -- 24 ± 6 22 ± 9 28 ± 13 -- -- -- 

% Multipo-

lar 

0 % 44 % 38 % 45 % 0 % 0 % 0 % 

 

 

4.2.5 Confocal microscopy analysis 

Because confocal microscopy has a superior resolution compared to immunofluorescence 

(bright field) microscopy, it was performed to investigate the cellular morphology further. 3D 

reconstructions of z-stacked images, from HUVECs exposed to the different MWCNTs, are 

shown in Figure 36. Cells with round, compacted nuclei could be observed in the untreated 

control. HUVECs presented a plane cytoskeleton without cavities and extensions to neighbor-

ing cells regularly. The lateral view of the untreated cells revealed a smooth, round cell sur-

face. Following the exposure to the heavy PEGylated MWCNTs for 24 h (3 and 6 µg/cm²), 

the results were very similar. HUVECs presented compacted cores, a solid cytoskeleton, and a 

smooth, round cell surface. For this exposure group, as well as the untreated control, individ-

ual cell nuclei could easily be identified and assigned to the respective cell. Exposing HU-

VECs to the various pristine MWCNT types revealed significantly different results. The ma-

jority of the cell nuclei were either strongly deformed or in a donut-like shape. In case of the 

donut-like shape, a complete loss of cytoskeletal structure in the center was observed, leaving 

an empty cavity. Cavities were also frequently seen in the cytoskeleton surrounding the 

nucleus. Several of the cell nuclei were deformed so extensively thattt it was unclear to which 

cell they belonged. Lateral views of the 3D reconstructions presented a very rough, spiky cell 
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surface after the exposure to all pristine MWCNTs. These results were observed at 3 µg/cm² 

and increased in their intensity and frequency at 6 µg/cm².  

 

Figure 36: 3D reconstructions of z-stacks, taken from HUVECs using confocal microscopy. A+B: Top and 

lateral view of the untreated control. C+D: Top and lateral view of HUVECs exposed for 24 h to 3 µg/cm² of 

heavy PEGylated MWCNTs (20kDa). E+F: Top and lateral view of HUVECs exposed for 24 h to 3 µg/cm² of 

raw MWCNTs (‘CNT’). All pictures were taken at 400x magnification. White arrows indicate donut shaped and 

deformed cell nuclei. Red arrows indicate cellular cavities.  
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4.2.6 Gene expression analysis (RTqPCR) 

The real fold changes (RFCs) and corresponding p-values for all 360 genes are presented in 

the appendix (Table 6 and Table 7 p.123) as a general overview. The first table presents the 

RFCs for the heavy PEGylated MWCNTs (CNT_PEG2kDa, CNT_PEG12kDa, and 

CNT_PEG20kDa) compared to the untreated control. The second table depicts the RFCs for 

pristine MWCNT types (CNT, CNT_GND, and CNT_Ox6h) in comparison to the control 

group. RFCs above 2 are colored red and RFCs below -2 are colored blue. P-values < 0.05 are 

presented bold. A full description of all gene, symbolized here through the various abbrevia-

tions, can be found in the appendix (see: B. Gene description p.139).  

From the 360 target genes, presented on the PathwayFinder array, a total amount of 19 genes 

were significantly up- or down-regulated by the influence of the different MWCNT types. 

The significantly regulated genes belong to the following 10 pathways (genes can belong to 

more than 1 pathway): 

 Apoptosis (3 genes) 

 Necrosis (1 gene) 

 DNA damage & repair (1 gene) 

 Mitochondrial energy metabolism (1 gene) 

 Fatty acid metabolism (2 genes) 

 Oxidative stress & antioxidant response (1 gene) 

 Heat shock response (2 genes) 

 Cytochrome P450s & phase I drug metabolism (2 genes) 

 Cholestasis (2 genes) 

 Immunotoxicity (5 genes) 

All 19 significantly regulated genes are presented with their RFC for each respective 

MWCNT type and the according p-value in Table 4. 
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The detailed regulation of all 19 genes, with a statistical comparison between the different 

MWCNT types, is presented in Figure 37 to Figure 40.  

 

Figure 37: Detailed depiction of the up- and down-regulation of the significantly regulated genes (gene 1-

6). * indicates significant difference compared to the untreated control. # indicates a significant difference be-

tween the indicated MWCNT types. [*/# ≡ p<0.05, **/## ≡ p<0.01, ***/### ≡ p<0.001] 
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Figure 38: Detailed depiction of the up- and down-regulation of the significantly regulated genes (gene 7-

12). * indicates significant difference compared to the untreated control. # indicates a significant difference be-

tween the indicated MWCNT types. [*/# ≡ p<0.05, **/## ≡ p<0.01, ***/### ≡ p<0.001] 

 



79 

 

 

Figure 39: Detailed depiction of the up- and down-regulation of the significantly regulated genes (gene 13-

18). * indicates a significant difference compared to the untreated control. # indicates a significant difference 

between the indicated MWCNT types. [*/# ≡ p<0.05, **/## ≡ p<0.01, ***/### ≡ p<0.001] 
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Figure 40: Detailed depiction of the regulation of XPC (gene 19). * indicates significant difference compared 

to the untreated control. # indicates a significant difference between the indicated MWCNT types. [*/# ≡ p<0.05, 

**/## ≡ p<0.01, ***/### ≡ p<0.001] 

In addition to the regular single-gene analysis, considering the up- and down-regulation of a 

single gene, the experimental data was also analyzed using the Ingenuity Pathway Analysis 

software (IPA) (Qiagen, USA). The IPA software correlates the regulated genes with public 

databanks to identify associated pathways and diseases. Correlation of the experimental data 

with literature-derived regulation profiles leads to a prediction of an activation (or inhibition) 

of the respective pathways. The prediction is given as an activation z-score. A high activation 

z-score predicts and activation, while a negative z-score predicts an inhibition. The value of 

the z-score depends on the RFC of the regulated gene and the amount of regulated genes with-

in the specific pathway. GenBank, a gene information repository from the National Center for 

Biotechnology Information (NCBI, USA), was chosen as the corresponding databank. The 

analysis type was set to ‘Ingenuity knowledge based’ (gene only). The results of the main 

analysis, a comparison analysis in the area of ‘Diseases and Bio function,' are depicted in Fig-

ure 41. The results showed moderate activation z-scores in various pathways/diseases for both 

the untreated MWCNTs (CNT), as well as the ground MWCNTs (CNT_GND). Neither the 

oxidized nor any of the heavy PEGylated MWCNTs presented any activation z-score for the 

analyzed diseases and bio functions.  

 



81 

 

 

Figure 41: Comparison analysis of the different MWCNT types in the field of diseases and bio functions. 

Correlation to the respective disease/function is given in color-code, representing a correlating activation z-score. 

An orange z-score indicates up-regulation while a blue z-score indicates down-regulation. Data obtained with 

IPA software (Qiagen, USA).  

 

 

4.2.7 Exemplary drug loading with DOX 

The drug loading was performed twice with each of the three heavy PEGylated MWCNTs. 

The loading volume and loading capacity of each MWCNTs are presented in Table 5. The 

loading capacities, which were calculated from the initial and residual DOX concentrations, 

ranged from 203 % (2kDa) to 188 % (20kDa). The standard deviation was between 0.45 and 

0.59 mg, accounting for approximately 25 %.  
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Table 5: Loading volume and loading capacity of DOX loaded heavy PEGylated MWCNTs. (n=2) 

 CNT_PEG2kDa CNT_PEG12kDa CNT_PEG20kDa 

Loading volume (DOX / 

1mg MWCNT) 
2.034 ± 0.45 mg 1.842 ± 0.52 mg 1.886 ± 0.59 mg 

Loading capacity (%) 203 % 184 % 188 % 

 

 

Figure 42: Cell viability of HUVECs, exposed for 24 h to free or MWCNT-bound DOX under static or 

flow conditions. A: Viability after exposure to free DOX (0.05 to 5 µM). B: Exposure to DOX loaded onto the 

MWCNT PEGylated with PEG2kDa (0.5 to 10 µM). C: Exposure to DOX loaded onto the MWCNT PEGylated 

with PEG12kDa (0.5 to 10 µM). D: Exposure to DOX loaded onto the MWCNT PEGylated with PEG20kDa 

(0.5 to 10 µM). * indicates a statistically significant difference compared to the untreated control. [* ≡ p<0.05, 

** ≡ p<0.01, *** ≡ p<0.001] 

Results from cell viability assay, following the exposure of HUVECs to the loaded and free 

DOX, are presented in Figure 42. After exposure to the free DOX the cell viability was 

strongly decreased in a dose-dependent manner, both under static and flow conditions. At a 

concentration of 2 µM DOX the HUVECs displayed under 20 % viability compared to the 

untreated control. DOX bound to either of the three PEGylated MWCNTs, also induced a 
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significant decrease in HUVEC cell viability. However, for all three MWCNT-drug combina-

tions, the cell viability was only decreased to approximately 80 % of the untreated control and 

the effect did not show a dose-dependency. No significant difference was observed between 

the three MWCNT-drug combinations.  

 

 

 

5. Discussion 

Based on the division of the experimental setup, the discussion is also divided into two sec-

tions. In the first section the impact of the post-production heat-treatment on MWCNT cyto-

toxicity will be discussed. The second section will be concerned with the effect PEGylation 

has on MWCNT biocompatibility. Thoughts and arguments on the potential application of 

PEGylated MWCNTs as drug carriers, taking all results into consideration, will be given in a 

third section (conclusion).  

 

5.1 Impact of post-production heat-treatment on MWCNT cytotoxicity 

CNTs (both SWCNTs and MWCNTs) consist out of 100 % carbon (C). However, during pro-

duction other elements can be incorporated into the CNT structure, either from impurities or 

the use of catalysts (Banks et al., 2006; Dujardin et al., 1998; Nevidomskyy et al., 2003). For 

the production of the MWCNTs, which were destined to act as the base material for the de-

velopment of a drug carrier, iron (ferrocene) was used as a catalyst. Therefore, the negative 

influence of iron on the MWCNT biocompatibility had to be considered, since it is reported, 

that iron nanoparticles may cause cytotoxicity (Brunner et al., 2006; Mahmoudi et al., 2010; 

Mahmoudi et al., 2009; Pisanic et al., 2007; Singh et al., 2010; Soenen et al., 2011). Thus, in a 

first step, it was tested if the removal of residual iron from the MWCNT structure, via a post-

production heat-treatment (nonFe-CNT), would reduce the cytotoxicity of the MWCNT base 

material (Fe-CNT). Thorough characterization of the two MWCNT types revealed that the 

amount of surface bound oxygen and the amount of surface defects are the only significant 
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differences between the two types. The heat-treated nonFe-CNTs presented both less surface 

bound oxygen and a significantly decreased amount of surface defects. 

It was observed that the viability of A549 and HepG2 cells was significantly impaired after 

the exposure to both MWCNTs for 24 and 48 h. The cytotoxic effects of both CNT types 

were time dependent and increased with higher doses. A significant difference between the 

two MWCNTs was seen in the effect on A549 cell viability. After both 24 and 48 h exposure, 

the nonFe-CNTs induced a significantly stronger decrease in cell viability, resulting in a 

distinct decline of the EC50-value. This trend was also observed regarding the cellular mem-

brane integrity (LDH assay). The increased leakage of LDH, resulting from a loss of mem-

brane integrity, induced by both MWCNTs was significant, especially after 48 h of exposure. 

While the HepG2 cells presented moderate but still significant LDH leakage, the A549 cells 

showed an increase up to 600 % of the untreated control. Likewise to the WST-8 assay the 

nonFe-CNTs induced a significantly stronger leakage of LDH compared to the untreated Fe-

CNTs (~600 vs. 300 %). Given the physical properties of CNTs, it is obvious that this directly 

results from the lack of surface defects in the case of the nonFe-CNTs. An increased amount 

of surface defects results in a reduced amount of delocalized electrons (see 1.3.3 Surface 

properties of CNTs, p.15). Contrariwise, fewer surface defects lead to an increase in delocal-

ized electrons, again, resulting in a stronger hydrophobicity. Hydrophobic structures tend to 

interact with each other, resulting in binding and unwanted interaction of MWCNTs with hy-

drophobic cell organelles, like the lipid membrane, which intensifies with increased hydro-

phobicity. Subsequently, the increased membrane damage from those unwanted interactions 

leads to an increased cytotoxicity of cells exposed to the nonFe-CNTs, as confirmed by the 

WST-8 assay. The general reduction in cell viability and membrane integrity from CNT 

exposure is additionally supported by published results on various cell lines (Chen et al., 

2011; Guo et al., 2011; Han et al., 2012; Reddy et al., 2010; Simon-Deckers et al., 2008; 

Ursini et al., 2012) 

Given the addressed MWCNT properties, with respect to the relation between surface defects 

and the density of free electrons, it could be expected that the nonFe-CNTs would exhibit an 

increased potential for ROS formation. This is owed to the electron pulling and donating po-

tential of the delocalized electron cloud on the CNT surface, which increases with higher elec-
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tron density (see1.3.3 Surface properties of CNTs, p.15). The data from the intracellular ROS 

production (DCFH-DA assay) displayed that the production of reactive oxygen species was 

higher, in both A549 (significantly) and HepG2 cells, after exposure to the nonFe-CNTs 

compared to the Fe-CNTs. The Fe-CNTs did not induce a significant increase, except in the 

HepG2 cells at 10 µg/cm² after 48 h. The induction of ROS production following CNT and 

even non-tubular carbon nanoparticle exposure has been demonstrated by other groups in a 

variety of cell lines, including lung epithelial and vascular endothelial cells (Garza et al., 

2008; He et al., 2011; Jacobsen et al., 2008; Pacurari et al., 2012; Pulskamp et al., 2007; 

Zhang et al., 2010). Given these results, it is logical to assume that the increased toxicity of 

the nonFe-CNTs is, at least partially, based on the increased production of ROS. Since 10 

µg/cm² was the highest dose applied to investigate ROS production, it is also reasonable to 

assume that the distinction between the two MWCNTs would be even clearer at 25 µg/cm². 

However, the need for MWCNT removal before FACS analysis did not allow to apply con-

centrations above 10 µg/cm².  

CNTs are able to cross cell membranes, both actively and passively (Bianco et al., 2005; 

Kateb et al., 2007; Prato et al., 2008). The passive penetration is attributed to their dimen-

sions, describing them as nano-needles, given their nanometer sized diameters. With the abil-

ity to enter exposed cells, concern arises about the interference with intracellular organelles. 

Since CNTs are able to pass through lipid membranes, it is realistic that they are also able to 

enter the cell nucleus because it is separated by a normal membrane (like the cell membrane). 

In general, unwanted interactions between MWCNTs and hydrophobic cell organelles, like 

microtubule or DNA, has to be expected. The cell cycle analysis revealed major changes un-

der the influence of the nonFe-CNTs. The amount of cells in the G2/M-phase increased 

significantly which would normally indicate an increase in cell proliferation since more cells 

are in the mitotic state. At the same time, the amount of cells in the S-phase should also be 

increased because more cells would get ready to enter the mitotic phase, but the amount of 

cells within the S-phase significantly decreased in a dose-dependent manner. This abnormal 

behavior is typical for a cell population undergoing a G2-phase arrest. The mechanism 

underlying this effect, with regards to CNT exposure, has been described (García-Hevia et al., 

2014; Hampel et al., 2008; Luanpitpong et al., 2016; Siegrist et al., 2014; Wang et al., 2011), 

particularly by the group of Sargent et al. (Sargent et al., 2012; Sargent et al., 2009): The 
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CNTs enter into the exposed cells and subsequently into the nucleus. During the early phase 

of mitosis, the CNTs interfere with the microtubules which make up the spindle apparatus, 

through hydrophobic interaction. Thus, the spindle apparatus is shattered, and more than the 

usual two spindle poles develop. Since there are more than two spindle poles, the doubled 

DNA can not be separated, and the cell is arrested in the G2-phase, unable to complete mito-

sis. As a result, cells either undergo apoptosis or persist with the double DNA amount (aneu-

ploidy), giving rise to a chance of cell mutation. The cell cycle arrest leads to a decrease in 

cell proliferation and a potential increase in cell death, therefore contributing to the MWCNT 

cytotoxicity. 

In summary, the goal of this experimental part was to investigate if the removal of residual 

iron from the MWCNT structure has a positive impact on the cytotoxicity. The results re-

vealed that the removal of residual iron by the post-production heat-treatment is not recom-

mendable. Heat-treated MWCNTs presented increased cytotoxicity in the way of higher LDH 

leakage (increased membrane damage), an elevated rate of intracellular ROS production and 

the interference with the cell cycle of A549 cells. The MWCNT characterization revealed the 

probable reason for these effects: A significant reduction of surface defects, accompanied by 

the removal of surface bound oxygen, leads to an increased hydrophobicity, creating or pro-

moting the described adverse effects. The residual iron in the Fe-CNTs did not have a signifi-

cant cytotoxic effect. If any, the effect was significantly lesser compared to that induced by 

the reduced amount of surface defects. This is plausible since the iron acts as a growth seed 

during synthesis and is therefore encapsulated within the MWCNTs. The XPS analysis 

demonstrated that there is no iron bound to the CNT surface or within the outer ~10 nm of the 

MWCNT structure. Hence, direct contact between cells and residual iron would be very un-

likely. From the experimental data, it can be concluded that the untreated Fe-CNTs are more 

suitable as a drug carrier base material.  
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5.2 Effect of PEGylation on MWCNT biocompatibility 

Not inducing any adverse effects is one important property of a drug carrier. Results from the 

first experimental part of this thesis compellingly presented that the unmodified MWCNTs 

exhibit a significant impairment on the viability of the human cells involved in the analysis. 

Therefore, a two-step solvothermal functionalized process was established to functionalize the 

MWCNTs with PEG (2, 12, and 20kDa) in either a light (12 h) or a heavy (24h) PEGylation. 

The goal of the PEGylation was to achieve in vitro biocompatibility in the employed test en-

vironment, by using the PEGylation to masks the MWCNTs from the cells, without overload-

ing the MWCNT surface. 

Both the WST-8 cell viability assay, as well as the LDH membrane integrity assay, revealed 

interesting findings for the pristine MWCNT group. The oxidization of the MWCNT surface 

did not (3 h oxidation) or not completely (6 h oxidation) counteract the exhibited cytotoxicity, 

even though it is sufficient to keep the MWCNTs suspended at a suitable concentration. In-

troducing reactive oxygen groups to the MWCNT surface (via oxidation) reduces the 

MWCNT hydrophobicity locally at the molecule binding sites because electrons from the free 

electron cloud are utilized to form the covalent link. However, small molecules like reactive 

oxygen groups are not able to completely counteract the global hydrophobicity on the entire 

surface after 3 or 6 h of oxidation. A longer oxidation could probably counteract the cytotoxic 

effect completely. This procedure would, on the other hand, lead to a near entire coverage of 

the surface with small reactive groups. A full surface coverage would counteract the local 

hydrophobicity on the entire surface, but local hydrophobic domains are favorable for non-

covalent drug loading via π-π-interactions (see 1.3.3.1 Hydrophobic drug loading, p.16). A 

preferable way of functionalization is a short oxidation, to stabilize the MWCNTs in aqueous 

solution, and attach long, hydrophilic molecules like PEG to the surface. The process counter-

acts global hydrophobicity because the branched out, hydrophilic molecules prevent hydro-

phobic interactions between the MWCNT surface and other hydrophobic structures (like lipid 

membranes). Simultaneously the MWCNTs maintain very localized hydrophobic domains on 

their surface, which can still non-covalently bind small molecules (like drugs) that come into 

close proximity to the surface. A general cytotoxicity of (MW)CNTs was been reported in the 
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literature, involving various cell lines (Bottini et al., 2006; Jia et al., 2005; Shvedova et al., 

2003; Tian et al., 2006). 

The effect described above can be seen in the results of the PEGylated MWCNT types. The 

light PEGylated types presented a significant reduction in cytotoxicity compared to the un-

treated MWCNTs. Additionally, the reduction in cytotoxicity was also significant compared 

to the 3 h oxidized MWCNTs, which act as the base material for this PEGylation. It is there-

fore certain to conclude that the reduced cytotoxicity is a direct consequence of the PEGyla-

tion process. Evidently, the effect is not strong enough since the results still revealed a signif-

icant cytotoxicity and an increased LDH release compared to the untreated control. In con-

trast, the results for the heavy (24 h) PEGylated types demonstrated a complete compensation 

of the cytotoxic effects, both in the WST-8 and the LDH assay, whereas the 6 h oxidized 

MWCNTs (base material) still exhibited cytotoxicity. Therefore, it can be reasoned that the 

light PEGylation does not introduce a sufficient amount of PEG molecules onto the MWCNT 

surface to completely counteract the global hydrophobicity. However, prolonging the 

PEGylation time from 12 to 24 h, allowing more PEG molecules to bind to the surface 

covalently, leads to a complete counteraction. The HUVSMCs did not exhibit a significant 

loss of viability at any time. These results were foreseeable since this cell type was only co-

cultured with the directly exposed HUVECs and never came into direct contact with the 

MWCNTs. The aim of these first experiments was to determine if the light PEGylation was 

sufficient to counteract the cytotoxic effects of the MWCNTs without overloading their sur-

face. The results demonstrated that the prolonged 24 h PEGylation is required to attain this 

goal. For this reason, all subsequent experiments were only performed with the pristine and 

the heavy PEGylated MWCNT group. 

Nanoparticles and –fibers have been shown to cause proinflammatory reactions when they 

come into contact with human cells (Brown et al., 2007; Crouzier et al., 2010; Hirano et al., 

2010; Monteiro-Riviere et al., 2005). To investigate if the two MWCNT groups induced a 

proinflammatory reaction the secretion of 4 (HUVSMCs) or rather 5 (HUVECs) cytokines 

was analyzed. Two cytokines (IL-1β and MIP-3α) were not secreted above the detection level 

at any time. In retrospect, this is plausible since IL-1β is mostly produced by activated 

macrophages and MIP-3α secretion is induced by microbial factors. The release of IL-6 and 
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IL-8, from both HUVECs and HUVSMCs, was significantly increased after the exposure to 

the pristine MWCNT group (increased, but not significant for CNT_Ox6h). After exposure to 

the heavy PEGylated MWCNTs, the secretion of both cytokines was not increased for either 

of the cells. Since IL-6 is secreted upon cell damage, it can be presumed that the heavy 

PEGylated MWCNTs did not induce any cellular damage. This assumption is reassured by 

the results of the LDH assay, which presented LDH levels identical to the untreated control 

for all heavy PEGylated MWCNTs. IL-8, on the other hand, attracts phagocytic immune cells. 

The fact that both cell lines did not secrete IL-8 after exposure to the PEGylated MWCNTs 

supports the assumption that the PEG coating masks the MWCNTs and renders them ‘invisi-

ble’ to the cells. The release of MCP-1 differed between the two employed cell lines. While 

the release from HUVSMCs was consistently increased over the entire dose range for the 

pristine MWCNT types, HUVECs showed a dose dependent increased secretion. MCP-1, as a 

monocyte recruitment factor, is released to attract monocytes which differentiate into macro-

phages. The draw of macrophages is an expectable cellular reaction to clear foreign objects 

from the cell surface. It is therefore plausible that an increased (over)load of pristine 

MWCNTs, which hydrophobically interact with the lipid membrane, would lead to a dose 

dependent release of MCP-1 from HUVECs. Since the HUVSMCs were not directly exposed 

to the different MWCNTs, it is probable that their evenly increased MCP-1 secretion is 

induced by the reaction of the co-cultured HUVECs. The hypothesized (over)load reaction is 

supported by the results for the 24 h PEGylated MWCNTs. Up to and including a dose of 10 

µg/cm² the heavy functionalized MWCNTs induced no increase in MCP-1 release from HU-

VECs. These results indicate that the PEGylated MWCNTs do not hydrophobically interact 

with the lipid membrane, and therefore are not recognized as foreign objects which need to be 

removed. In the highest dose of 25 µg/cm², the MCP-1 secretion from HUVEC is drastically 

increased for the MWCNTs functionalized with both, the 12kDa and 20kDa PEG types. Since 

even PEGylated MWCNTs are expected to sediment partially over time in the static cell cul-

ture, an accumulation on the cell surface has to be anticipated. It seems like the combination 

of long PEG molecules (12-20kDa) bound to the MWCNT surface, accumulating over the 

exposure time (at high dose levels) on the cell layer, can reach a critical point at which the 

burden on the cell surface triggers an overload reaction. This threshold appears to be very 

narrow since the 2kDa PEGylated MWCNTs were not able to reach it, while the two other 
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functionalized types triggered a strong reaction at an identical dose level. Summing up the 

results of the cytokine release it must be differentiated between a proinflammatory and an 

overload response. While both the pristine and PEGylated MWCNTs induced an overload 

response, only the pristine types induced a proinflammatory reaction, indicated by the in-

creased IL-6 and IL-8 release. For the heavy functionalized MWCNTs it can be concluded 

that no proinflammatory response was induced, given the unaffected levels of IL-6 and IL-8 

secretion over the whole dose range. The results support the hypothesis that the functionaliza-

tion prohibits hydrophobic interaction between the MWCNTs and hydrophobic cell organelles 

(especially microtubules). It can also be hypothesized that a dose of 25 µg/cm² is at the far 

end of the dose range that should be applied in a static in vitro culture since it can trigger an 

overload reaction, even from MWCNTs which induce no cytokine secretion otherwise. 

Results from the immunofluorescence microscopy revealed significant changes in mitotic 

cells after the exposure to the pristine MWCNTs. All MWCNTs of this group (CNT, 

CNT_GND, and CNT_Ox6h) induced multipolarity in mitotic HUVECs. Multipolarity was at 

no point observed in the untreated control or after exposure to the heavy PEGylated 

MWCNTs. Within the multipolar cells, the DNA was arranged in a star-like shape with the 

number of ‘points’ being equivalent to the number of spindle poles. In normal, bipolar mitotic 

cells the DNA was arranged in a linear shape, rectangularly positioned to the two spindle 

poles, as to be expected. The cells expressing multipolarity are those cells which have been 

forced into a cell cycle arrest. The induction of cell cycle arrests following the exposure to 

SW- or MWCNTs has been reported by various research groups (Hampel et al., 2008; Sargent 

et al., 2012; Sargent et al., 2009) and was already described in the section above (see ‘5.1 Im-

pact of post-production heat-treatment on MWCNT cytotoxicity’). Comparing these results 

with the cell cycle analysis from the first experimental section, it can be concluded that the 

microscopy analysis is more sensitive than the DNA-based analysis. Untreated MWCNTs 

(‘Fe-CNT’ in the first section) did not present significant changes (in A549) during the DNA-

based analysis up to 5 µg/cm². However, in HUVECs they induced significant multipolarity 

(indicating a cycle arrest) at only 3 µg/cm². The rise in mitotic cells (bi- + multipolar), follow-

ing the increased exposure dose from 3 to 6 µg/cm² pristine MWCNTs, compared to the con-

trol, is a result of the increase in cytotoxicity. The rise in cytotoxicity promotes an increased 

proliferation resulting in more mitotic cells within the culture. Additionally to the results from 
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the immunofluorescence microscopy, the analysis using confocal microscopy revealed inter-

esting findings. After the exposure to all pristine MWCNT types (CNT, CNT_GND, 

CNT_Ox6h) a considerable portion of the presented HUVEC nuclei was either in a donut-like 

shape or completely deformed. Donut-like shaped nuclei displayed a complete absence of 

microtubule in their center, indicating a complete loss of structure. Regarding those structural 

changes, it is questionable if affected cells would be able to undergo mitosis, given the strong 

deformations. Because these results were observed at low MWCNT concentrations (3 

µg/cm²), it is likely that the strong deformation of cell nuclei contributes to the cytotoxicity 

observed across the dose range of 25 µg/cm². Loss of structural integrity was not limited to 

the cell nuclei. Since MWCNTs have to enter the cytoplasm first to reach the nucleus, it is 

consequential that the whole cytoskeleton can be affected. Cytoskeletal changes are indicated 

by the formation of cavities in the cell structure. The loss in the cytoskeletal structure was 

evident in the lateral view of the 3D reconstructions. While untreated cells expressed a 

smooth, round surface, HUVECs exposed to the pristine MWCNTs displayed very rough, 

spiky surfaces. It appeared as if the cytoskeleton had (partially) collapsed on a large-scale. 

This effect appeared especially in areas above the nucleus where the surface topography fol-

lowed the topography of the deformed nucleus, indicating that the cytoskeleton was not able 

to support the normal, round cell shape anymore. Interference of CNTs with the cellular cyto-

skeleton, leading to a loss in architectural structure, has also been reported by Kaiser et al. for 

SWCNTs (Kaiser et al., 2008).  

The gene expression analysis presented several changes in HUVEC gene regulation after the 

exposure to the various MWCNT types. The untreated MWCNTs (CNT) induced by far the 

most changes, with 7 significantly up-regulated and 7 significantly down-regulated genes. In 

the most interesting pathway group of apoptosis, necrosis, and immunotoxicity the ‘CNTs’ 

significantly regulated 8 genes (up to an RFCs of 15). The regulation of genes from these 

pathways following CNT exposure has also been reported by other groups (Chou et al., 2008; 

Ding et al., 2005; Witzmann and Monteiro-Riviere, 2006; Zhu et al., 2007). The PEGylated 

MWCNTs, on the other hand, presented an overall down-regulation of 2 – 3 genes and an up-

regulation of 5 – 6 genes, depending on the PEG type. However, in the addressed pathway 

group, only 4 genes were significantly regulated and, for the most time, only slightly above 

the cutoff (RFCs 2 – 4). The comparison analysis additionally revealed that both the ‘CNT’ 
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and ‘CNT_GND’ show activation z-scores in various disease and adverse bio function path-

ways. For the gene regulation profile of the heavy PEGylated MWCNTs, it was not possible 

to calculate any activation z-score within the analyzed pathways. The results point out that the 

PEGylation counteracts the adverse gene regulation, with the most prominent example being 

CYP1A1. CYP1A1 is one of the most important xenobiotic-metabolizing enzymes that plays 

a major role in biotransformation (Stejskalova and Pavek, 2011). CYP1A1 is significantly up-

regulated under the influence of the untreated MWCNTs (RFC: 15), while the PEGylated 

MWCNTs induce no regulation (2kDa RFC: 3). This demonstrates that the HUVECs react to 

the untreated MWCNTs as xenobiotics while the PEGylated MWCNTs are not recognized.  

The drug loading experiments, using DOX as a model substance, were set to determine if the 

drug loading capacity of PEGylated MWCNTs varied with different PEG types and if the 

cytotoxicity of immobilized DOX is significantly reduced. The results from the loading pro-

cess showed that the loading capacity is not significantly influenced by the length of the PEG 

molecules. These results appear logical since DOX molecules are relatively small, and their 

blockage would therefore be influenced by branching rather than the length of the PEG. Since 

all PEG types were solvothermally attached for the same amount of time, the amount of local 

hydrophobic domains on the MWCNT surface (for drug binding) should be nearly identical 

between the three types. Exposing HUVECs to free DOX impressively depicted the cytotoxic 

effect of the drug, by reducing the cell viability below 20 % at 2 µM. After the drug was 

loaded onto the PEGylated MWCNTs, the cell viability was not reduced below 75 %, up to a 

DOX concentration of 10 µM. Additionally, free DOX presented a strong dose-dependent 

effect, while CNT-bound DOX induced a steady reduction. Since the reduction induced by 

bound DOX presented no dose-dependency, it can be conjectured that the loss of cell viability 

is induced by a set amount of free DOX rather than bound DOX. It is likely that a small 

amount of DOX was released from the carrier after introduction to the culture medium be-

cause of pH variation. The reason for this assumption is that DOX was loaded onto the 

MWCNTs at a pH-value of ~8. The pH-value determines the strength of the hydrophobic 

bond between carrier and drug since an increased pH-value favors π-π-interactions. It be as-

sumed that the slight pH reduction from the culture medium (pH 7.5) leads to a partial DOX 

release. However, since the pH-value is much closer to the loading value compared to the 

tumor environment (pH 6 – 6.5), the release should be substantially lower than the passive 
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release within tumor tissue. Overall the drug loading experiments demonstrated a compelling 

loading capacity and cytotoxicity reduction from the PEGylated MWCNTs. 

 

 

 

5.3 Conclusion 

In conclusion, it is possible to achieve biocompatibility of MWCNTs in vitro by using the 

established two-step solvothermal functionalization process for PEGylation. The covalently 

attached PEG molecules are able to counteract the global hydrophobicity of the MWCNTs, 

therefore shielding them from cells and vice versa. The results, especially from the second 

experimental section, prove that the 24 h PEGylated MWCNTs induce no adverse reactions in 

primary endothelial and smooth muscle cells, isolated from the human umbilical vascular sys-

tem. Additionally, PEGylated MWCNTs can be easily loaded with hydrophobic drugs (like 

DOX), exhibiting drug loading capacities of ~200 %. Immobilization of DOX onto PEGylat-

ed MWCNT carriers reduced the drug toxicity substantially, indicating the possibility of safe 

drug transport. Given the results presented above, it can be assumed that the PEGylated 

MWCNTs can be employed as drug carriers, for the transportation of hydrophobic drugs with 

a significantly reduced toxicity, by immobilizing the drug molecules on their surface. Fur-

thermore, even if not experimentally proven, passive release of the hydrophobically bound 

drug molecules inside tumor tissue can be supposed, since hydrophobic bonds are cleaved 

under reduced pH-value in the malignant tissue (pH ~6 - 6.5).  

Although primary human cells were applied in the biocompatibility experiments, the in vitro 

aspect has to be considered. In vitro test environments, even complex co- or multi-cultures, 

are only an approximation to the real in vivo situation. Especially in this case, the lack of mo-

tion (flow) and dimensional approximation (round blood vessel with small diameters) is the 

biggest uncertainty, in my personal opinion. The macroscale length of the MWCNTs could 

cause problems in small vessels like capillaries (blood clots). This problem could be 

approached by shortening the MWCNTs to ~1 µm, preserving most advantages of the fiber-

like dimension without going too far out of the nanoscale dimension.  
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Polyethylene Glycol functionalized Multi Walled Carbon Nanotubes  

for Nanomedical application as Drug Carriers 

– Hendrik Requardt – 

6. Summary 

Low bioavailability, poor circulation half-times, and strong adverse effects are only a few 

negative properties severely dose-limiting the applicability of important drugs like chemo-

therapeutics. Drug carriers (DCs), based on nanomaterials, can help to overcome this problem 

by safely transporting the drug molecules to the target area. The aim of this thesis was to test 

in vitro if multi walled carbon nanotubes (MWCNTs) can be utilized as drug carriers, since 

their physical dimension promise advantages over spherical carriers, like an improved loading 

capacity per individual carrier. 

The experiments were divided into two major parts. At first, it was investigated if the removal 

of residual iron from the CVD (chemical vapor deposition) synthesized MWCNTs, via a post-

production heat-treatment, could reduce the cytotoxicity of MWCNTs, which would act as a 

base material for the DCs. The analyses included basic readouts, like cell viability and mem-

brane integrity, as well as more complex readouts, like the intracellular production of reactive 

oxygen species (ROS) and a cell cycle analysis. The assumption that the removal of the 

residual iron could reduce MWCNT cytotoxicity was refuted by the results. The post-

production heat-treatment induced a significant increase in MWCNT cytotoxicity, combined 

with elevated intracellular ROS production and the induction of a G2-phase arrest (cell cycle 

arrest). Both, the elevated ROS production and cell cycle arrest were not observed for the un-

treated MWCNTs. Thorough characterization of the two MWCNT types revealed that the 

presumable reason for these findings is a significant reduction of surface defects during the 

heat-treatment. The reduced amount of surface defects intensifies the MWCNT hydrophobi-

city, leading to an increase of the described adverse effects.  

In the second experimental part, a two-step solvothermal functionalization process was estab-

lished to covalently functionalize the MWCNTs with polyethylene glycol (PEG) in three dif-

ferent chain lengths (2, 12, and 20kDa). The aim was to achieve biocompatibility in an in 

vitro co-culture model of human umbilical vein endothelial cells (HUVEC) and human umbil-

ical vein smooth muscle cell (HUVSMC), representing a human blood vessel. Analysis of the 
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cell viability and membrane integrity of the HUVECs revealed, that 12 h of PEGylation was 

not sufficient to negate all cytotoxicity of the MWCNTs, however increasing the duration to 

24 h PEGylation did. The effect of the 24 h PEGylated MWCNTs (MWCNT-PEG) on HU-

VECs was systematically analyzed, including advanced microscopy-based analyses (confocal 

and immunofluorescence) and a gene expression analysis. The results illustrated that unmodi-

fied MWCNTs induced a significant proinflammatory as well as an overload reaction in HU-

VECs. Additionally, the MWCNTs severely altered the cellular cytoskeleton, induced 

multipolarity in mitotic cells (leading to a cell cycle arrest) and significantly regulated genes 

from apoptotic, necrotic, and immunotoxic pathways. Comparative in-depth pathway activa-

tion analysis revealed moderate activation z-scores in several disease and adverse bio function 

pathways. MWCNT-PEG, on the other hand, did not induce any pro-inflammatory reaction in 

HUVEC. An overload reaction was detected for the 12 and 20kDa type in the highest dose 

(25 µg/cm²), which was related to the deposition of a high MWCNT dose, combined with 

long PEG molecules, onto the cell surface. The microscopical analyses presented no alteration 

of the cellular cytoskeleton and no induction of multipolarity from MWCNT-PEG. The gene 

regulation was minor, with only a few genes being regulated slightly above the fold change 

cutoff (RFC > 2). Pathway activation analysis did not reveal any activation scores for the 

three types of MWCNT-PEG, given the small amount of regulated genes.  

In a final step, the drug loading capacity of MWCNT-PEG was investigated by loading Doxo-

rubicin (DOX) onto the drug carriers (DCs), via hydrophobic drug loading. All three DCs 

presented DOX loading capacities of ~200 % (wt/wt). Subsequently, the cytotoxicity of DC-

loaded DOX was compared to free DOX using HUVECs. The free DOX showed a strong, 

dose-dependent cytotoxicity, reducing HUVEC viability to <20% at 2 µM. DC-loaded DOX 

induced a slight viability reduction (75% of control), which was consistent over the whole 

dose-range (up to 10 µM).  

Overall, two important findings were obtained: (1) Even minor modifications or treatments 

can significantly influence biological properties (like the cytotoxicity) of nanomaterials. In 

this case, the reduction of MWCNT surface defects (via heat-treatment) significantly in-

creased adverse effects. (2) The presented PEGylation process leads to a sound in vitro bio-

compatibility of the presented MWCNTs. Therefore, the MWCNT-PEG possess a high poten-

tial in drug carrier application. 
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Polyethylenglykol-funktionalisierte Kohlenstoffnanoröhren für die nano-

medizinische Verwendung als Medikamententransporter (Drug Carrier) 

– Hendrik Requardt – 

7. Zusammenfassung (German) 

Eine schlechte Bioverfügbarkeit, geringe Blutzirkulationszeiten und starke Nebenwirkungen 

sind nur einige der negativen Eigenschaften, durch die wichtige Arzneimittel, wie Chemothe-

rapeutika, stark in ihrer anwendbaren Dosis limitiert werden. Auf Nanomaterialien basierende 

Medikamenten-Transporter (engl.: Drug carrier (DCs)) sind dazu in der Lage diese Probleme 

zu beheben, indem sie Medikamente sicher durch den Körper zum Zielort transportieren. Das 

Ziel dieser Arbeit war es in vitro zu untersuchen, ob mehrwandige Kohlenstoffnanoröhren 

(engl.: multi walled carbon nanotubes (MWCNTs)) als drug carrier eigesetzt werden können, 

da ihre physikochemischen Eigenschaften Vorteile gegenüber sphärischen DCs vermuten las-

sen (wie beispielsweise eine erhöhte Ladungskapazität pro einzelnen Transporter).  

Der experimentelle Teil der Arbeit wurde in zwei Hauptabschnitte unterteilt. Zuerst wurde 

untersucht, ob die Entfernung von Eisenrückständen aus der MWCNT-Struktur, mit Hilfe 

einer nachträglichen Hitzebehandlung, zu einer Reduktion der Zytotoxizität der als Grundma-

terial für die DCs vorgesehenen MWCNTs führt. Für die Beurteilung wurden sowohl grund-

legende Parameter wie die Zellviabilität und Membranintegrität untersucht, wie auch weiter-

führende Parameter wie die intrazelluläre Produktion von reaktiven Sauerstoffspezies (engl.: 

reactive oxygen species (ROS)) und eine Zellzyklusanalyse. Die Annahme, dass die Hitzebe-

handlung eine Verbesserung der MWCNT Zytotoxizität bewirkt, wurde durch die Ergebnisse 

der Untersuchungen widerlegt. Die nachträgliche Hitzebehandlung induzierte eine signifikan-

te Erhöhung der Zytotoxizität, in Verbindung mit einer erhöhten ROS Produktion und dem 

Auslösen eines G2-Zellzyklusarrestes (engl.: G2-phase arrest). Weder eine signifikante ROS 

Produktion, noch der Zellzyklusarrest konnten für die unbehandelten MWCNTs nachgewie-

sen werden. Eine umfangreiche Charakterisierung der beiden MWCNTs zeigte, dass eine sig-

nifikant verringerte Anzahl an Oberflächendefekten der vermeintliche Grund hierfür ist. Die 

verringerte Anzahl an Oberflächendefekten führt zu einer erhöhten  MWCNT-

Hydrophobizität und dadurch zu einer Verstärkung der Zytotoxizität.  
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Im zweiten experimentellen Abschnitt wurde ein zweistufiger solvothermaler Prozess entwi-

ckelt um die MWCNTs kovalent mit Polyethylen Glykol (PEG), mit drei unterschiedlichen 

Kettenlängen (2, 12 und 20kDa), zu funktionalisieren. Das Ziel des Prozesses war es Bio-

kompatibilität in einem in vitro Co-Kultur-Modellsystem herzustellen, welches aus primären 

humanen Nabelschnurendothelzellen (engl.: HUVECs) sowie primären glatten Muskelzellen 

der Nabelschnur aufgebaut war und eine Arterienwand simulieren sollte. Durch eine Analyse 

der Zellviabilität und Membranintegrität von exponierten HUVECs wurde festgestellt, dass 

eine zwölfstündige PEG-Funktionalisierung nicht ausreicht um jegliche Zytotoxizität der 

MWCNTs zu unterdrücken, eine verlängerte Funktionalisierungszeit auf 24 Stunden zeigte 

allerdings den gewünschten Effekt. Im weiteren Verlauf wurden die Auswirkungen der 24 

Stunden funktionalisierten MWCNTs (MWCNT-PEG) auf HUVECs systematisch untersucht, 

unter anderem durch den Einsatz von mikroskopischen (Konfokal- und Immunfluoreszenz-

mikroskopie) und Genexpressionsanalysen. Die Untersuchungsergebnisse zeigten, dass 

nichtmodifizierte MWCNTs sowohl eine Entzündungs- wie auch eine Überladungsreaktion 

der Zellen hervorrufen. Außerdem führten sie zu einer deutlichen Veränderung des Zytoske-

letts, induzierten Multipolarität in mitotischen Zellen (was zum Zellzyklusarrest führt) und 

riefen eine signifikante Regulierung von Genen aus Apoptose-, Nekrose-, und Immuntoxiko-

logischen Pathways hervor. Eine vergleichende Analyse zur Pathwayaktivierung zeigte mode-

rate Aktivierungszahlen in unterschiedlichen Krankheits- und negativen Biofunktions-

Pathways (z.B. für Krebs, Leukozyten-Infiltration, ROS, cell death, etc.). MWCNT-PEG 

zeigten hingegen keinerlei Entzündungsreaktion in exponierten HUVECs. Für die MWCNT-

PEG mit 12 und 20kDa Kettenlänge wurde bei der Maximaldosis (25 µg/cm²) eine Überla-

dungsreaktion der Zellen festgestellt. Diese entsteht dann, wenn die Kombination aus 

MWCNT und PEG mit hoher Kettenlänge, bei einer hohen Expositionsdosis auf die Zellen 

sedimentieren. Die mikroskopischen Analysen zeigten weder eine Veränderung der Zytoske-

letts noch eine Induktion von Multipolarität durch die MWCNT-PEG. Die von den MWCNT-

PEG ausgelöste Genregulation war gering, nur einige wenige Gene wurden leicht oberhalb 

des Grenzwertes (RFC > 2) reguliert. Die Analyse zur Pathwayaktivierung zeigte, aufgrund 

der geringen Anzahl regulierter Gene, keine Aktivierungszahl für die drei unterschiedlichen 

MWCNT-PEG.  
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In einem letzten Schritt wurde die Ladungskapazität der entwickelten DCs (MWCNT-PEG 

mit 2, 12 und 20kDa) durch eine hydrophobische Beladung mit Doxorubicin (DOX) unter-

sucht. Alle drei DCs zeigten eine Ladungskapazität von ~200 % (Gewichtsprozent). Im An-

schluss wurde die Zytotoxizität von DC-gebundenem DOX mit der von freiem DOX in 

HUVECs verglichen. Ungebundenes DOX induzierte eine starke, dosisabhängige Zytotoxizi-

tät, wodurch die Viabilität von HUVECs, bei einer DOX-Konzentration von 2 µM, auf <20 % 

reduziert wurde. DC-gebundenes DOX rief einen leichten Vitalitätsverlust hervor (75 % der 

Kontrolle), dieser war allerdings über den gesamten Dosisbereich (bis 10 µM) konstant.  

Die Untersuchungsergebnisse führen zu zwei wichtigen Erkenntnissen: (1) Selbst kleine Mo-

difikation oder Behandlungen können die biologischen Eigenschaften (wie Zytotoxizität) von 

Nanomaterialien signifikant beeinflussen. Im hier vorliegenden Fall führte die reduzierte An-

zahl an Oberflächendefekten, durch eine einfache Hitzebehandlung, zu einer signifikanten 

Verstärkung der negativen, zytotoxischen Effekte. (2) Der hier präsentierte solvothermale 

Prozess zur PEG-Funktionalisierung führt zu einer soliden in vitro Biokompatibilität der vor-

gestellten MWCNTs. Somit haben die MWCNT-PEG ein hohes Potential zur Anwendung als 

Medikamententransporter (drug carrier).  
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Appendix 

A. Gene expression results (complete)  

Table 6: Overview of the gene expression of HUVECs exposed to the heavy PEGylated MWCNTs. RFCs > 

2 and RFCs < -2 are colored red and blue respectively. P-values < 0.05 are depicted bold. All RFCs are in com-

parison to the untreated control.  

Gene symbol 
CNT_PEG2kDa CNT_PEG12kDa CNT_PEG20kDa 

RFC p-value RFC p-value RFC p-value 

AASS 1.0826 0.71769 -1.162 0.63176 1.0297 0.90662 

ABCB1 1.4351 0.03881 1.0116 0.84873 1.1399 0.17081 

ABCB4 -1.4697 0.37607 -3.4422 0.14681 -2.9169 0.16705 

ABCC1 1.1416 0.42599 -1.0023 0.9444 1.0909 0.50139 

ABCC2 1.5029 0.64653 1.8921 0.37841 1.2274 0.97496 

ABCC3 1.2012 0.62686 1.4406 0.54998 1.0709 0.78129 

ABL1 1.1104 0.37034 1.0943 0.27075 1.119 0.23463 

ACAA1 1.3639 0.07371 1.1173 0.18394 1.2736 0.02974 

ACAA2 1.0218 0.74292 -1.0023 0.97518 -1.0554 0.43427 

ACACA 1.1053 0.61516 -1.0473 0.80941 1.0062 0.99775 

ACAD11 -1.0393 0.86806 -1.4273 0.08556 -1.139 0.4218 

ACAD9 1.0457 0.79261 -1.1487 0.51568 -1.0218 0.90305 

ACADL 1.1549 0.29417 1.0968 0.42605 1.3462 0.20469 

ACADM 1.0951 0.20585 1.0473 0.6079 1.0611 0.51858 

ACADS -1.1612 0.47152 -1.0163 0.91456 -1.2815 0.23418 

ACADSB 1.2349 0.04778 1.1096 0.38657 -1.204 0.80609 

ACADVL -1.0809 0.69157 -1.2483 0.19774 -1.1311 0.4131 

ACAT1 1.0481 0.60695 -1.0187 0.81464 1.0015 0.95797 

ACAT2 1.0751 0.52598 -1.1594 0.30632 -1.0409 0.64041 

ACLY 1.0077 0.95797 -1.0521 0.67966 1.0345 0.783 

ACO1 1.1259 0.37176 -1.0093 0.97208 1.0297 0.78638 

ACO2 -1.0513 0.7421 -1.0595 0.55508 -1.0433 0.74756 

ACOT1 1.0008 0.79049 -1.4406 0.63158 -1.1603 0.49165 

ACOT12 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

ACOT6 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

ACOT7 -1.1294 0.53613 -1.0305 0.90157 -1.053 0.56551 

ACOT8 1.3421 0.01069 -1.0867 0.63543 1.1087 0.27231 

ACOT9 1.0337 0.77336 1.0521 0.58982 1.1062 0.25663 

ACOX1 -1.0393 0.70086 -1.0546 0.69139 -1.0242 0.84336 

ACOX2 2.3913 0.06065 2.6027 0.01308 4.0903 0.06673 

ACOX3 -1.0039 0.92194 -1.0093 0.88597 -1.0385 0.83302 

ADH1C 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

ADK 1.1311 0.1661 1.0163 0.83739 1.0489 0.57626 

AHR -1.0393 0.6275 -1.2142 0.116 -1.0701 0.44159 

AHSG -1.1531 0.55126 -1.2142 0.46161 -1.2493 0.43663 

AKT1 1.0826 0.43443 1.0817 0.42883 1.132 0.10023 

ALB 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

ALDH1A1 -1.0132 0.84643 -1.1147 0.69308 -1.0951 0.70851 

ALDH2 -1.0273 0.76198 -1.0595 0.46566 -1.0926 0.48762 
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AMFR -1.1665 0.34113 -1.181 0.37601 -1.0876 0.70079 

APAF1 -1.1087 0.49622 -1.1096 0.67925 -1.0218 0.99668 

APEX1 1.0801 0.35315 -1.0668 0.63211 1.0297 0.69526 

APOA5 1.1549 0.29417 1.0968 0.42605 2.1469 0.15464 

APOE 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

APOF 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

AQP4 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

ASAH1 1.1792 0.30822 -1.2599 0.97231 -1.1765 0.97479 

ASNS 1.1285 0.37049 -1.0792 0.98004 1.0155 0.89162 

ATF4 1.1984 0.12464 1.1647 0.12043 1.1558 0.18536 

ATF6 1.0147 0.8407 1.0329 0.69666 -1.0265 0.94966 

ATM 1.0505 0.98661 1.0163 0.89592 -1.0147 0.82515 

ATP6V1G2 -1.7079 0.33038 -1.2599 0.52985 -1.2378 0.8612 

ATP8B1 -1.1216 0.40604 -1.1121 0.22561 -1.0313 0.82463 

ATR 1.2551 0.27658 1.0867 0.53326 1.0909 0.55075 

BAD -1.0489 0.65088 -1.1147 0.35502 -1.1765 0.39979 

BAK1 1.3703 0.14483 1.1783 0.16768 1.2274 0.30894 

BAX 1.0242 0.81695 -1.0892 0.36413 1.0297 0.75035 

BCL2 1.258 0.66498 1.3883 0.73819 3.9877 0.22699 

BCL2L1 1.0289 0.82502 -1.1147 0.63877 -1.0147 0.9521 

BCL2L11 1.0265 0.78267 1.1121 0.38076 -1.0851 0.97954 

BDH2 -1.0202 0.93246 -1.0449 0.55639 -1.3297 0.01946 

BID 1.0361 0.16673 1.0497 0.61131 -1.0218 0.73164 

BIRC3 1.2179 0.55016 -1.6663 0.10849 1.2245 0.56938 

BMF 1.7627 0.11063 1.3256 0.49757 -1.0289 0.77145 

BRCA1 -1.0636 0.70367 1 0.92271 1.1268 0.66792 

BRCA2 -1.4937 0.04374 -1.7331 0.085 -1.339 0.07496 

C3 1.1874 0.20655 1.0968 0.42605 1.066 0.62086 

C9 1.3514 0.11081 1.0968 0.42605 1.066 0.62086 

CASP1 -1.2648 0.42585 1.3074 0.87844 -1.3114 0.86312 

CASP3 1.2012 0.10235 1.014 0.82593 1.0709 0.40337 

CASP7 1.0652 0.58658 -1.0257 0.7941 -1.0242 0.93282 

CASP8 1.0147 0.93492 1.0116 0.95045 1.0226 0.955 

CASP9 -1.0039 0.98638 -1.057 0.5069 -1.0801 0.57273 

CAT 1.053 0.45825 -1.2746 0.08262 -1.204 0.17281 

CCDC103 -1.1062 0.3967 -1.8108 0.09634 -1.1259 0.37923 

CD19 1.1549 0.29417 1.3883 0.18896 1.066 0.62086 

CD300LD 1.8503 0.45238 2.9079 0.26234 8.2949 0.13394 

CD36 -2.5413 0.37056 -2.6268 0.36432 -2.9782 0.31432 

CD4 -1.256 0.53173 -1.7942 0.1617 -1.3862 0.37699 

CD40 -1.7681 0.26219 -1.5333 0.01106 -1.6987 0.02908 

CD40LG 1.4055 0.31932 1.0968 0.42605 2.0357 0.2472 

CD44 1.0457 0.76568 -1.0668 0.78391 1.0108 0.97911 

CD80 -1.1692 0.53565 -1.2311 0.45385 -1.2667 0.43053 

CD86 1.2349 0.10616 1.0968 0.42605 1.066 0.62086 

CD8A 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

CDKN1A 1.0851 0.31625 1.0305 0.62218 1.0465 0.65916 

CES2 -1.0039 0.97003 -1.0693 0.70971 -1.139 0.2381 

CFLAR 1.0194 0.96575 -1.2687 0.27198 -1.0077 0.92759 
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CHEK1 -1.1113 0.3423 -1.1594 0.2909 -1.0031 0.91688 

CHEK2 -1.1268 0.33964 -1.1728 0.21325 -1.053 0.75243 

CLEC18A 1.1028 0.72696 -1.3348 0.42392 -1.3862 0.44732 

COMMD4 1.0054 0.95841 -1.0693 0.31136 -1.1576 0.42813 

COMT 1.0265 0.765 1.0257 0.73298 -1.0313 0.88908 

COX6B1 -1.1531 0.13845 -1.1892 0.02857 -1.1364 0.06529 

COX8A 1.0603 0.50103 1.007 0.94658 -1.0218 0.83215 

CPT1A 1.0077 0.92852 -7.6387 0.41578 -1.1956 0.19767 

CPT1B -1.0085 0.92025 -1.0619 0.65509 -1.0926 0.59178 

CPT2 1.2464 0.43143 -1.1755 0.36834 1.3124 0.19297 

CRAT 1.1259 0.35282 -1.007 0.98888 -1.0726 0.85621 

CROT -1.1585 0.20151 -1.0187 0.92963 1.0586 0.67579 

CRYAA 1.4891 0.22361 1.0968 0.42605 1.066 0.62086 

CRYAB -1.4034 0.45904 -1.6896 0.38952 -1.383 0.47568 

CS 1.1079 0.40859 -1.0046 0.97638 1.0297 0.82497 

CTSB 1.1053 0.37756 1.0473 0.67013 -1.6948 0.50224 

CTSE 2.1206 0.32181 1.0968 0.42605 1.066 0.62086 

CYC1 -1.0734 0.67403 -1.0943 0.61473 -1.0603 0.6608 

CYLD 1.0361 0.8649 -1.021 0.80204 1.1478 0.41091 

CYP1A1 3.2142 0.00761 1.021 0.71405 1.1346 0.54776 

CYP1A2 1.139 0.32156 1.3947 0.36043 1.0513 0.67964 

CYP2B6 2.1751 0.39722 1.0401 0.66521 4.476 0.31179 

CYP2C19 -1.2077 0.50255 -1.2716 0.43382 -1.3084 0.41359 

CYP2C9 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

CYP2D6 1.0801 0.64106 -1.257 0.51893 -1.2844 0.83264 

CYP2E1 1.2815 0.62891 -1.2834 0.43573 -1.3205 0.41655 

CYP3A4 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

CYP7A1 6.0117 0.11351 6.0489 0.30348 11.3311 0.0192 

CYP7B1 -1.1719 0.56368 -1.234 0.50747 -1.2697 0.48857 

DDIT3 1.3958 0.18028 1.454 0.14889 1.6922 0.07952 

DECR1 -1.0345 0.77925 -1.1594 0.50792 -1.2667 0.40332 

DEFB1 1.1549 0.29417 1.0968 0.42605 1.5076 0.39097 

DERL1 1.1181 0.24048 1.0546 0.33261 1.0155 0.8078 

DHCR24 1.1603 0.27426 1.107 0.37958 1.1164 0.15425 

DLAT 1.0505 0.63463 1.0377 0.70191 1.0859 0.28829 

DLD 1.0751 0.39055 -1.0281 0.71173 1.0562 0.65242 

DLST 1.1443 0.40718 1.014 0.96296 1.1216 0.4566 

DNAJA1 1.0385 0.53257 -1.0767 0.71986 1.0884 0.3154 

DNAJA2 1.1028 0.32431 -1.0449 0.71097 1.0297 0.61758 

DNAJA3 1.0977 0.3798 1.0305 0.63338 1.0685 0.08173 

DNAJB1 1.0901 0.59067 -1.0377 0.82123 -1.0578 0.69712 

DNAJB6 -1.0202 0.7763 -1.0377 0.8235 1.0809 0.54919 

DNAJC3 -1.025 0.93507 -1.154 0.37084 -1.1028 0.69345 

DNAJC5 -1.0015 0.96462 -1.0743 0.47547 1.0417 0.56895 

DNAJC6 -2.7049 0.05818 -1.2226 0.63951 -2.7596 0.08592 

DNM1 1.0194 0.84354 -1.1892 0.5359 1.3277 0.56572 

DPYSL4 -1.0985 0.45117 -1.0817 0.72032 1.0369 0.79582 

DUOX1 2.0817 0.21701 -1.0116 0.8673 2.2277 0.20688 

DUOX2 1.5595 0.40524 1.0497 0.65472 4.2346 0.1351 
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ECHS1 1.139 0.06339 -1.0023 0.97342 1.0985 0.23062 

EDEM1 1.1846 0.36675 1.1199 0.42516 1.1113 0.51145 

EDEM3 1.1901 0.20433 1.0718 0.66334 1.2359 0.1507 

EHHADH -1.4562 0.05643 -1.6096 0.05555 -1.0726 0.75806 

EIF2AK3 -1.0062 0.9455 -1.5157 0.23676 -1.3205 0.0743 

EIF5B 1.0054 0.99354 -1.1355 0.38556 -1.0101 0.90087 

ENO1 -1.0226 0.94807 1.0093 0.99417 -1.0433 0.74282 

EP300 1.0218 0.98585 1.1514 0.60106 1.0155 0.9967 

EPHX1 1.1737 0.44087 1.0046 0.93824 -1.1522 0.51489 

EPX 1.0578 0.82144 2.0279 0.22254 1.0015 0.89936 

ERCC1 1.0031 0.9486 1.007 0.94309 -1.0801 0.59447 

ERCC2 -1.0985 0.18763 -1.1487 0.30573 -1.1181 0.60578 

ERCC3 -1.0834 0.65294 -1.1045 0.62535 1.2943 0.14261 

ERCC5 -1.0685 0.53032 -1.0546 0.78883 1.0202 0.82192 

ERCC6 1.0124 0.99007 -1.2834 0.32875 1.1294 0.45448 

ERN2 2.1502 0.3592 1.4675 0.61287 3.2241 0.2254 

ERO1L 1.0677 0.40401 -1.0644 0.18698 1.096 0.23614 

ERO1LB 1.0242 0.98931 1.3256 0.19307 -1.92 0.91827 

ESD 1.0289 0.81022 -1.0116 0.91295 -1.0433 0.72717 

ESR1 1.0361 0.82153 1.0619 0.66927 1.0155 0.94672 

F2 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

FABP1 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

FADD -1.1478 0.5214 -1.0305 0.74876 1.0586 0.87614 

FAS 1.0337 0.65936 -1.0546 0.78174 1.0611 0.53876 

FASLG 1.1549 0.29417 1.7451 0.3627 1.066 0.62086 

FASN 1.0054 0.8948 -1.1096 0.56661 -1.0124 0.97152 

FBXO6 1.0171 0.66494 -1.154 0.72643 -1.2464 0.98116 

FH 1.0147 0.95286 1.0305 0.85299 -1.0554 0.68708 

FMO2 1.4585 0.21146 1.154 0.29529 1.066 0.62086 

FMO3 -1.4495 0.25827 -1.6896 0.13281 -1.3054 0.30528 

FMO4 1.6715 0.41418 -1.544 0.65431 1.0039 0.72143 

FMO5 2.7279 0.06993 1.3348 0.70221 -1.0385 0.90761 

FOXI1 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

FXC1 1.0876 0.42881 -1.107 0.43288 -1.0031 0.99963 

GADD45A -1.0226 0.85102 -1.0668 0.77822 1.2302 0.10543 

GALNT5 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

GCDH 1.2493 0.14664 1.0401 0.81547 1.3713 0.07718 

GPD1 -1.256 0.34087 1.2426 0.54227 -1.3608 0.24588 

GPT 1.0951 0.63934 -1.0994 0.85648 1.0369 0.76852 

GPX1 1.0876 0.10533 1.0234 0.71853 1.0636 0.51653 

GPX2 -1.1719 0.65875 -1.1728 0.44513 -1.3175 0.98049 

GPX3 1.4754 0.25705 1.1408 0.60972 1.1993 0.50175 

GPX4 1.0433 0.3357 1.0619 0.24613 1.0441 0.57213 

GPX5 1.1956 0.19087 1.0968 0.42605 1.066 0.62086 

GPX6 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

GPX7 -1.9619 0.85626 -1.398 0.79337 -1.2095 0.7896 

GRB2 1.0826 0.41145 1.0449 0.72115 1.0513 0.70544 

GSTA3 1.1549 0.29417 1.0968 0.42605 1.1966 0.29906 

GSTM4 1.5595 0.24948 1.0329 0.86912 -1.2493 0.25311 
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HAAO 1.1549 0.29417 1.3165 0.34478 1.066 0.62086 

HADHA 1.0701 0.55591 1.0116 0.92911 1.0132 0.9406 

HADHB 1.0751 0.51026 -1.0817 0.42571 -1.0147 0.8964 

HERPUD1 -1.0179 0.98769 -1.0449 0.49405 -1.0481 0.6262 

HLA-DRB1 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

HOXA3 1.4551 0.14406 1.4373 0.08918 1.3969 0.24898 

HPN 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

HPX -1.2416 0.50951 -2.0898 0.31129 -1.1901 0.59892 

HRG 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

HSF1 -1.0155 0.91108 -1.1251 0.44735 -1.0008 0.95976 

HSF2 1.1028 0.5879 -1.2454 0.09616 1.0586 0.27951 

HSP90AA1 1.0171 0.85646 -1.0867 0.46075 1.0441 0.67361 

HSP90AB1 1.053 0.56871 -1.0817 0.51493 -1.0147 0.82145 

HSP90B1 -1.0441 0.90302 -1.0619 0.65362 1.0489 0.22437 

HSPA1A -1.3246 0.55555 -1.1045 0.49458 -1.1181 0.44129 

HSPA1B 1.0951 0.61079 1.1514 0.41562 1.1585 0.23609 

HSPA1L -1.9619 0.1993 -3.2641 0.15156 -1.4618 0.21104 

HSPA2 -1.0155 0.99586 -1.7901 0.72637 -1.0726 0.72298 

HSPA4 -1.0809 0.53793 -1.1728 0.27356 -1.1002 0.66518 

HSPA5 1.0265 0.56522 -1.0693 0.1933 1.0513 0.60642 

HSPA8 1.0218 0.74126 -1.007 0.99311 -1.0031 0.99229 

HSPA9 1.053 0.63906 1.0093 0.92732 1.0393 0.71683 

HSPB1 -1.0884 0.66606 -1.1408 0.57553 -1.2292 0.24431 

HSPB2 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

HSPB6 1.4251 0.34233 1.0842 0.83031 -1.3023 0.53272 

HSPB8 -14.814 0.20179 -3.6553 0.43528 1.3777 0.86744 

HSPBAP1 -1.1242 0.88755 -1.2658 0.93707 -1.0124 0.83541 

HSPD1 -1.0859 0.27893 -1.1892 0.24692 1.0393 0.68159 

HSPE1 1.1104 0.43049 1.0187 0.92361 1.0611 0.67094 

HSPH1 1.3328 0.1119 1.107 0.25455 1.2445 0.06143 

HTRA2 -1.0108 0.89247 -1.1121 0.36419 1.0417 0.71997 

HTRA4 1.0265 0.95582 -1.9908 0.22002 -1.4484 0.52554 

ICAM1 1.3328 0.11547 1.0187 0.92951 1.3154 0.26184 

IDH1 1.1079 0.28561 1.0994 0.46598 1.0039 0.99925 

IDH2 1.0481 0.84799 1.0546 0.83716 1.0784 0.74054 

IDH3A 1.2095 0.11998 1.0377 0.75555 1.0935 0.30087 

IDH3B -1.1011 0.53202 -1.2002 0.13342 -1.0901 0.58276 

IDH3G 1.139 0.52636 1.1277 0.49385 1.1139 0.55185 

IFNA1 -1.0155 0.88395 -1.0693 0.63254 -1.1002 0.57362 

IFNG 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

IL10 1.5997 0.30294 1.014 0.89562 -1.0147 0.93769 

IL13 2.5452 0.37348 2.0705 0.14669 3.1071 0.16238 

IL1A -3.1432 0.40612 -1.1199 0.57986 -2.5629 0.31152 

IL1B 1.2208 0.15783 1.4373 0.04876 1.3681 0.06843 

IL2 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

IL4 -1.7681 0.38785 -1.2142 0.83793 -1.5169 0.20108 

IL5 1.1549 0.29417 1.1121 0.37238 1.119 0.50551 

IL6 -1.259 0.53633 -1.0234 0.82718 -1.2522 0.36395 

INHBE 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 
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ITGAX 1.1443 0.39915 -1.0329 0.77742 -1.0194 0.84973 

JAG1 -1.0489 0.61486 -1.0668 0.68104 1.025 0.86207 

JPH3 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

KCNIP1 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

KHK -1.0513 0.69212 -1.0619 0.67011 1.0132 0.99828 

KLF1 1.0457 0.72806 1.257 0.4336 1.3808 0.31597 

LIG4 1.383 0.12229 1.2541 0.13385 1.3872 0.19064 

LMNA 9.4552 0.4551 9.361 0.4701 9.5063 0.44603 

LPL 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

LSS 1.0077 0.91342 -1.1045 0.40854 -1.0361 0.58064 

LY6D 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

LYZ -1.0909 0.64081 -1.1487 0.50699 -1.1819 0.47307 

MAG 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

MANBA 1.0851 0.62841 1.0968 0.5051 -1.0194 0.90965 

MAOA -1.1346 0.57728 -1.0943 0.51599 -1.1104 0.52358 

MAOB 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

MAPK8 1.1285 0.09341 1.0187 0.7941 1.1062 0.27792 

MBTPS1 -1.0297 0.75375 -1.146 0.28192 -1.0147 0.98157 

MBTPS2 1.1028 0.59813 1.0918 0.48271 1.3154 0.1104 

MCL1 1.1028 0.55853 -1.021 0.80671 1.0297 0.89129 

MDH1 -1.0273 0.69863 -1.0473 0.55346 -1.0652 0.63383 

MDH1B -1.4001 0.40355 1.2746 0.73243 1.233 0.80534 

MDH2 1.0265 0.48542 1.014 0.75127 -1.0124 0.77446 

MDM2 1.1207 0.33581 -1.0377 0.88517 1.0226 0.85525 

METAP2 1.1028 0.31496 -1.0792 0.36226 -1.0008 0.99412 

MGMT 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

MKI67 -1.0015 0.98024 -1.0401 0.81984 1.1268 0.06655 

MLH1 -1.2105 0.23435 -1.2226 0.08852 -1.0481 0.55549 

MLX 1.0242 0.79004 -1.0234 0.9505 1.0489 0.61009 

MPO 1.1549 0.29417 1.4012 0.19635 1.066 0.62086 

MRPS18B 1.1364 0.1727 1.1434 0.15023 1.1268 0.41724 

MSH2 -1.0935 0.1941 -1.2397 0.00608 -1.0433 0.6092 

MTTP 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

NFKB1 1.0313 0.73133 1.0842 0.38237 -1.0194 0.88472 

NPLOC4 1.1259 0.20654 1.0449 0.67644 1.0685 0.43298 

NQO1 1.2638 0.15382 1.1567 0.35733 1.1425 0.39373 

NR0B2 1.1285 0.82618 -1.2894 0.43409 -1.3266 0.4153 

NR1H4 1.1984 0.18619 1.0968 0.42605 1.3033 0.18277 

NR5A2 -3.9785 0.00487 -2.1936 0.14325 -2.1206 0.0463 

NUCB1 -1.191 0.17559 -1.1277 0.1451 -1.0578 0.74989 

NUDT1 1.0077 0.94865 1.0497 0.74615 1.0417 0.79317 

NUDT13 1.2755 0.50073 1.2541 0.53936 1.0226 0.98797 

NUDT15 1.0409 0.72829 -1.1408 0.17123 -1.1765 0.12534 

NUP210 -1.5145 0.2717 -1.7411 0.16651 -1.2493 0.69031 

OGDH -1.0345 0.90929 -1.1865 0.33185 -1.0457 0.58916 

OGG1 1.1028 0.63796 1.1251 0.52537 1.0085 0.91741 

OR10J3 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

OS9 1.0361 0.77607 -1.0892 0.67769 -1.0289 0.84426 

OSTalpha -1.1425 0.74965 -1.4506 0.55041 -1.1737 0.83165 
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OSTbeta 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

PARP1 1.0265 0.4697 -1.1096 0.11635 1.0202 0.68411 

PARP2 1.1338 0.27331 -1.1514 0.56522 -1.2067 0.32229 

PCCA 1.1079 0.36965 -1.0892 0.82749 1.0155 0.81229 

PCNA -1.0636 0.60504 -1.0046 0.99433 -1.0242 0.68783 

PDYN 1.1549 0.29417 1.4406 0.31676 1.066 0.62086 

PFDN5 1.1053 0.38505 1.0595 0.44437 1.0297 0.78494 

PNPLA3 1.2933 0.07045 -1.3013 0.17141 1.1719 0.44288 

PON1 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

POR -1.025 0.91342 -1.0281 0.84696 -1.0265 0.77041 

POU3F3 1.1549 0.29417 1.1147 0.39 1.066 0.62086 

PPARA 1.3421 0.23101 1.6779 0.09239 1.612 0.01922 

PPP1R15B 1.0457 0.813 -1.0619 0.59903 1.0108 0.99122 

PRDX1 1.1603 0.2903 1.1199 0.34915 1.0734 0.68172 

PRDX2 -1.0441 0.67763 1.0767 0.45307 -1.0101 0.88007 

PRDX6 -1.0062 0.95525 1.0116 0.83272 1.0393 0.61856 

PRKDC -1.1346 0.18676 -1.1019 0.52696 -1.1576 0.68864 

PTGS2 2.6779 0.06641 2.1386 0.10689 2.0881 0.10337 

PTPRC 1.1549 0.29417 1.257 0.09985 1.066 0.62086 

PVR -1.0935 0.66751 -1.1975 0.20929 -1.0603 0.66193 

RAB25 1.3114 0.3199 1.0968 0.42605 1.3969 0.22821 

RAD51 1.0385 0.77923 -1.2983 0.06871 1.0417 0.77137 

RDX 1.0505 0.66127 -1.007 0.98311 1.1268 0.49238 

RETN 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

S100A7A 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

S100A8 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

SC4MOL 1.1053 0.53626 -1.1121 0.57758 1.0759 0.61559 

SCD 1.1683 0.45422 1.0281 0.88388 1.1268 0.47511 

SDHA 1.0194 0.89148 -1.0305 0.85931 -1.0171 0.9094 

SDHB 1.1181 0.01731 1.021 0.60649 1.0562 0.40254 

SDHC 1.2123 0.31 1.3226 0.05382 1.2736 0.32031 

SDHD 1.4186 0.19157 1.0718 0.77659 1.0489 0.85672 

SEC62 -1.0538 0.69434 -1.154 0.03214 1.0226 0.76342 

SEL1L 1.0147 0.96618 1.0046 0.98234 -1.0481 0.77438 

SELS -1.0393 0.86747 -1.1251 0.48723 -1.0194 0.81186 

SERP1 -1.0809 0.62912 -1.1147 0.58294 1.025 0.91838 

SERPINA3 1.1549 0.29417 1.0968 0.42605 1.3124 0.40943 

SLC10A1 -1.7317 0.39896 -1.8234 0.3856 -1.8762 0.38046 

SLC2A3 1.0554 0.30109 1.0353 0.57455 1.0465 0.20067 

SLCO1A2 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

SMPD1 -1.0417 0.85709 -1.021 0.89039 -1.0147 0.92029 

SOD1 1.139 0.3697 1.0257 0.89396 1.0155 0.91542 

SPATA2 -1.0226 0.87943 1.1408 0.64693 1.0132 0.92689 

SREBF1 1.113 0.45153 1.0943 0.42581 -1.0289 0.67652 

STBD1 1.0361 0.98569 1.146 0.66554 -1.1028 0.63324 

SUCLA2 -1.3338 0.02271 -1.0767 0.71141 -1.2667 0.24501 

SUCLG1 1.1364 0.41591 1.0743 0.68196 1.0202 0.97816 

SUCLG2 1.0801 0.20974 -1.0918 0.52795 1.0179 0.82143 

SYCP2 1.3514 0.50744 -1.192 0.98887 -1.0926 0.88531 
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SYT1 -1.0393 0.95614 -1.0281 0.72941 -1.3205 0.05684 

SYVN1 -1.0417 0.71362 -1.2142 0.01912 1.1087 0.34286 

TAGLN 1.8762 0.30936 1.398 0.64656 1.6046 0.43084 

TCP1 1.1443 0.17022 -1.1173 0.28866 1.1531 0.05698 

TFF3 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

TGFB1 1.0054 0.91553 -1.057 0.67195 -1.0124 0.89446 

TMEM57 1.1846 0.21986 1.0619 0.65917 1.1612 0.42595 

TNF 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

TNFAIP8L1 1.0826 0.50249 1.154 0.42742 1.0709 0.62036 

TNFRSF10A 1.2609 0.10035 1.2628 0.1309 1.2161 0.32079 

TNFRSF10B -1.0809 0.66073 1.0521 0.65376 1.0489 0.69214 

TNFRSF1A 1.0218 0.88812 1.014 0.92517 -1.1002 0.33694 

TNFSF10 -1.665 0.05545 -1.6058 0.20999 -1.4317 0.07849 

TP53 -1.0202 0.7538 -1.0943 0.54031 -1.0008 0.98057 

TPO 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

TRIM10 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

TXNIP -1.3185 0.28183 -1.3379 0.21834 -1.2933 0.27354 

TXNL4B -1.0273 0.75193 -1.0693 0.71425 1.2302 0.28174 

TXNRD2 1.0218 0.80099 1.1019 0.31027 -1.2012 0.28061 

UBE2G2 1.1416 0.33112 -1.0473 0.71057 1.0297 0.73318 

UBE2J2 -1.0709 0.71235 -1.0187 0.74874 -1.0242 0.66817 

UBQLN2 -1.2854 0.38391 -1.154 0.52094 1.1011 0.7036 

UBXN4 1.0265 0.96322 -1.0693 0.72267 1.0345 0.91113 

UCP1 -2.0785 0.00541 -2.1886 0.00373 -1.0054 0.66149 

UCP2 1.0289 0.87181 -1.2716 0.80989 1.2274 0.6575 

UCP3 1.8675 0.38677 2.1386 0.28261 1.6308 0.43248 

UGT1A1 -1.5464 0.88451 -1.9954 0.90539 -1.9067 0.59725 

UGT2A1 -1.4765 0.57681 -1.8747 0.31576 -1.5134 0.52441 

UGT2B4 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

VCP -1.0273 0.87332 -1.0767 0.55097 -1.0337 0.67668 

WIPI1 1.0951 0.54863 1.1019 0.60667 1.0226 0.92995 

XBP1 1.0031 0.94795 -1.0943 0.3146 -1.0337 0.60109 

XIAP -1.0734 0.54184 -1.1277 0.38633 1.0297 0.82456 

XPA 1.7586 0.14078 1.2746 0.43605 1.797 0.03344 

XPC 1.898 0.10282 2.4967 0.03105 2.3821 0.02516 

XRCC1 1.1792 0.43897 1.2058 0.34729 1.0155 0.94258 

XRCC5 1.0826 0.46556 -1.0743 0.42993 1.0562 0.42089 

ACTB -1.1268 0.51232 -1.0892 0.47578 -1.0505 0.65964 

B2M 1.113 0.49811 1.0449 0.6926 1.0393 0.73956 

GAPDH -1.0685 0.54644 -1.0046 0.91856 -1.0433 0.71065 

HPRT1 1.0652 0.40736 -1.0093 0.83008 1.0685 0.23926 

RPLP0 1.0031 0.91892 1.014 0.76558 -1.0242 0.7926 

GDC 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

GDC 5.4056 0.37163 1.0968 0.42605 1.066 0.62086 

GDC 1.1549 0.29417 1.0968 0.42605 1.066 0.62086 

RTC 1.0265 0.94412 1.014 0.96982 -1.0265 0.96522 

RTC 1.0901 0.63798 1.0546 0.78215 -1.0008 0.93726 

RTC 1.0652 0.73976 1.0644 0.7415 -1.0008 0.94508 
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PPC 1.2667 0.37343 1.2311 0.48441 1.1216 0.66015 

PPC 1.0926 0.66357 1.0595 0.77628 -1.0627 0.8764 

PPC 1.171 0.52253 1.0023 0.99789 1.1612 0.52598 

 

Table 7: Overview of the gene expression of HUVECs exposed to the pristine MWCNT types. RFCs > 2 

and RFCs < -2 are colored red and blue respectively. P-values < 0.05 are depicted bold. All RFCs are in compar-

ison to the untreated control. 

Gene symbol 
CNT CNT_GND CNT_Ox6h 

RFC p-value RFC p-value RFC p-value 

AASS -1.2245 0.28122 -1.1478 0.39351 1.0513 0.8591 

ABCB1 1.4788 0.06902 1.445 0.00224 -1.2095 0.09664 

ABCB4 -1.119 0.46711 1.0008 0.76046 -2.4191 0.21643 

ABCC1 1.171 0.03409 1.1416 0.10371 -1.0409 0.5262 

ABCC2 1.2292 0.8584 -1.4001 0.43594 1.4395 0.68873 

ABCC3 1.0385 0.92959 1.2638 0.64649 -1.1156 0.93143 

ABL1 1.0124 0.83869 -1.0538 0.46978 1.259 0.03488 

ACAA1 -1.0108 0.95063 1.0171 0.82327 1.3003 0.05858 

ACAA2 -1.0935 0.17674 -1.0734 0.20484 -1.0677 0.4799 

ACACA 1.0077 0.94342 1.0361 0.88055 -1.0101 0.86859 

ACAD11 -1.1665 0.65113 -1.0734 0.63791 -1.2493 0.33266 

ACAD9 -1.1612 0.24192 -1.119 0.3745 -1.1416 0.36668 

ACADL 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

ACADM 1.1603 0.13277 1.0901 0.30804 1.0155 0.82146 

ACADS 1.0361 0.85486 -1.6535 0.09768 1.0709 0.78455 

ACADSB 1.1156 0.23769 -1.191 0.44764 1.1268 0.11567 

ACADVL -1.1062 0.56906 -1.1774 0.24503 -1.1522 0.29769 

ACAT1 1.0505 0.58915 1.0433 0.6383 1.0393 0.71007 

ACAT2 -1.0909 0.39945 -1.0369 0.6814 1.0155 0.89995 

ACLY 1.0603 0.58138 -1.0321 0.77998 1.0417 0.72767 

ACO1 1.0652 0.42315 1.0801 0.4774 -1.0242 0.86986 

ACO2 -1.0935 0.43261 -1.0179 0.90879 1.0393 0.75296 

ACOT1 -1.2161 0.81599 1.4251 0.37444 -1.3608 0.80106 

ACOT12 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

ACOT6 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

ACOT7 -1.1801 0.13158 -1.1665 0.1742 -1.0726 0.34758 

ACOT8 -1.0441 0.51034 -1.0202 0.99976 1.1164 0.36058 

ACOT9 1.0951 0.35531 1.0677 0.47127 1.0062 0.99341 

ACOX1 1.0951 0.60164 -1.0985 0.46249 1.0297 0.93536 

ACOX2 2.4699 0.12865 1.7627 0.24735 1.5898 0.29135 

ACOX3 1.0726 0.78063 1.0008 0.93935 1.0226 0.98181 

ADH1C 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

ADK 1.1443 0.06868 1.1207 0.133 1.1113 0.10737 

AHR -1.2914 0.00715 -1.2648 0.00689 -1.0776 0.16491 

AHSG -1.2245 0.44211 -1.0859 0.63686 -1.1207 0.61291 

AKT1 1.0851 0.32732 1.1079 0.20441 1.0611 0.37047 

ALB 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

ALDH1A1 -1.3003 0.221 -1.2531 0.23332 -1.7026 0.07094 
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ALDH2 -1.4099 0.00714 -1.5145 0.00135 -1.1156 0.02903 

AMFR -1.1828 0.1932 -1.3369 0.04986 -1.1285 0.35481 

APAF1 -1.4596 0.04273 -1.3462 0.08053 -1.1984 0.25104 

APEX1 1.0313 0.58747 -1.0909 0.41274 1.0015 0.99685 

APOA5 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

APOE 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

APOF 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

AQP4 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

ASAH1 -1.4262 0.13754 -1.0465 0.96033 1.1558 0.31358 

ASNS 1.1259 0.48279 1.139 0.46196 1.4066 0.02375 

ATF4 1.2067 0.09231 1.2321 0.08376 1.2824 0.07821 

ATF6 -1.3185 0.06564 -1.3064 0.15123 1.0834 0.48423 

ATM -1.1478 0.61626 -1.1966 0.47324 1.0935 0.80965 

ATP6V1G2 -1.665 0.29645 -1.7804 0.28919 -1.1364 0.72306 

ATP8B1 -1.5145 0.01988 -1.5181 0.0117 1.0321 0.7411 

ATR 1.171 0.24558 1.3328 0.07382 1.2161 0.09432 

BAD 1.0008 0.97232 -1.1938 0.14544 -1.0751 0.44431 

BAK1 1.053 0.46402 1.1338 0.4411 1.0321 0.74257 

BAX -1.0834 0.32243 -1.1164 0.21646 1.0393 0.69979 

BCL2 1.4023 0.74635 3.4449 0.39938 1.2914 0.76575 

BCL2L1 -1.025 0.88472 -1.1612 0.2612 -1.0101 0.89422 

BCL2L11 1.3798 0.13954 1.4517 0.0295 -1.0101 0.99793 

BDH2 1.1683 0.14662 -1.0393 0.63145 1.066 0.6305 

BID 1.0776 0.06364 1.0054 0.8897 1.0393 0.44033 

BIRC3 2.9304 0.03536 1.2012 0.56028 1.3064 0.49775 

BMF 1.6333 0.15664 1.4551 0.28959 1.2706 0.57181 

BRCA1 -1.0759 0.63967 -1.233 0.44143 -1.1603 0.46698 

BRCA2 -1.8776 0.02298 -1.9038 0.02112 -1.4754 0.13904 

C3 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

C9 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

CASP1 -1.0465 0.57434 -1.4164 0.67875 1.1399 0.84235 

CASP3 1.0433 0.71213 -1.096 0.53302 1.0859 0.22233 

CASP7 1.0289 0.754 1.113 0.25987 1.0085 0.89407 

CASP8 -1.0489 0.74986 -1.066 0.7043 1.0465 0.94381 

CASP9 -1.0489 0.76261 -1.0393 0.75881 1.0859 0.51316 

CAT -1.384 0.01906 -1.3277 0.01632 -1.0242 0.74663 

CCDC103 -1.5321 0.18528 -2.3931 0.00516 -1.5239 0.01863 

CD19 1.8248 0.36572 1.622 0.2471 1.55 0.10081 

CD300LD 4.1924 0.16883 10.2753 0.01986 2.3931 0.41224 

CD36 -1.764 0.39677 -2.2693 0.50521 1.2445 0.84272 

CD4 -1.3369 0.58712 -1.6046 0.20091 -1.2236 0.75248 

CD40 -3.695 0.00542 -1.9393 0.01294 -1.7586 0.02287 

CD40LG 2.1701 0.33518 1.8892 0.30743 1.8136 0.02571 

CD44 1.1233 0.34862 1.0409 0.7669 1.1242 0.33451 

CD80 -1.2416 0.43615 -1.1011 0.61376 -1.1364 0.59186 

CD86 1.0876 0.41882 1.3576 0.11368 1.1883 0.25616 

CD8A 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

CDKN1A 1.2638 0.00337 1.2815 0.00806 1.0985 0.33725 

CES2 -1.0586 0.60331 -1.1242 0.23194 1.0039 0.96314 
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CFLAR -1.1774 0.38325 -1.0538 0.64858 -1.0578 0.76198 

CHEK1 -1.2648 0.07083 -1.1828 0.27871 -1.1984 0.22481 

CHEK2 -1.2021 0.34981 -1.2736 0.17314 1.1164 0.37977 

CLEC18A 1.7709 0.25764 -1.2077 0.49947 -1.3545 0.32175 

COMMD4 -1.2049 0.05179 -1.0909 0.34024 -1.0242 0.72414 

COMT -1.1268 0.12285 -1.0538 0.81155 1.0834 0.36351 

COX6B1 -1.1452 0.41964 -1.0489 0.56445 -1.0124 0.99704 

COX8A 1.0218 0.82109 -1.066 0.49513 1.0784 0.37056 

CPT1A -1.1531 0.25777 -1.1036 0.42695 -7.7513 0.35473 

CPT1B 1.1874 0.54624 1.053 0.79134 14.145 0.37383 

CPT2 -1.4834 0.2333 -1.2302 0.30314 -1.1053 0.53029 

CRAT -1.1692 0.66915 -1.1612 0.33589 -1.1929 0.34062 

CROT -2.1027 0.00332 -1.8053 0.00042 -1.1053 0.41962 

CRYAA 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

CRYAB 1.1207 0.93682 -1.5111 0.42514 -1.0876 0.60274 

CS 1.1028 0.34492 1.0008 0.96804 1.1062 0.36034 

CTSB -1.0985 0.5087 -1.0709 0.30962 1.1346 0.12764 

CTSE 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

CYC1 -1.066 0.62055 -1.0909 0.54524 -1.1819 0.26216 

CYLD -1.0465 0.84597 1.0926 0.63662 1.1612 0.4911 

CYP1A1 14.9056 0.00009 10.4188 0.00017 -4.883 0.00754 

CYP1A2 1.1364 0.22203 1.2464 0.06969 1.1719 0.27741 

CYP2B6 1.3894 0.31008 1.472 0.26306 2.8197 0.10562 

CYP2C19 -1.2824 0.41907 -1.1373 0.56811 -1.1737 0.5497 

CYP2C9 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

CYP2D6 -1.3524 0.66639 1.1259 0.08995 1.0369 0.70868 

CYP2E1 1.0505 0.94944 -1.1478 0.55968 -1.0457 0.70259 

CYP3A4 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

CYP7A1 3.1408 0.40952 11.1665 0.21669 6.0442 0.24458 

CYP7B1 -1.2445 0.49571 -1.1036 0.6189 -1.139 0.60107 

DDIT3 1.574 0.09831 1.3514 0.35415 1.0345 0.90859 

DECR1 -1.3003 0.31429 -1.1558 0.4854 -1.0826 0.66479 

DEFB1 1.5099 0.30117 1.6295 0.24941 1.1883 0.25616 

DERL1 1.0433 0.55335 -1.0155 0.71166 -1.0218 0.80882 

DHCR24 1.0433 0.66416 -1.066 0.32834 1.1638 0.02014 

DLAT 1.0901 0.36312 -1.0393 0.78219 -1.0701 0.34761 

DLD -1.0465 0.5423 -1.0345 0.67648 1.0202 0.83036 

DLST -1.025 0.78816 -1.0441 0.64977 1.1294 0.37783 

DNAJA1 1.0242 0.67371 1.0313 0.50804 -1.1104 0.17611 

DNAJA2 1.0776 0.31374 1.0457 0.36529 -1.0385 0.39999 

DNAJA3 1.0313 0.6658 -1.0562 0.53481 1.0759 0.30081 

DNAJB1 -1.1558 0.18407 -1.0085 0.99279 -1.1956 0.18806 

DNAJB6 -1.0085 0.87644 -1.0369 0.72815 -1.0077 0.93377 

DNAJC3 -1.1855 0.1245 -1.2217 0.16658 -1.1929 0.28167 

DNAJC5 -1.1373 0.37077 -1.1113 0.2421 -1.0218 0.83598 

DNAJC6 -1.665 0.09716 -2.0785 0.05621 -1.5488 0.18667 

DNM1 -1.1087 0.62247 -1.0636 0.6736 1.0985 0.92592 

DPYSL4 -1.1425 0.24947 -1.0586 0.60225 1.0513 0.73123 

DUOX1 1.6371 0.43176 1.1104 0.97069 1.4495 0.58303 
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DUOX2 -1.0132 0.79559 1.4686 0.43204 -1.1104 0.80243 

ECHS1 -1.0108 0.92023 1.0008 0.97797 1.066 0.53106 

EDEM1 1.1956 0.38058 1.3328 0.04206 1.2503 0.09243 

EDEM3 1.2667 0.07972 1.2012 0.33004 1.2049 0.17093 

EHHADH -1.4462 0.22416 -3.3301 0.15109 -1.1416 0.47293 

EIF2AK3 -1.2388 0.19776 -1.7887 0.03969 -1.7224 0.03219 

EIF5B 1.0313 0.79368 -1.0586 0.63453 -1.2179 0.08782 

ENO1 -1.0015 0.92236 -1.0015 0.95936 -1.1079 0.46929 

EP300 1.0578 0.9168 -1.0015 0.85857 -1.0726 0.67382 

EPHX1 -1.4001 0.21169 -1.3369 0.18223 -1.0627 0.71264 

EPX -1.9573 0.19628 1.1576 0.68873 1.2531 0.68036 

ERCC1 -1.1692 0.20926 -1.1425 0.39463 -1.2179 0.06252 

ERCC2 -1.0417 0.89618 -1.2133 0.02452 -1.1079 0.36427 

ERCC3 1.0077 0.98475 -1.1268 0.41576 -1.1522 0.43144 

ERCC5 -1.3431 0.19237 -1.066 0.37061 1.0179 0.8403 

ERCC6 -1.0417 0.85109 -1.3587 0.08975 -1.0726 0.76915 

ERN2 1.7586 0.48425 -1.1294 0.61211 1.5464 0.58004 

ERO1L 1.1469 0.11031 1.0361 0.29979 1.0345 0.47947 

ERO1LB 1.1874 0.51442 1.5134 0.23503 1.1612 0.59306 

ESD -1.0417 0.58827 1.0031 0.9865 1.0834 0.56419 

ESR1 -1.066 0.56064 1.0578 0.67957 1.025 0.86957 

F2 1.2264 0.20143 1.2264 0.06186 1.1883 0.25616 

FABP1 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

FADD -1.1294 0.51735 -1.0513 0.67232 -1.2067 0.37815 

FAS -1.2388 0.19737 -1.3618 0.10255 1.1883 0.27298 

FASLG 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

FASN 1.1104 0.28671 -1.0179 0.76505 1.0345 0.69199 

FBXO6 1.5923 0.3409 -1.2943 0.57392 1.5286 0.40966 

FH -1.0809 0.52723 1.0603 0.66525 1.0202 0.91185 

FMO2 1.0876 0.41882 1.2264 0.06186 1.2359 0.23763 

FMO3 -5.3724 0.05096 -2.7553 0.06277 -1.1002 0.68251 

FMO4 1.0242 0.85476 -1.5145 0.39217 2.0499 0.1968 

FMO5 -1.822 0.29388 -1.6158 0.33811 1.1638 0.80573 

FOXI1 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

FXC1 1.1311 0.34947 -1.0226 0.74943 -1.1469 0.17826 

GADD45A 1.1233 0.41175 -1.0085 0.94274 -1.2993 0.34283 

GALNT5 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

GCDH -1.2531 0.43905 1.2904 0.14155 1.1746 0.4024 

GPD1 -1.3338 0.24065 1.0008 0.95366 -1.2208 0.40298 

GPT 1.3421 0.22156 -1.4131 0.26961 -1.2874 0.58353 

GPX1 1.0313 0.55051 1.0726 0.36787 1.1036 0.08561 

GPX2 1.2815 0.46901 -1.0935 0.95757 1.0734 0.76918 

GPX3 1.3894 0.35653 1.0101 0.9694 1.0039 0.91302 

GPX4 -1.0085 0.86541 -1.0226 0.33165 1.0759 0.28376 

GPX5 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

GPX6 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

GPX7 -1.8689 0.79292 -1.3003 0.6312 -1.2933 0.59097 

GRB2 1.0242 0.83989 -1.1346 0.23275 1.0321 0.79287 

GSTA3 1.0876 0.41882 1.2264 0.06186 1.5898 0.09311 
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GSTM4 -1.0417 0.78356 -1.5716 0.38433 -1.2208 0.54989 

HAAO 1.0876 0.41882 1.6599 0.2657 1.1883 0.25616 

HADHA 1.0677 0.54287 1.0361 0.75994 1.0489 0.66588 

HADHB 1.0147 0.92965 -1.0393 0.67162 1.0611 0.58634 

HERPUD1 -1.0636 0.60823 -1.0345 0.63537 -1.1496 0.23063 

HLA-DRB1 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

HOXA3 1.3483 0.07117 1.2493 0.153 1.1612 0.47528 

HPN 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

HPX -1.7398 0.38367 -1.1087 0.60915 -1.6034 0.42151 

HRG 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

HSF1 -1.0834 0.37505 -1.1164 0.26884 -1.0313 0.66336 

HSF2 1.1364 0.09116 -1.025 0.91735 1.1425 0.04763 

HSP90AA1 1.053 0.63116 1.113 0.26966 -1.0554 0.48242 

HSP90AB1 1.0171 0.86321 -1.0226 0.85279 1.0369 0.69714 

HSP90B1 -1.0538 0.54481 -1.0345 0.3547 -1.0171 0.6737 

HSPA1A -1.0859 0.60427 -1.2795 0.10713 -1.3175 0.14259 

HSPA1B 1.3734 0.02936 1.1104 0.32204 1.0935 0.37068 

HSPA1L -5.8654 0.00987 -1.0859 0.67609 -5.3682 0.01076 

HSPA2 1.6948 0.01129 1.0505 0.80663 1.0085 0.84842 

HSPA4 -1.0834 0.49158 1.0101 0.9468 -1.2095 0.2315 

HSPA5 -1.0538 0.58807 1.0457 0.54869 1.1294 0.08793 

HSPA8 1.0701 0.18521 -1.0062 0.86715 -1.0554 0.49531 

HSPA9 1.1002 0.3333 1.0801 0.50516 -1.1079 0.29193 

HSPB1 -1.119 0.5242 -1.2021 0.23477 -1.1792 0.22993 

HSPB2 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

HSPB6 2.0483 0.05908 1.2551 0.45193 1.4834 0.38806 

HSPB8 -3.4795 0.48312 -3.7726 0.65578 -2.7216 0.76367 

HSPBAP1 -1.0179 0.84591 -1.0985 0.34348 1.0586 0.61239 

HSPD1 -1.025 0.68222 -1.0441 0.74551 1.025 0.78097 

HSPE1 1.1285 0.29089 1.1156 0.40176 1.0465 0.74909 

HSPH1 1.1792 0.23209 1.1901 0.18348 1.0884 0.38246 

HTRA2 1.1416 0.24787 1.1104 0.31224 -1.2697 0.23287 

HTRA4 -1.2302 0.67667 -2.1768 0.17019 -1.3144 0.69086 

ICAM1 1.9244 0.00478 2.1551 0.00818 1.3431 0.18106 

IDH1 1.0008 0.9959 -1.1011 0.3407 1.1425 0.16197 

IDH2 -1.1036 0.49029 1.0385 0.90781 1.0321 0.95366 

IDH3A 1.2264 0.1144 1.1683 0.13171 1.0935 0.37409 

IDH3B -1.1993 0.15353 -1.1531 0.24813 -1.1002 0.33507 

IDH3G 1.0901 0.62823 1.0627 0.76734 1.0321 0.91527 

IFNA1 -1.0784 0.57 1.0457 0.84741 1.1062 0.63937 

IFNG 1.1496 0.20542 1.2264 0.06186 1.1883 0.25616 

IL10 1.0054 0.97736 1.1338 0.1731 1.0985 0.47886 

IL13 2.9237 0.04495 1.7424 0.24387 1.4731 0.34104 

IL1A -2.0594 0.47977 -3.5037 0.20964 -1.9603 0.41664 

IL1B 1.0876 0.41882 1.5668 0.22813 1.2189 0.15877 

IL2 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

IL4 -1.2445 0.79851 -1.6574 0.23528 -2.4135 0.00215 

IL5 1.7185 0.33002 1.2264 0.06186 1.1883 0.25616 

IL6 -1.1425 0.58614 1.1053 0.54172 1.0155 0.97546 
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INHBE 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

ITGAX -1.0417 0.69882 1.1603 0.36191 1.0489 0.77348 

JAG1 -1.191 0.39788 -1.3124 0.12938 -1.053 0.58448 

JPH3 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

KCNIP1 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

KHK -1.2133 0.49748 -1.1585 0.53327 -1.0218 0.8127 

KLF1 1.1984 0.21273 1.92 0.15265 1.4131 0.35924 

LIG4 1.0751 0.60143 1.3514 0.00693 1.4131 0.06431 

LMNA 10.7117 0.30218 10.0175 0.37534 9.2038 0.49185 

LPL 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

LSS -1.0859 0.62215 -1.233 0.07071 -1.0409 0.75898 

LY6D 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

LYZ -1.1585 0.477 -1.0273 0.77026 -1.0603 0.73163 

MAG 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

MANBA -1.3185 0.1697 -1.5006 0.07111 -1.0289 0.89688 

MAOA -1.4731 0.01199 -1.5898 0.01053 -1.3328 0.30552 

MAOB 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

MAPK8 -1.066 0.28605 1.0385 0.59761 1.1612 0.00495 

MBTPS1 -1.1216 0.2987 -1.2445 0.04828 -1.0361 0.62622 

MBTPS2 1.0147 0.85404 -1.2302 0.60908 -1.0481 0.67047 

MCL1 1.0977 0.53866 1.2179 0.17598 1.1373 0.45651 

MDH1 -1.0685 0.41067 -1.0513 0.59064 -1.0409 0.74549 

MDH1B 1.0218 0.96496 -1.4663 0.36299 -1.0313 0.97458 

MDH2 1.0147 0.70486 1.1002 0.21473 1.0859 0.35475 

MDM2 1.0265 0.84693 -1.066 0.66543 1.0834 0.55685 

METAP2 1.1181 0.23917 1.0385 0.71167 -1.0652 0.57559 

MGMT 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

MKI67 -1.191 0.06624 -1.2077 0.01067 1.0586 0.21084 

MLH1 -1.1719 0.08512 -1.2854 0.01928 -1.1819 0.15719 

MLX -1.0538 0.62995 -1.1062 0.34254 -1.1683 0.09597 

MPO 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

MRPS18B -1.0562 0.54033 -1.0985 0.5582 -1.0194 0.93465 

MSH2 -1.1531 0.20267 -1.191 0.16464 -1.0289 0.91516 

MTTP 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

NFKB1 -1.0417 0.73421 1.0242 0.80106 -1.1207 0.43724 

NPLOC4 1.0171 0.85289 1.0054 0.96665 1.1268 0.20902 

NQO1 1.4088 0.04123 1.4891 0.02787 1.119 0.52242 

NR0B2 -1.3003 0.42096 -1.1531 0.55478 -1.1901 0.53773 

NR1H4 1.4088 0.27784 1.2264 0.06186 1.1883 0.25616 

NR5A2 -6.1998 0.00077 -3.6779 0.02026 -1.3084 0.00617 

NUCB1 -1.1478 0.36429 -1.3094 0.0328 -1.0481 0.45309 

NUDT1 -1.2943 0.13475 1.1181 0.47779 1.3033 0.14092 

NUDT13 -1.1294 0.56627 1.0578 0.98639 1.0709 0.92714 

NUDT15 1.0554 0.6401 -1.0884 0.67212 1.0985 0.1976 

NUP210 -1.2795 0.57025 -1.5571 0.20979 -1.4153 0.26614 

OGDH 1.053 0.69236 -1.1087 0.29906 -1.1207 0.28004 

OGG1 1.1443 0.52689 1.0901 0.65996 1.1452 0.35285 

OR10J3 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

OS9 -1.0809 0.6106 -1.3462 0.04735 -1.0124 0.90869 
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OSTalpha -1.3556 0.36031 -1.3431 0.29142 -1.0554 0.89393 

OSTbeta 1.0876 0.41882 1.2264 0.06186 2.5121 0.32963 

PARP1 -1.1062 0.20648 -1.1585 0.01999 -1.0409 0.47003 

PARP2 -1.0155 0.91187 -1.0734 0.39954 -1.1285 0.32135 

PCCA 1.0313 0.74129 -1.0784 0.53691 -1.053 0.63634 

PCNA -1.1011 0.2925 -1.1746 0.07093 1.0202 0.83501 

PDYN 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

PFDN5 -1.0039 0.93198 1.0701 0.43083 1.1399 0.19665 

PNPLA3 1.2208 0.30506 1.0457 0.74596 1.1346 0.48616 

PON1 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

POR 1.1156 0.35721 -1.1011 0.4062 -1.0433 0.65347 

POU3F3 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

PPARA 1.1259 0.55797 1.5416 0.12767 1.5607 0.18266 

PPP1R15B 1.1443 0.36768 -1.1294 0.38259 1.025 0.93248 

PRDX1 1.0124 0.96626 1.1549 0.23428 1.1719 0.37801 

PRDX2 -1.0538 0.57384 1.0851 0.5637 1.0562 0.59881 

PRDX6 -1.0441 0.5198 -1.0513 0.37957 1.0297 0.65874 

PRKDC -1.1011 0.69632 -1.34 0.0354 -1.0977 0.94405 

PTGS2 10.2753 0.02199 9.0491 0.00013 1.7804 0.2583 

PTPRC 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

PVR -1.0226 0.90361 -1.0734 0.51056 -1.1819 0.30586 

RAB25 1.0876 0.41882 1.2264 0.06186 1.8863 0.23928 

RAD51 -1.0179 0.79304 -1.2359 0.09883 1.0226 0.88033 

RDX 1.0481 0.73379 1.0171 0.89818 1.0441 0.68248 

RETN 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

S100A7A 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

S100A8 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

SC4MOL 1.0951 0.54016 1.0677 0.66692 1.025 0.90554 

SCD 1.0876 0.64044 1.0554 0.7907 1.1268 0.48865 

SDHA 1.0481 0.68078 1.0218 0.87222 1.0179 0.90473 

SDHB 1.0171 0.76533 1.0578 0.4801 1.0809 0.30553 

SDHC -1.1399 0.74409 -1.1011 0.64145 1.1558 0.42171 

SDHD 1.1496 0.471 -1.1612 0.65746 -1.0385 0.78743 

SEC62 -1.0759 0.35459 -1.1558 0.15715 -1.2067 0.05272 

SEL1L -1.0759 0.58513 -1.1746 0.32934 -1.0031 0.8656 

SELS -1.1585 0.2129 -1.0611 0.55801 -1.0409 0.97604 

SERP1 -1.0759 0.63041 -1.0226 0.8265 1.0636 0.76919 

SERPINA3 1.8546 0.34065 1.3054 0.08986 1.4262 0.03323 

SLC10A1 -1.839 0.38288 1.4551 0.5932 -1.0337 0.84604 

SLC2A3 1.0481 0.29422 1.0776 0.42676 1.2503 0.01592 

SLCO1A2 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

SMPD1 -1.233 0.1581 -1.2133 0.20566 -1.0701 0.52756 

SOD1 1.0603 0.70804 1.1629 0.27714 1.1478 0.41405 

SPATA2 1.1656 0.59508 -1.2795 0.39248 1.1242 0.68593 

SREBF1 1.0901 0.33953 1.053 0.60775 1.0108 0.89628 

STBD1 -1.3064 0.35201 1.0677 0.84606 -1.1984 0.49725 

SUCLA2 -1.2077 0.21567 -1.0834 0.53005 -1.2321 0.05671 

SUCLG1 -1.0015 0.89358 1.0194 0.97268 1.0085 0.99508 

SUCLG2 -1.096 0.45949 -1.0273 0.66619 1.0015 0.95746 
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SYCP2 -1.9304 0.27099 -1.5607 0.53745 -1.6561 0.24568 

SYT1 1.1929 0.25832 1.0826 0.52295 1.1828 0.33297 

SYVN1 -1.1828 0.17734 -1.3462 0.05097 1.0685 0.47296 

TAGLN 1.6295 0.42309 1.0801 0.84827 1.4868 0.54793 

TCP1 1.1901 0.08984 1.1259 0.14881 1.1268 0.15074 

TFF3 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

TGFB1 1.0751 0.37176 -1.0538 0.51519 1.1062 0.15747 

TMEM57 1.139 0.41263 -1.0085 0.86269 1.0441 0.69405 

TNF 1.0876 0.41882 1.4857 0.12846 1.1883 0.25616 

TNFAIP8L1 -1.4034 0.08064 -1.2854 0.10682 1.1425 0.31987 

TNFRSF10A 1.2435 0.22665 1.0951 0.43905 1.3808 0.04766 

TNFRSF10B -1.0734 0.53796 -1.1294 0.50774 1.0513 0.65406 

TNFRSF1A -1.1612 0.17801 -1.2445 0.11544 -1.0077 0.8696 

TNFSF10 -5.8789 0.00503 -4.3941 0.00556 -1.4686 0.14952 

TP53 -1.1585 0.11815 -1.1801 0.15311 1.0321 0.71733 

TPO 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

TRIM10 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

TXNIP -1.9349 0.03975 -1.9438 0.04784 -1.4754 0.11527 

TXNL4B 1.0337 0.87787 1.0385 0.86467 1.1828 0.32167 

TXNRD2 -1.1828 0.09103 -1.1938 0.19918 -1.0385 0.62808 

UBE2G2 1.053 0.5202 1.1079 0.06236 1.1425 0.11468 

UBE2J2 -1.0062 0.8858 -1.0586 0.33404 -1.0265 0.8085 

UBQLN2 1.1156 0.67 -1.1087 0.59456 -1.2067 0.34416 

UBXN4 -1.0015 0.94412 -1.0369 0.85093 1.0179 0.99643 

UCP1 -2.2072 0.00318 -1.9573 0.00448 -1.3054 0.96605 

UCP2 -1.2445 0.9597 -1.0611 0.75836 1.3872 0.39426 

UCP3 -1.0985 0.62669 -1.4329 0.41004 1.1828 0.95804 

UGT1A1 1.2493 0.46333 1.9877 0.39813 -1.2264 0.97641 

UGT2A1 -2.2956 0.26362 -1.7478 0.34264 -2.1011 0.28483 

UGT2B4 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

VCP -1.0393 0.65144 -1.0909 0.41692 -1.0677 0.49555 

WIPI1 1.0265 0.88795 1.0265 0.8775 1.1399 0.48523 

XBP1 -1.0538 0.5502 -1.0759 0.17096 -1.0409 0.59327 

XIAP -1.2531 0.20248 -1.2736 0.20974 -1.2012 0.18613 

XPA 1.8503 0.09139 1.5029 0.09866 1.5357 0.10096 

XPC 1.7505 0.10952 1.1683 0.70832 1.1801 0.69116 

XRCC1 -1.4262 0.12583 -1.1692 0.39552 -1.0926 0.67067 

XRCC5 -1.0179 0.86425 -1.0179 0.77171 -1.0101 0.83089 

ACTB -1.0759 0.52275 -1.1139 0.44421 -1.113 0.37928 

B2M 1.0054 0.96712 1.0505 0.6811 1.1505 0.21931 

GAPDH 1.0505 0.47617 -1.0202 0.71735 -1.0876 0.30258 

HPRT1 1.0554 0.41824 1.0242 0.77771 1.0273 0.63627 

RPLP0 -1.1087 0.01842 -1.0039 0.99815 1.0586 0.15265 

GDC 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

GDC 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

GDC 1.0876 0.41882 1.2264 0.06186 1.1883 0.25616 

RTC -1.0759 0.61621 1.0627 0.78872 1.0039 0.98212 

RTC 1.0077 0.96679 1.0481 0.81699 1.0345 0.83954 
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RTC 1.0031 0.96163 1.1104 0.5442 1.0085 0.93788 

PPC 1.3576 0.16946 1.2522 0.30924 1.2217 0.40146 

PPC 1.053 0.81136 1.3236 0.15549 1.1113 0.61424 

PPC 1.1028 0.69101 1.1956 0.39534 1.1665 0.51077 

 

 

B. Gene description 

The following table shows the full description of the symbolized gene from the RTqPCR gene 

expression analysis.  

Table 8: Description of all genes, symbolized through the respective abbreviations in the gene expression 

analysis. 

Symbol Description 
AASS Aminoadipate-semialdehyde synthase 

ABCB1 ATP-binding cassette, sub-family B (MDR/TAP), member 1 

ABCB4 ATP-binding cassette, sub-family B (MDR/TAP), member 4 

ABCC1 ATP-binding cassette, sub-family C (CFTR/MRP), member 1 

ABCC2 ATP-binding cassette, sub-family C (CFTR/MRP), member 2 

ABCC3 ATP-binding cassette, sub-family C (CFTR/MRP), member 3 

ABL1 C-abl oncogene 1, non-receptor tyrosine kinase 

ACAA1 Acetyl-CoA acyltransferase 1 

ACAA2 Acetyl-CoA acyltransferase 2 

ACACA Acetyl-CoA carboxylase alpha 

ACAD11 Acyl-CoA dehydrogenase family, member 11 

ACAD9 Acyl-CoA dehydrogenase family, member 9 

ACADL Acyl-CoA dehydrogenase, long chain 

ACADM Acyl-CoA dehydrogenase, C-4 to C-12 straight chain 

ACADS Acyl-CoA dehydrogenase, C-2 to C-3 short chain 

ACADSB Acyl-CoA dehydrogenase, short/branched chain 

ACADVL Acyl-CoA dehydrogenase, very long chain 

ACAT1 Acetyl-CoA acetyltransferase 1 

ACAT2 Acetyl-CoA acetyltransferase 2 

ACLY ATP citrate lyase 

ACO1 Aconitase 1, soluble 

ACO2 Aconitase 2, mitochondrial 

ACOT1 Acyl-CoA thioesterase 1 

ACOT12 Acyl-CoA thioesterase 12 

ACOT6 Acyl-CoA thioesterase 6 

ACOT7 Acyl-CoA thioesterase 7 

ACOT8 Acyl-CoA thioesterase 8 

ACOT9 Acyl-CoA thioesterase 9 

ACOX1 Acyl-CoA oxidase 1, palmitoyl 

ACOX2 Acyl-CoA oxidase 2, branched chain 
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ACOX3 Acyl-CoA oxidase 3, pristanoyl 

ADH1C Alcohol dehydrogenase 1C (class I), gamma polypeptide 

ADK Adenosine kinase 

AHR Aryl hydrocarbon receptor 

AHSG Alpha-2-HS-glycoprotein 

AKT1 V-akt murine thymoma viral oncogene homolog 1 

ALB Albumin 

ALDH1A1 Aldehyde dehydrogenase 1 family, member A1 

ALDH2 Aldehyde dehydrogenase 2 family (mitochondrial) 

AMFR Autocrine motility factor receptor 

APAF1 Apoptotic peptidase activating factor 1 

APEX1 APEX nuclease (multifunctional DNA repair enzyme) 1 

APOA5 Apolipoprotein A-V 

APOE Apolipoprotein E 

APOF Apolipoprotein F 

AQP4 Aquaporin 4 

ASAH1 N-acylsphingosine amidohydrolase (acid ceramidase) 1 

ASNS Asparagine synthetase (glutamine-hydrolyzing) 

ATF4 Activating transcription factor 4 (tax-responsive enhancer element B67) 

ATF6 Activating transcription factor 6 

ATM Ataxia telangiectasia mutated 

ATP6V1G2 ATPase, H+ transporting, lysosomal 13kDa, V1 subunit G2 

ATP8B1 ATPase, aminophospholipid transporter, class I, type 8B, member 1 

ATR Ataxia telangiectasia and Rad3 related 

BAD BCL2-associated agonist of cell death 

BAK1 BCL2-antagonist/killer 1 

BAX BCL2-associated X protein 

BCL2 B-cell CLL/lymphoma 2 

BCL2L1 BCL2-like 1 

BCL2L11 BCL2-like 11 (apoptosis facilitator) 

BDH2 3-hydroxybutyrate dehydrogenase, type 2 

BID BH3 interacting domain death agonist 

BIRC3 Baculoviral IAP repeat containing 3 

BMF Bcl2 modifying factor 

BRCA1 Breast cancer 1, early onset 

BRCA2 Breast cancer 2, early onset 

C3 Complement component 3 

C9 Complement component 9 

CASP1 
Caspase 1, apoptosis-related cysteine peptidase (interleukin 1, beta, con-

vertase) 

CASP3 Caspase 3, apoptosis-related cysteine peptidase 

CASP7 Caspase 7, apoptosis-related cysteine peptidase 

CASP8 Caspase 8, apoptosis-related cysteine peptidase 

CASP9 Caspase 9, apoptosis-related cysteine peptidase 

CAT Catalase 

CCDC103 Coiled-coil domain containing 103 

CD19 CD19 molecule 

CD300LD CD300 molecule-like family member d 

CD36 CD36 molecule (thrombospondin receptor) 
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CD4 CD4 molecule 

CD40 CD40 molecule, TNF receptor superfamily member 5 

CD40LG CD40 ligand 

CD44 CD44 molecule (Indian blood group) 

CD80 CD80 molecule 

CD86 CD86 molecule 

CD8A CD8a molecule 

CDKN1A Cyclin-dependent kinase inhibitor 1A (p21, Cip1) 

CES2 Carboxylesterase 2 

CFLAR CASP8 and FADD-like apoptosis regulator 

CHEK1 CHK1 checkpoint homolog (S. pombe) 

CHEK2 CHK2 checkpoint homolog (S. pombe) 

CLEC18A C-type lectin domain family 18, member A 

COMMD4 COMM domain containing 4 

COMT Catechol-O-methyltransferase 

COX6B1 Cytochrome c oxidase subunit Vib polypeptide 1 (ubiquitous) 

COX8A Cytochrome c oxidase subunit VIIIA (ubiquitous) 

CPT1A Carnitine palmitoyltransferase 1A (liver) 

CPT1B Carnitine palmitoyltransferase 1B (muscle) 

CPT2 Carnitine palmitoyltransferase 2 

CRAT Carnitine O-acetyltransferase 

CROT Carnitine O-octanoyltransferase 

CRYAA Crystallin, alpha A 

CRYAB Crystallin, alpha B 

CS Citrate synthase 

CTSB Cathepsin B 

CTSE Cathepsin E 

CYC1 Cytochrome c-1 

CYLD Cylindromatosis (turban tumor syndrome) 

CYP1A1 Cytochrome P450, family 1, subfamily A, polypeptide 1 

CYP1A2 Cytochrome P450, family 1, subfamily A, polypeptide 2 

CYP2B6 Cytochrome P450, family 2, subfamily B, polypeptide 6 

CYP2C19 Cytochrome P450, family 2, subfamily C, polypeptide 19 

CYP2C9 Cytochrome P450, family 2, subfamily C, polypeptide 9 

CYP2D6 Cytochrome P450, family 2, subfamily D, polypeptide 6 

CYP2E1 Cytochrome P450, family 2, subfamily E, polypeptide 1 

CYP3A4 Cytochrome P450, family 3, subfamily A, polypeptide 4 

CYP7A1 Cytochrome P450, family 7, subfamily A, polypeptide 1 

CYP7B1 Cytochrome P450, family 7, subfamily B, polypeptide 1 

DDIT3 DNA-damage-inducible transcript 3 

DECR1 2,4-dienoyl CoA reductase 1, mitochondrial 

DEFB1 Defensin, beta 1 

DERL1 Der1-like domain family, member 1 

DHCR24 24-dehydrocholesterol reductase 

DLAT Dihydrolipoamide S-acetyltransferase 

DLD Dihydrolipoamide dehydrogenase 

DLST 
Dihydrolipoamide S-succinyltransferase (E2 component of 2-oxo-glutarate 

complex) 

DNAJA1 DnaJ (Hsp40) homolog, subfamily A, member 1 
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DNAJA2 DnaJ (Hsp40) homolog, subfamily A, member 2 

DNAJA3 DnaJ (Hsp40) homolog, subfamily A, member 3 

DNAJB1 DnaJ (Hsp40) homolog, subfamily B, member 1 

DNAJB6 DnaJ (Hsp40) homolog, subfamily B, member 6 

DNAJC3 DnaJ (Hsp40) homolog, subfamily C, member 3 

DNAJC5 DnaJ (Hsp40) homolog, subfamily C, member 5 

DNAJC6 DnaJ (Hsp40) homolog, subfamily C, member 6 

DNM1 Dynamin 1 

DPYSL4 Dihydropyrimidinase-like 4 

DUOX1 Dual oxidase 1 

DUOX2 Dual oxidase 2 

ECHS1 Enoyl CoA hydratase, short chain, 1, mitochondrial 

EDEM1 ER degradation enhancer, mannosidase alpha-like 1 

EDEM3 ER degradation enhancer, mannosidase alpha-like 3 

EHHADH Enoyl-CoA, hydratase/3-hydroxyacyl CoA dehydrogenase 

EIF2AK3 Eukaryotic translation initiation factor 2-alpha kinase 3 

EIF5B Eukaryotic translation initiation factor 5B 

ENO1 Enolase 1, (alpha) 

EP300 E1A binding protein p300 

EPHX1 Epoxide hydrolase 1, microsomal (xenobiotic) 

EPX Eosinophil peroxidase 

ERCC1 
Excision repair cross-complementing rodent repair deficiency, complementa-

tion group 1 (includes overlapping antisense sequence) 

ERCC2 
Excision repair cross-complementing rodent repair deficiency, complementa-

tion group 2 

ERCC3 
Excision repair cross-complementing rodent repair deficiency, complementa-

tion group 3 (xeroderma pigmentosum group B complementing) 

ERCC5 
Excision repair cross-complementing rodent repair deficiency, complementa-

tion group 5 

ERCC6 
Excision repair cross-complementing rodent repair deficiency, complementa-

tion group 6 

ERN2 Endoplasmic reticulum to nucleus signaling 2 

ERO1L ERO1-like (S. cerevisiae) 

ERO1LB ERO1-like beta (S. cerevisiae) 

ESD Esterase D 

ESR1 Estrogen receptor 1 

F2 Coagulation factor II (thrombin) 

FABP1 Fatty acid binding protein 1, liver 

FADD Fas (TNFRSF6)-associated via death domain 

FAS Fas (TNF receptor superfamily, member 6) 

FASLG Fas ligand (TNF superfamily, member 6) 

FASN Fatty acid synthase 

FBXO6 F-box protein 6 

FH Fumarate hydratase 

FMO2 Flavin containing monooxygenase 2 (non-functional) 

FMO3 Flavin containing monooxygenase 3 

FMO4 Flavin containing monooxygenase 4 

FMO5 Flavin containing monooxygenase 5 

FOXI1 Forkhead box I1 

FXC1 Fracture callus 1 homolog (rat) 
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GADD45A Growth arrest and DNA-damage-inducible, alpha 

GALNT5 
UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-

acetylgalactosaminyltransferase 5 (GalNAc-T5) 

GCDH Glutaryl-CoA dehydrogenase 

GPD1 Glycerol-3-phosphate dehydrogenase 1 (soluble) 

GPT Glutamic-pyruvate transaminase (alanine aminotransferase) 

GPX1 Glutathione peroxidase 1 

GPX2 Glutathione peroxidase 2 (gastrointestinal) 

GPX3 Glutathione peroxidase 3 (plasma) 

GPX4 Glutathione peroxidase 4 (phospholipid hydroperoxidase) 

GPX5 Glutathione peroxidase 5 (epididymal androgen-related protein) 

GPX6 Glutathione peroxidase 6 (olfactory) 

GPX7 Glutathione peroxidase 7 

GRB2 Growth factor receptor-bound protein 2 

GSTA3 Glutathione S-transferase alpha 3 

GSTM4 Glutathione S-transferase mu 4 

HAAO 3-hydroxyanthranilate 3,4-dioxygenase 

HADHA 
Hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydra-

tase (trifunctional protein), alpha subunit 

HADHB 
Hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydra-

tase (trifunctional protein), beta subunit 

HERPUD1 
Homocysteine-inducible, endoplasmic reticulum stress-inducible, ubiquitin-

like domain member 1 

HLA-DRB1 Major histocompatibility complex, class II, DR beta 1 

HOXA3 Homeobox A3 

HPN Hepsin 

HPX Hemopexin 

HRG Histidine-rich glycoprotein 

HSF1 Heat shock transcription factor 1 

HSF2 Heat shock transcription factor 2 

HSP90AA1 Heat shock protein 90kDa alpha (cytosolic), class A member 1 

HSP90AB1 Heat shock protein 90kDa alpha (cytosolic), class B member 1 

HSP90B1 Heat shock protein 90kDa beta (Grp94), member 1 

HSPA1A Heat shock 70kDa protein 1A 

HSPA1B Heat shock 70kDa protein 1B 

HSPA1L Heat shock 70kDa protein 1-like 

HSPA2 Heat shock 70kDa protein 2 

HSPA4 Heat shock 70kDa protein 4 

HSPA5 Heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa) 

HSPA8 Heat shock 70kDa protein 8 

HSPA9 Heat shock 70kDa protein 9 (mortalin) 

HSPB1 Heat shock 27kDa protein 1 

HSPB2 Heat shock 27kDa protein 2 

HSPB6 Heat shock protein, alpha-crystallin-related, B6 

HSPB8 Heat shock 22kDa protein 8 

HSPBAP1 HSPB (heat shock 27kDa) associated protein 1 

HSPD1 Heat shock 60kDa protein 1 (chaperonin) 

HSPE1 Heat shock 10kDa protein 1 (chaperonin 10) 

HSPH1 Heat shock 105kDa/110kDa protein 1 

HTRA2 HtrA serine peptidase 2 
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HTRA4 HtrA serine peptidase 4 

ICAM1 Intercellular adhesion molecule 1 

IDH1 Isocitrate dehydrogenase 1 (NADP+), soluble 

IDH2 Isocitrate dehydrogenase 2 (NADP+), mitochondrial 

IDH3A Isocitrate dehydrogenase 3 (NAD+) alpha 

IDH3B Isocitrate dehydrogenase 3 (NAD+) beta 

IDH3G Isocitrate dehydrogenase 3 (NAD+) gamma 

IFNA1 Interferon, alpha 1 

IFNG Interferon, gamma 

IL10 Interleukin 10 

IL13 Interleukin 13 

IL1A Interleukin 1, alpha 

IL1B Interleukin 1, beta 

IL2 Interleukin 2 

IL4 Interleukin 4 

IL5 Interleukin 5 (colony-stimulating factor, eosinophil) 

IL6 Interleukin 6 (interferon, beta 2) 

INHBE inhibin, beta E 

ITGAX Integrin, alpha X (complement component 3 receptor 4 subunit) 

JAG1 Jagged 1 

JPH3 Junctophilin 3 

KCNIP1 Kv channel interacting protein 1 

KHK Ketohexokinase (fructokinase) 

KLF1 Kruppel-like factor 1 (erythroid) 

LIG4 Ligase IV, DNA, ATP-dependent 

LMNA Lamin A/C 

LPL Lipoprotein lipase 

LSS Lanosterol synthase (2,3-oxidosqualene-lanosterol cyclase) 

LY6D Lymphocyte antigen 6 complex, locus D 

LYZ Lysozyme 

MAG Myelin associated glycoprotein 

MANBA Mannosidase, beta A, lysosomal 

MAOA Monoamine oxidase A 

MAOB Monoamine oxidase B 

MAPK8 Mitogen-activated protein kinase 8 

MBTPS1 Membrane-bound transcription factor peptidase, site 1 

MBTPS2 Membrane-bound transcription factor peptidase, site 2 

MCL1 Myeloid cell leukemia sequence 1 (BCL2-related) 

MDH1 Malate dehydrogenase 1, NAD (soluble) 

MDH1B Malate dehydrogenase 1B, NAD (soluble) 

MDH2 Malate dehydrogenase 2, NAD (mitochondrial) 

MDM2 Mdm2 p53 binding protein homolog (mouse) 

METAP2 Methionyl aminopeptidase 2 

MGMT O-6-methylguanine-DNA methyltransferase 

MKI67 Antigen identified by monoclonal antibody Ki-67 

MLH1 MutL homolog 1, colon cancer, nonpolyposis type 2 (E. coli) 

MLX MAX-like protein X 

MPO Myeloperoxidase 

MRPS18B Mitochondrial ribosomal protein S18B 
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MSH2 MutS homolog 2, colon cancer, nonpolyposis type 1 (E. coli) 

MTTP Microsomal triglyceride transfer protein 

NFKB1 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 

NPLOC4 Nuclear protein localization 4 homolog (S. cerevisiae) 

NQO1 NAD(P)H dehydrogenase, quinone 1 

NR0B2 Nuclear receptor subfamily 0, group B, member 2 

NR1H4 Nuclear receptor subfamily 1, group H, member 4 

NR5A2 Nuclear receptor subfamily 5, group A, member 2 

NUCB1 Nucleobindin 1 

NUDT1 Nudix (nucleoside diphosphate linked moiety X)-type motif 1 

NUDT13 Nudix (nucleoside diphosphate linked moiety X)-type motif 13 

NUDT15 Nudix (nucleoside diphosphate linked moiety X)-type motif 15 

NUP210 Nucleoporin 210kDa 

OGDH Oxoglutarate (alpha-ketoglutarate) dehydrogenase (lipoamide) 

OGG1 8-oxoguanine DNA glycosylase 

OR10J3 Olfactory receptor, family 10, subfamily J, member 3 

OS9 Osteosarcoma amplified 9, endoplasmic reticulum lectin 

OSTalpha Organic solute transporter alpha 

OSTbeta Organic solute transporter beta 

PARP1 Poly (ADP-ribose) polymerase 1 

PARP2 Poly (ADP-ribose) polymerase 2 

PCCA Propionyl CoA carboxylase, alpha polypeptide 

PCNA Proliferating cell nuclear antigen 

PDYN Prodynorphin 

PFDN5 Prefoldin subunit 5 

PNPLA3 Patatin-like phospholipase domain containing 3 

PON1 Paraoxonase 1 

POR P450 (cytochrome) oxidoreductase 

POU3F3 POU class 3 homeobox 3 

PPARA Peroxisome proliferator-activated receptor alpha 

PPP1R15B Protein phosphatase 1, regulatory (inhibitor) subunit 15B 

PRDX1 Peroxiredoxin 1 

PRDX2 Peroxiredoxin 2 

PRDX6 Peroxiredoxin 6 

PRKDC Protein kinase, DNA-activated, catalytic polypeptide 

PTGS2 
Prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase and 

cyclooxygenase) 

PTPRC Protein tyrosine phosphatase, receptor type, C 

PVR Poliovirus receptor 

RAB25 RAB25, member RAS oncogene family 

RAD51 RAD51 homolog (S. cerevisiae) 

RDX Radixin 

RETN Resistin 

S100A7A S100 calcium binding protein A7A 

S100A8 S100 calcium binding protein A8 

SC4MOL Sterol-C4-methyl oxidase-like 

SCD Arylacetamide deacetylase 

SDHA Succinate dehydrogenase complex, subunit A, flavoprotein (Fp) 

SDHB Succinate dehydrogenase complex, subunit B, iron sulfur (Ip) 
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SDHC 
Succinate dehydrogenase complex, subunit C, integral membrane protein, 

15kDa 

SDHD Succinate dehydrogenase complex, subunit D, integral membrane protein 

SEC62 SEC62 homolog (S. cerevisiae) 

SEL1L Sel-1 suppressor of lin-12-like (C. elegans) 

SELS Selenoprotein S 

SERP1 Stress-associated endoplasmic reticulum protein 1 

SERPINA3 
Serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), 

member 3 

SLC10A1 Solute carrier family 10 (sodium/bile acid cotransporter family), member 1 

SLC2A3 Solute carrier family 2 (facilitated glucose transporter), member 3 

SLCO1A2 Solute carrier organic anion transporter family, member 1A2 

SMPD1 Sphingomyelin phosphodiesterase 1, acid lysosomal 

SOD1 Superoxide dismutase 1, soluble 

SPATA2 Spermatogenesis associated 2 

SREBF1 Sterol regulatory element binding transcription factor 1 

STBD1 Starch binding domain 1 

SUCLA2 Succinate-CoA ligase, ADP-forming, beta subunit 

SUCLG1 Succinate-CoA ligase, alpha subunit 

SUCLG2 Succinate-CoA ligase, GDP-forming, beta subunit 

SYCP2 Synaptonemal complex protein 2 

SYT1 Synaptotagmin I 

SYVN1 Synovial apoptosis inhibitor 1, synoviolin 

TAGLN Transgelin 

TCP1 T-complex 1 

TFF3 Trefoil factor 3 (intestinal) 

TGFB1 Transforming growth factor, beta 1 

TMEM57 Transmembrane protein 57 

TNF Tumor necrosis factor 

TNFAIP8L1 Tumor necrosis factor, alpha-induced protein 8-like 1 

TNFRSF10A Tumor necrosis factor receptor superfamily, member 10a 

TNFRSF10B Tumor necrosis factor receptor superfamily, member 10b 

TNFRSF1A Tumor necrosis factor receptor superfamily, member 1A 

TNFSF10 Tumor necrosis factor (ligand) superfamily, member 10 

TP53 Tumor protein p53 

TPO Thyroid peroxidase 

TRIM10 Tripartite motif containing 10 

TXNIP Thioredoxin interacting protein 

TXNL4B Thioredoxin-like 4B 

TXNRD2 Thioredoxin reductase 2 

UBE2G2 Ubiquitin-conjugating enzyme E2G 2 

UBE2J2 Ubiquitin-conjugating enzyme E2, J2 

UBQLN2 Ubiquilin 2 

UBXN4 UBX domain protein 4 

UCP1 Uncoupling protein 1 (mitochondrial, proton carrier) 

UCP2 Uncoupling protein 2 (mitochondrial, proton carrier) 

UCP3 Uncoupling protein 3 (mitochondrial, proton carrier) 

UGT1A1 UDP glucuronosyltransferase 1 family, polypeptide A1 

UGT2A1 UDP glucuronosyltransferase 2 family, polypeptide A1, complex locus 



144 

 

UGT2B4 UDP glucuronosyltransferase 2 family, polypeptide B4 

VCP Valosin containing protein 

WIPI1 WD repeat domain, phosphoinositide interacting 1 

XBP1 X-box binding protein 1 

XIAP X-linked inhibitor of apoptosis 

XPA Xeroderma pigmentosum, complementation group A 

XPC Xeroderma pigmentosum, complementation group C 

XRCC1 X-ray repair complementing defective repair in Chinese hamster cells 1 

XRCC5 
X-ray repair complementing defective repair in Chinese hamster cells 5 (dou-

ble-strand-break rejoining) 

ACTB Actin, beta 

B2M Beta-2-microglobulin 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

HPRT1 Hypoxanthine phosphoribosyltransferase 1 

RPLP0 Ribosomal protein, large, P0 

HGDC Human Genomic DNA Contamination 

HGDC Human Genomic DNA Contamination 

HGDC Human Genomic DNA Contamination 

RTC Reverse Transcription Control 

RTC Reverse Transcription Control 

RTC Reverse Transcription Control 

PPC Positive PCR Control 

PPC Positive PCR Control 

PPC Positive PCR Control 

 


