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ANNOTATION 

Research of materials suitable for tissue engineering is a rapidly developing area. Among many 

other, various carbon materials have been successfully used for cell cultivation. There are a lot 

of factors that have been proved to affect cell adhesion and proliferation, such as the presence 

of various chemical groups, wettability of the surface, surface energy, morphology, mechanical 

properties etc. 

 

In this work, a novel type of functionalisation was performed, in which carbon nanoparticles 

(CNPs) were successfully functionalised with amide-amine groups. The size and form of the 

CNPs was investigated by transmission electron microscopy (TEM). The specific surface areas 

and pore volumes of the particles were measured via nitrogen adsorption and calculated from 

Brunauer-Emmet-Teller (BET) equation. The chemical composition was studied via X-ray 

photoelectron spectroscopy (XPS) and organic elemental analysis (OEA). Differential scanning 

calorimetry (DSC) was used to investigate thermal stability of CNPs. 

 

The functionalised CNPs were grafted onto the surface of polyethylene terephthalate (PET) and 

high density polyethylene (HDPE) pre-activated in argon plasma. The chemical composition of 

the modified polymer surfaces was determined by Raman and X-ray photoelectron 

spectroscopies and by electrokinetic analysis (zeta potential). Surface roughness and 

morphology of polymers grafted with CNPs was studied by atomic force microscopy (AFM), 

surface contact angle was measured by goniometry. Adhesion and proliferation of rat vascular 

smooth muscle cells (VSMC) on HDPE and PET surfaces grafted with functionalised CNPs 

were studied in vitro. 

 

Using the aforementioned CNPs, four types of composite scaffolds were prepared via sputtering 

the CNPs into electrospun polycaprolactone (PCL) nanofibers: three of them with three types 

of functionalised CNPs and one with plain activated CNPs. Plain PCL nanofibers and the 

composite nanofibrous scaffold with plain activated CNPs were used as comparative samples. 

The structure of the materials was studied using scanning electron microscopy (SEM). The 

specific surface area of the scaffolds was measured via nitrogen and krypton adsorption and 

calculated from BET equation. Cytocompatibility of the materials was tested using 3T3 mouse 

fibroblasts. Cell viability and proliferation was measured by MTT assay on days 1, 3, 8 and 14 
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after cell seeding. The samples were then stained using fluorescent dyes and examined via 

fluorescence microscopy (FM). During the FM analyses, all scaffolds containing CNPs 

underwent structural degradation when irradiated with either green or blue light. The scaffolds 

with functionalised CNPs showed better cytocompatibility than the scaffold with plain CNPs.  

 

The PCL scaffold with plain CNPs was also tested for antibacterial activity (in comparison with 

plain PCL nanofibers) using the following bacterial strains: Escherichia coli, Staphylococcus 

aureus, Pseudomonas aeruginosa and Enterococcus faecalis. However, no antibacterial effect 

was found. 

 

A substantial part of the thesis is also focused on the synthesis of mesoporous carbon particles 

via soft- and hard-templating. The materials were analysed using SEM and gas adsorption 

analyses.  Selected synthesised materials were functionalised using the above mentioned amide-

amine functionalisation and characterised using OEA and gas adsorption. These materials are 

to be used for grafting on plasma treated polymer surfaces. 

 

As this study is highly interdisciplinary, the author wanted to manage as many procedures as 

possible to make a complex piece of work. She therefore focused on being trained not only in 

synthesis, but also production of fibrous materials, plasma treatment, gas physisorption, basics 

of tissue engineering and fluorescence microscopy. Not only did she use the skills gained to 

prepare the materials, but also actively participated in the majority of the procedures and 

analyses performed throughout the study. 

 

Keywords: carbon nanomaterials, functionalisation, tissue engineering, cytocompatibility, 

amine 
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ANOTACE 

Výzkum materiálů vhodných pro tkáňové inženýrství patří mezi rychle se rozvíjející oblasti; 

pro kultivaci buněk jsou, mimo jiné, úspěšně požívány různé uhlíkaté materiály. Bylo 

prokázáno, že adheze a proliferace buněk závisí na mnoha faktorech, jako například přítomnost 

určitých funkčních chemických skupin, smáčivost povrchu, jeho povrchová energie, 

morfologie, mechanické vlastnosti apod. 

 

Tato práce představuje nový typ funkcionalizace, při němž byl povrch uhlíkatých 

nanomateriálů modifikován amid-aminovými skupinami. Velikost a struktura částic byly 

zkoumány transmisní elektronovou mikroskopií. Specifický měrný povrch a objem pórů byl 

stanoven pomocí dusíkové adsorpce a vypočten z Brunauer-Emmet-Tellerovy rovnice. 

Chemické složení připravených materiálů bylo zkoumáno prostřednictvím rentgenové 

fotoelektronové spektroskopie a organické elementární analýzy, teplotní stabilita pomocí 

diferenční snímací kalorimetrie. 

 

Funkcionalizované částice byly navázány na povrch polymerních povrchů 

z polyethylentereftalátu a vysokohustotního polyethylenu, aktivovaných argonovým 

plasmováním. Chemické složení modifikovaných povrchů bylo analyzováno pomocí 

Ramanovy a rentgenové fotoelektronové spektroskopie a měřením elektrokinetického 

potenciálu. Drsnost povrchu byla měřena pomocí mikroskopu atomárních sil, jeho smáčivost 

pak měřením kontaktního úhlu. Adheze a proliferace potkaních hladkosvalových buněk na 

modifikovaných površích byla zkoumána in vitro. 

 

Výše zmíněné funkcionalizované uhlíkaté nanočástice byly dále využity k přípravě 

kompozitních nanovlákenných nosičů z polykaprolaktonu. Tyto materiály pak byly 

porovnávány s čistými polykaprolaktonovými nanovlákny a nanovlákenným kompozitem, 

obsahujícím pouze neupravené uhlíkaté částice. Struktura připravených nosišů byla zkoumána 

skenovacím elektronovým mikroskopem, specifický měrný povrch stanoven pomocí dusíkové 

a kryptonové adsorpce. Cytokompatibilita byla studována v rámci MTT testování na linii 3T3 

myších fibroblastů. Vzorky byly dále obarveny pro fluorescenční mikroskopii, během níž při 

ozařování modrým a zeleným světlem došlo u vzorků obsahujících uhlíkaté částice k tepelnému 

natavení nanovlákenné polymerní matrice. Nosiče s funkcionalizovanými uhlíkatými částicemi 

vykazovaly mnohem vyšší cytokompatibilitu než vzorek s neupravenými částicemi.  
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Dále byly testovány antibiotické vlastnosti nosiče obsahujícího neupravené částice 

(v porovnání s čistými polykaprolaktonovými nanovlákny) za použití bakteriálních kmenů 

Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa and Enterococcus faecalis. 

Žádná antibakteriální aktivita nebyla prokázána. 

 

Podstatná část práce je též zaměřena na syntézu mezoporézních uhlíkatých materiálů pomocí 

soft a hard templátování. Připravené materiály byly analyzovány pomocí skenovací elektronové 

mikroskopie a dusíkové adsorpce. Vybrané materiály byly dále funkcionalizovány výše 

zmíněným způsobem a charakterizovány za použití organické elementární analýzy a dusíkové 

adsorpce. Tyto materiály jsou určeny pro budoucí experimenty s navazováním částic na 

polymerní povrchy pro tkáňové inženýrství. 

 

Vzhledem k interdisciplinární povaze této studie se její autorka snažila osvojit si co nejvíce 

užitých metod, aby byla schopna vytvořit komplexní práci. Zaměřila se tedy nejen na syntézu 

a funkcionalizaci uhlíkatých částic, ale také na přípravu nanovlákenných materiálů, 

plasmování, analýzu specifického měrného povrchu a porosity plynovou adsorpcí, základy 

tkáňového inženýrství a fluorescenční mikroskopie. Aktivně se podílela na převážné většině 

provedených experimentů a analýz.  

 

Klíčová slova: uhlíkaté nanomateriály, funkcionalizace, tkáňové inženýrství, 

cytokompatibilita, amin 
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1. INTRODUCTION 

Carbon materials can be found literally everywhere, widely used from home to industrial 

settings (Hirsch, 2010; Inagaki et al., 2014). The versatility of carbon stems from its ability to 

form three hybridisation types, which leads to a huge variety of allotropes of either natural or 

artificial origin (Falcao and Wudl, 2007; Enyashin and Ivanovskii, 2014). Countless carbon-

based composites have been prepared and investigated, the interest in this area being not 

declining for sure, still providing scientists with new challenges. 

 

From the broad spectrum of carbon-based materials, this work focuses only on activated carbon 

nanoparticles (CNPs) and mesoporous carbon materials. If suitably functionalised, their unique 

properties may be improved and tailored for specific applications. In this work, 

functionalisation of commercially available CNPs and synthesis of templated mesoporous 

carbon nanostructures and their functionalisation are primarily aimed at the field of tissue 

engineering, but the products might also find their use in catalysis and other areas. 

 

Because of a highly interdisciplinary nature of this study, the author believes that, to thoroughly 

understand the issue, it is essential to manage and participate in as many procedures as possible. 

Starting with synthesis of the materials, continuing with the production of fibrous materials and 

plasma treatment, she also aims at analysing and testing via gas physisorption, basics of tissue 

engineering and fluorescence microscopy.  
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2. OBJECTIVES 

The aim of this work is to prepare and/or modify carbon nanostructures with functional groups 

that would potentially be useful in tissue engineering and possibly other fields, such as catalysis. 

For such carbon materials’ modifications, a novel type of functionalisation with amide-amine 

groups was selected. This kind of functionalisation should improve the materials’ 

cytocompatibility, making their surface more suitable for cell adhesion. The influence of 

various oligoamines, varying in the number and type of amino groups and the length of alkyl 

chains, will be studied.  

 

After the first experiments with the surface modification of commercially available carbon 

nanoparticles, prepared templated mesoporous carbon materials could also be used as substrates 

for functionalisation.  

 

Such structures shall be grafted on plasma treated polymers and tested in vitro for cell adhesion 

and proliferation. Grafting with functionalised carbon nanostructures should enhance the 

wettability of such polymer surfaces, modify surface roughness and provide the presence of 

chemical functional groups that support cell adhesion and proliferation.  

 

The functionalised CNPs could also be incorporated into nanofibrous scaffolds, which would 

be tested in vitro for cell adhesion and proliferation.  

 

Properties of the prepared materials will be analysed using various analytical methods.  

 

Besides the aims regarding the synthesis and functionalisation, one of the author’s main aims 

is to manage and practice the majority of skills needed to conduct this study. Among others, 

these shall include production of fibrous materials, plasma treatment, gas physisorption, tissue 

engineering basics and fluorescence microscopy. 
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3. THEORETICAL PART 

3.1. Tissue engineering  

In 1993, Langer and Vacanti defined tissue engineering as an interdisciplinary field that applies 

the principles of engineering and life sciences toward the development of biological substitutes 

that restore, maintain, or improve tissue function or a whole organ (Langer and Vacanti, 1993). 

As there are many health problems connected with organ/tissue loss or damage, this area is of 

a great importance and therefore being extensively researched.  

 

A cell carrier, usually called a biomaterial, is in a direct interaction with the biological 

environment. Biomaterials can be both, of biological origin (proteins of extracellular matrix 

(ECM) such as fibronectin, collagen, laminin, fibrin, etc.) or artificial (carbon materials, 

synthetic polymers, metals, ceramics). They have to be biocompatible, i. e. tolerated by cells, 

without any cytotoxic, mutagenic and immunogenic effects.  

 

Biomaterials can be either bioinert or bioactive. While the bioinert ones do not directly support 

cell adhesion, the bioactive materials try to mimic some specific features of the biological 

environment (e. g. properties of ECM molecules, growth factors, enzymes, etc.). In other words, 

they should lead to specific, controllable cell behaviour.  

 

3.1.1. Cell-material interaction 

To be able to grow and proliferate, tissue cells need to attach themselves to a material. Surface 

characteristics of such a material play a key role in cell adhesion and further influence the cells’ 

behaviour. The cell adhesion can be achieved via two mechanisms. 

 

3.1.1.1. Non-receptor mediated cell adhesion 

Non-receptor mediated cell adhesion is a non-specific cell-material interaction via weak 

chemical bonds (hydrogen bonding, electrostatic, Van der Waals interactions) between 

molecules present on a material and a cell membrane. This kind of interactions is not mediated 

via the extracellular matrix, and therefore does not support a long term adhesion and 

proliferation (Bacakova et al., 2000). 
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3.1.1.2. Receptor-mediated cell adhesion 

Tissues consist of cells and extracellular matrix, which is secreted by cells and provides not 

only structural but also biochemical support for them. ECM is specific for each tissue; 

depending on cell types, its composition and structure varies to a large extent. It is usually 

a flexible system that is constantly being remodelled.  

 

ECM is composed of various proteins (fibrous proteins such as collagen, elastin, laminin and 

fibronectin) and polysaccharides glycosaminoglycans, which are covalently bound to ECM 

proteins to form proteoglycans (except for hyaluronan). To ensure mechanical strength, also 

inorganic components are present in bone and teeth tissues.  

 

ECM strongly influences the cell behaviour, such as cell adhesion, cell shape, cell phenotype, 

migration, proliferation, differentiation, apoptosis etc. The cell-ECM communication is enabled 

via receptors for specific ECM proteins on cell membranes. In vitro, the ECM proteins are 

spontaneously adsorbed on a material from cell culturing media, in vivo from body fluids. Cells’ 

adhesion receptors are able to recognize some specific amino acid sequences in the ECM 

proteins. After binding to them, the receptors are driven into nano- or micro-domains called 

focal adhesions (Rosso et al., 2004; Bacakova et al., 2011). 

 

 
 

Fig. 1: Scheme of receptor-mediated cell adhesion; 1 – integrin receptors, 2 – non-integrin 

receptors, 3 – ECM proteins (with specific sequences of amino-acids) adsorbed on 

4– a substrate.  

 

A successful adsorption of ECM proteins (and therefore also cell adhesion) depends on specific 

properties of a material – polarity, wettability, presence of certain chemical functional groups, 

1 
2 

3 

4 
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electrical charge and conductivity, surface roughness and topography (Bacakova et al., 2007, 

2011).  

 

Polarity, wettability: A moderately hydrophilic surface is usually considered the most 

beneficial for cell adhesion. Both highly hydrophobic and highly hydrophilic materials do not 

allow such adhesion; while highly hydrophilic surfaces do not allow proper adsorption of ECM 

proteins and therefore a stable cell attachment, on highly hydrophobic surfaces, the ECM 

proteins are absorbed in a rigid form, in which the specific amino acid sequences are not 

accessible for cells’ adhesion receptors (Bacakova et al., 2011).  

 

Electrical charge and conductivity: Positive charge of a surface is favourable for a good cell 

adhesion as a large portion of cell or serum protein surface is recognised as negatively charged 

(Lee et al., 1994). ECM proteins are usually adsorbed in a geometrical conformation that is 

easily accessible by cell adhesion receptors.  

 

Chemical functional groups: Oxygen containing groups (hydroxyl, carboxyl, ester, carbonyl, 

aldehyde, etc.) and amino groups on a material’s surface usually increase its wettability and 

therefore have a positive impact on cell adhesion (Lee et al., 1991, 1994; Bacakova and Svorcik, 

2008). As for amino groups, they also bring a positive electrical charge to the surface.  

 

Surface roughness and topography: A particular structure of a material also plays an 

important role in cell adhesion. While macroroughness (i.e. irregularities distinguishable by the 

human eye-cca from 100 µm) is too large to be “noticed” by cells, microroughness (i.e. 

dimensions in micrometres) exhibits a dual effect on cell adhesion(Bacakova et al., 2011). 

Cases where microroughness supported (Zhao et al., 2005) or negatively influenced (Kim et al., 

2005) cell attachment are known. Lately, nanoroughness and nanotopography (i.e. irregularities 

smaller than 100 nm) have been studied extensively, because nanostructured materials shall 

naturally mimic structures similar to cell membranes and ECM proteins. ECM adhesion 

molecules are adsorbed in a favourable orientation, which enables the cells’ receptor access to 

the specific amino acid sequences (Webster et al., 1999; Price et al., 2004). 
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3.2. Carbon materials in tissue engineering and biomedicine 

Various forms of elemental carbon represent a wide range of biomaterials. From fullerenes 

through nanotubes and graphene to many nanostructured carbon materials (e.g. nanoonions, 

nanohorns, nanodiamonds, templated particles, etc.), their mechanical, electrical and optical 

properties present new possibilities for the field of tissue engineering. Such a diversity in 

structure and properties makes them a unique class of materials (Ratner et al., 2009).  

 

 

 

 

Fig. 2: Schematic pictures of selected carbon nanomaterials: a) nanodiamond, b) fullerene 

C60, c) nano-onion, d) nanohorn, e) carbon dot, f) graphene, g) single-walled carbon 

nanotube, h) multi-walled carbon nanotube; (Baptista et al., 2015). 

 

Carbon-based nanomaterials have been successfully demonstrated as biocompatible substrates 

for the growth and differentiation of various mammalian cells (including neurons, osteoblasts, 

and stem cells); their physicochemical properties (e.g., reduction state, surface 

functionalisation, and surface roughness) modulated the differential behaviour of the cells. In 

terms of chemical composition and physical structure, carbon nanomaterials are also able to 

provide a microenvironment similar to biological extracellular matrix, which makes them 

potential candidates for the development of artificial scaffolds (Ku et al., 2013). 

 

A “breakthrough” in using carbon materials in tissue engineering came in 1968, when 

a mechanical heart valve made of pyrolytic carbon was first implanted. Since then, 95 % of the 

mechanical heart valves implanted worldwide have had at least one component made of 

pyrolytic carbon (Ratner, 2004).  

 

a)    b)  c)  d)  

e)    f)  g)  h)  
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3.2.1. Activated carbon 

Activated carbon (AC) does not belong to a group of materials extensively researched for tissue 

engineering purposes; its main use stems from its adsorptive properties due to its extraordinarily 

large surface area. It is usually used e. g. in filtration, electrodes, waste decontamination, 

catalysis, and removal of various substances or bacteria. Its physical characteristics (particle 

size, shape, porosity etc.) can be tuned during the manufacturing process, and, actually, any 

organic matter can be turned into a kind of AC.  

 

Nevertheless, AC in various forms, such as films, cloths, fibres or nanoparticles, has been 

reported e.g. to promote human embryonic stem cell differentiation towards neuronal lineage 

(Chen et al., 2012), support adhesion and proliferation of neuronal cells (Jain et al., 2013), 

osteoblasts (Rodil et al., 2005) and VSMC (Parizek et al., 2009), accelerate wound healing 

(Blazewicz, 2001) (facilitating fibroblast growth and enhancing fibronectin and type I collagen 

expression (Huang et al., 2012)), and support mesenchymal stem cell growth and 

differentiation  (Peñalver et al., 2009). 

 

3.2.2. Fullerenes 

Since their discovery in 1985, fullerenes in various forms have attracted the attention of 

scientists in many fields. In tissue engineering, they are considered particularly special because 

their size enables them to penetrate tissues and organelles (Andreev et al., 2008), which cannot 

be easily achieved using other submicron materials (Yamashita et al., 2012). They have 

therefore been proved to be useful carriers; for example, their usage as intracellular carriers was 

tested by (Foley et al., 2002), who demonstrated their crossing the external cellular membrane 

and preferential localisation to mitochondria. Drug-delivery capabilities for low-molecular 

weight agents or oligonucleotides and a slow drug release were reported by (Sitharaman et al., 

2008) and (Zakharian et al., 2005), respectively. In addition, successful in vivo gene delivery 

by tetraamino fullerenes was reported by (Maeda-Mamiya et al., 2010). 

 

Due to their anti-oxidative properties (Gharbi et al., 2005), they have also been used as anti-

inflammatory (Dellinger et al., 2009; Shershakova et al., 2016) and neuroprotective agents 

(Huang et al., 2001).  
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Briefly, research on biomedical applications of functionalised fullerenes and their derivatives 

has been reviewed in (Partha and Conyers, 2009; Grebowski et al., 2013; Djordjevic et al., 

2015; Bogdanovic and Djordjevic, 2016). A comprehensive table of functionalised fullerenes 

and their potential applications in biomedicine can be seen in Tab. 1. 

 

Type of functionalized fullerene  Potential application References 

Amphiphilic fullerene (AF-1, 

buckysomes, PEB) 

Drug delivery (Brettreich et al., 2000)  

(Burghardt et al., 2005)  

(Partha et al., 2008)  

Dendrofullerene (DF-1) Radioprotection (Brettreich and Hirsch, 

1998)  

(Daroczi et al., 2006) 

Fullerene–paclitaxel Cancer therapy (Zakharian et al., 2005)  

Fullerene polyamine (tetraamino 

fullerene) 

Gene delivery, transfection (Nakamura et al., 2000; 

Isobe et al., 2001, 2006) 

Amino-fullerene adducts Nonviral gene delivery (Sitharaman et al., 2008) 

Fullerene-based amino acids and 

peptides 

Peptide delivery (Bianco et al., 2001; Hu et 

al., 2007a; Yang et al., 

2007a, 2007b)  

Cystine C60, Beta-alanine C60 H2O2-induced apoptosis (Hu et al., 2007b) 

Protection 
 

Fullerene lipidosome Anti-viral activity (Ji et al., 2008) 

Fullerene doped liposomes 

(LMIC) 

Photodynamic cancer 

therapy 

(Ikeda et al., 2008) 

(Doi et al., 2008) 

Fullerene-liposomes Antioxidant (Lens et al., 2008) 

Fullerene vesicle Oxidative stress reduction (Maeda et al., 2008) 

Gadofullerenes MRI contrast agents (Bolskar et al., 2003; Toth 

et al., 2005; Fatouros et 

al., 2006; Sitharaman et 

al., 2007; Bolskar, 2008) 

Hydrophilic or cationic fullerenes Photodynamic cancer 

therapy 

(Mroz et al., 2007a) 

(Mroz et al., 2007b) 

Human serum albumin-fullerene 
 

(Qu et al., 2008) 

Fullerene hexaadducts 
 

(Rancan et al., 2002) 

Fullerenol Free radical scavenger (Dugan et al., 1996(Tsai et 

al., 1997; Lai et al., 2000; 

Injac et al., 2008))  

Carboxy fullerene 
 

(Dugan et al., 1997) 

Polymer encapsulated fullerene 
 

(Murthy et al., 2002) 

Hydrated fullerene Treating alcohol-induced 

encephalopathy 

(Tykhomyrov et al., 2008) 
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Type of functionalized fullerene  Potential application References 

Fullerene based nanocationite Myocardial hypoxia (Amirshahi et al., 2008) 

C3-F-tris-MDC Oxidative stress reduction (Bisaglia et al., 2000) 

Carboxy fullerene Antioxidant (Lin et al., 1999) 

Ascorbic acid-fullerene 
 

(Monti et al., 2000; Santos 

et al., 2008) 

Bisphosphonate fullerene Bone therapeutic agent (Gonzalez et al., 2002) 

Tab. 1: A comprehensive table of functionalised fullerenes and their potential applications in 

biomedicine according to (Partha and Conyers, 2009), slightly altered. Amphiphilic fullerene-

1, AF-1; paclitaxel-embedded buckysomes, PEB; dendrofullerene-1, DF-1; Lipid membrane 

incorporated fullerenes, LMIC; C3-fullero-tris-methanodicarboxylic acid, C3-F-tris-MDC. 

 

A special type of multi-layered fullerenes was discovered in 1992 (Ugarte, 1992). These so-

called carbon nano-onions (CNOs) are formed by concentric shells of carbon atoms. Similarly 

to carbon nanotubes, CNOs exhibit insufficient solubility in both aqueous and organic solvents 

due to strong intermolecular interactions (Van der Waals forces). Their tendency to aggregate 

can be overcome by means of functionalisation (Bartelmess and Giordani, 2014; Frasconi et 

al., 2015). Their main potential for biomedical applications lies in bioimaging and biosensing. 

For example, (Ghosh et al., 2011) used CNOs for in vivo life cycle imaging of Drosophila 

melanogaster, followed by (Giordani et al., 2014), who functionalised CNOs with fluorescein 

and tested them in a comparative toxicological study both in vitro and in vivo in comparison to 

analogously functionalised carbon nanotubes. 

 

3.2.3. Graphene 

As its existence used to be considered impossible, graphene has been paid a lot of attention to 

since its first single layer isolation in 2004 (Monaco and Giugliano, 2014). Its structure, i. e. 

mono-atomic two-dimensional sheet of sp2-hybridised carbon atoms arranged as a honeycomb 

lattice, gives it not only unique electronic properties (Novoselov et al., 2007; Bolotin et al., 

2008), but also high transparency (Nair et al., 2008), mechanical strength (Lee et al., 2008) and 

large surface area (Stoller et al., 2008), making it a promising material for both technological 

and biomedical applications. As biocompatibility of graphene and its derivatives (graphene 

oxide and reduced graphene oxide) is disputed (Monaco and Giugliano, 2014), its highest 

potential for tissue engineering seems to lie mainly in the area of biosensors (Kuila et al., 2011; 
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Zhu et al., 2015); biomolecular imaging (Sun et al., 2008; Hong et al., 2012) and in electrodes 

for neural stimulation (Heo et al., 2011).   

 

However, its usage for drug delivery systems and tissue scaffolds has also been actively 

investigated (Ku et al., 2013; Ding et al., 2015), especially for electroactive tissue repair and 

regeneration (Li et al., 2016). This is particularly useful in the area of bone tissue engineering, 

as electric stimulation is known to be vital for the attachment, proliferation and later 

differentiation of osteoblasts. The recent advances in this area have been thoroughly reviewed 

by (Shadjou and Hasanzadeh, 2016). Another, not less important, area is neural tissue 

engineering; comprehensive tables 2 and 3 with the most recent strategies using graphene-based 

materials for bone and nerve regeneration can be found in (Ding et al., 2015). Generally, in 

brain repair and neural regeneration, it is crucial to induce more human neural stem cells 

differentiation towards neurons rather than glial cells, which is achieved by means of graphene-

based materials. 

 

The importance of functionalisation of graphene-based nanomaterials to minimise their 

possible cytotoxic effects has been highlighted and thoroughly summarised in (Menaa et al., 

2015).  

 

Materials  Highlights of the study References 

Graphene on a glass substrate 

 

Graphene could induce the  

differentiation of hNSCs more toward 

neurons than glial cells. 

(Park et al., 2011) 

3D-GFs 3D-GFs could promote the mNSCs 

differentiation towards astrocytes and 

especially neurons. 

(Li et al., 2013)

  

Hydrazine-rGO films, 

Ginseng-rGO films and GO 

films 

 

More differentiation of hNSCs into 

neurons on the hydrazine-rGO and 

especially the ginseng-rGO films than 

the GO film. 

(Akhavan et  al., 

2014) 

Fluorinated graphene FG could enhance cell adhesion, 

proliferation, and neuroinduction of 

MSCs. 

(Akhavan and 

Ghaderi, 2014) 

 

G and GO 

 

The rGO sheets stimulated by pulsed 

laser irradiation provided an 

accelerated differentiation of the 

hNSCs into neurons. 

(Wang et al., 2012) 
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Materials  Highlights of the study References 

CNTs, GO and graphene 

 

GO could significantly promote 

dopamine neuron differentiation. 

(Yang et al., 

2014a)(Yang et al., 

2014) 

Tab. 2: The most recent strategies that combine various stem cells with graphene-based 

materials for neural regeneration (Ding et al., 2015). Human neural stem cells, hNSCs; mouse 

neural stem cells, mNSCs; graphene oxide, GO; reduced graphene oxide, rGO; graphene 

foams, GFs; fluorinated graphene, FG; mesenchymal stem cells, MSCs. 

 

Materials  Highlights of the study References 

Single layer graphene 

produced by CVD 

Graphene is promising for bone 

reconstructive surgery with an 

increased likelihood of inducing MSC 

differentiation into the osteoblast 

lineage. 

(Kalbacova et al., 

2010) 

Graphene coated with 

PMMA 

Graphene could accelerate the 

differentiation of hMSCs at a rate 

comparable to  differentiation under the 

influence of BMP-2. 

(Nayak et al., 

2011) 

Graphene and GO films Graphene and GO are demonstrated to 

be effective preconcentration platforms 

for accelerated stem cell growth and 

differentiation.  

(Lee et al., 2011) 

GO-coated Ti substrate The BMP-2-adsorbed Ti/GO substrates 

could significantly enhance in vitro 

osteogenic  differentiation of hMSCs 

and induce more robust bone formation. 

(La et al., 2013) 

 

Graphene nanogrids rGONR grids showed the fastest 

osteogenic differentiation of the hMSCs 

reported up to now in short time of 

7 days in the presence of chemical 

inducers. 

(Akhavan et al., 

2013) 

 

Self-supporting graphene 

hydrogel films 

The SGH fi lm alone is able to stimulate 

osteogenic differentiation of stem cells 

without the need for any additional 

inducer. 

(Lu et al., 2013) 

 

Graphene-coated plates GO supports proliferation and 

osteogenic differentiation of gMSCs 

without the addition of any 

glucocorticoid or specific growth 

factors. 

(Elkhenany et al., 

2015) 

3D graphene foams 3D graphene foams can support the 

attachment and viability of hMSCs, and 

induce spontaneous osteogenic 

differentiation. 

(Crowder et al., 

2013) 
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Materials  Highlights of the study References 

Graphene-incorporated CS 

substrata 

Nanotopographic cues of the substrata 

promoted adhesion and differentiation 

of hMSCs. 

(Kim et al., 2013) 

GO/PLL composite films GO/PLL composite fi lm could not only 

support the growth of MSCs with a high  

proliferation rate, but also could 

accelerate the osteogenic differentiation 

of MSCs. 

(Qi et al., 2014) 

 

PLLA nanofibrous scaffolds 

containing CNT and 

graphene 

Graphene showed stronger effect on 

promoting osteogenic differentiation of  

BMSCs and inducing osteogenesis in 

vivo than CNT. 

(Duan et al., 2015) 

 

GO-CaP nanocomposites GO-CaP nanocomposites significantly 

facilitated the osteogenesis of hMSCs 

and further enhanced calcium 

deposition. 

(Tatavarty et al., 

2014) 

 

Tab. 3: The most recent strategies that combine various stem cells with graphene-based 

materials for bone regeneration (Ding et al., 2015). Chemical vapour deposition, CVD; poly 

methyl methacrylate, PMMA; bone morphogenetic protein-2, BMP-2; reduced graphene oxide 

nanoribbon, rGONR; goat adult mesenchymal stem cells, gMSC; self-supporting graphene 

hydrogel, SGH; poly L-lysine, PLL; poly L-lactide, PLLA; calcium phosphate, CaP; bone 

marrow stromal stem cells, BMSCs. 

 

3.2.4. Carbon nanotubes 

First described by Iijima in 1991, these tubes are made of one or more graphene sheets; single-

walled CNTs (SWCNTs) represent one graphene layer, seamlessly rolled up to form 

a cylindrical tube, while multi-walled CNTs (MWCNTs) comprise an array of concentric 

cylinders, coaxially arranged around a central hollow core with Van der Waals forces between 

adjacent layers. They have increasingly drawn the attention of research because of their 

interesting properties such as excellent mechanical and physical properties, low density, 

tuneable semiconductivity, high modulus and high electrical/thermal properties. These 

outstanding properties make them useful materials for applications in many various fields, 

including biomedicine (Singh et al., 2012; Alshehri et al., 2016; Mallakpour and Soltanian, 

2016). Nevertheless, their high cytotoxicity limits their use in biological systems. The 

biocompatibility and cytotoxicity of CNTs are related to size (resp. aspect ratio), dose, 

exposition, testing systems, residual impurities and surface functionalisation. Not only does 

functionalisation of CNTs improve their solubility and biocompatibility, but it also alters their 
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cellular interaction pathways, resulting in a significant reduction of their cytotoxic effects. A 

comprehensive table of effects of CNTs functionalisation according to (Singh et al., 2012) can 

be seen in Tab. 4. 

 

 

Material Toxicological studies Application References 

Acid-oxidised 

SWCNTs 

Apoptosis studies showed 

no apparent cell toxicity 

Intracellular protein 

transporters 

(Kam and Dai, 

2005) 

Acid-treated, water-

soluble SWCNTs 

No changes in cell viability 

or structure in lysosomes 

and cytoplasm 

 
(Porter et al., 

2009) 

Purified COOH–

SWCNTs 

No cytotoxicity Pharmacological 

applications 

(Wang et al., 

2011) 

Oxidised ultrashort 

SWCNTs 

Showed no cytotoxic effects Intracellular delivery 

of oligonucleotide 

molecules 

(Crinelli et al., 

2010) 

Amine-terminated 

CNTs 

Cross cellular membrane 

without cytotoxicity 

Delivery of amino 

acids peptides, 

nucleic acids or 

drugs 

(Pantarotto et al., 

2004b, 2004a; 

Singh et al., 

2005; Liu et al., 

2009)  

SWCNT–PL–PEG Gene silencing with no 

apparent cytotoxic effects 

SH–small interfering 

RNA delivery 

(Liu et al., 2007) 

SWCNT–PEG–drug Decreased reactive oxygen 

species– mediated 

toxicological response and 

exhibited less cytotoxicity 

Drug delivery (Zhang et al., 

2011) 

SWCNT–PEG–

cisplatin/ 

doxorubicin 

Remarkable reduction of 

cytotoxicity 

Drug-delivery and 

imaging tool 

(Bhirde et al., 

2010; Bottini et 

al., 2011) 

SWCNT–PEG–mAb 

(αvβ3) 

Without harming adjacent 

normal cells 

Cancer-cell targeting (Portney and 

Ozkan, 2006) 

SWCNT–PEG Revealed no evidence of 

toxicity over 4 months 

 
(Schipper et al., 

2008)  

MWNT–CS–(PC) Chitosan and PC reduced the 

cytotoxic effects on normal 

cells with specific photo-

induced toxicity towards 

malignant cells 

Photothermal 

therapy 

(Liao et al., 

2011)  

Polyoxylethylene 

sorbitan monooleate 

(PS80) CNTs 

Suppressed cytotoxicity 
 

(Wick et al., 

2007)  

HMDA–SWCNTs; 

PDDA chloride–

SWCNTs 

Negligible cytotoxic effects Intracellular delivery 

of negatively 

(Krajcik et al., 

2008)  
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Material Toxicological studies Application References 

charged 

biomolecules 

SWCNTs with 

human serum 

proteins 

Blood proteins altered 

SWCNT cellular interaction 

pathways and reduced 

cytotoxicity 

Biological 

applications 

(Ge et al., 2011)  

BSA-dispersed 

SWCNTs 

No acute deleterious cellular 

effects 

 
(Holt et al., 

2011)  

Albumin–SWCNTs Induced cyclooxygenase-2 

and modulating toxicity 

effects of SWCNTs 

 
(Dutta et al., 

2007)  

Streptavidin–CNT– 

protein conjugates 

No cytotoxic effects on 

adjacent cells 

Specific drug 

delivery 

(Balavoine et al., 

1999)  

DNA-encased 

MWCNTs 

Does not exert cytotoxic 

effect on lymphocytes 

Selective thermal 

ablation of malignant 

tissue in vivo 

(Ghosh et al., 

2009)  

Lectin-

functionalized CNTs 

Increase in cell viability 

without signs of apoptosis 

Nanovaccine 

fabrication 

(Lorena Montes-

Fonseca et al., 

2012)  

Fluorescent–CNT-

FITC/ biotin 

conjugates 

Reduced cytotoxicity Delivery systems (Bianco et al., 

2005)  

Cationic fCNTs Lowers cytotoxicity in vitro Delivery of drugs 

and biomolecules 

(Kam et al., 

2004)  

Tab. 4: Functionalised carbon nanotubes and reduced cytotoxic effects (Singh et al., 2012). 

Carbon nanotubes, CNTs; functionalised carbon nanotubes, fCNTs; single-walled carbon 

nanotubes, SWCNTs; phospholipid, PL;  poly ethylene glycol, PEG; monoclonal antibody, 

mAb; multiwalled carbon nanotubes, MWCNTs; chitosan, CS; phycocyanin, PC; 

cetyltrimethylammonium bromide, CTAB; hexamethylenediamine, HMDA; 

polydiallyldimethylammonium, PDDA; bovine serum albumin, BSA. 

3.2.5. Carbon nanodiamonds 

Carbon nanodiamonds (CNDs) are mainly composed of carbon sp3 structures in their core and 

sp2 and disorder/defect carbons on the surface, with their size ranging from 1 to cca 150 nm. 

For biomedical applications, films produced by means of chemical vapour deposition and 

ultrananocrystalline CNDs with particle sizes between cca 2 and 10 nm are of particular interest, 

with the focus largely aimed at detonation CNDs (with a particle size around 5 nm). The harsh 

conditions during detonation lead to the presence of impurities, such as carbides, soot and 

oxides of iron, chromium copper, potassium, etc., and possible creation of reactive sites forming 
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various functional groups, which then interact via e.g. Van der Waals and dipole interactions, 

resulting in aggregates (Mochalin et al., 2011; Badea and Kaur, 2013; Perevedentseva et al., 

2013). A detailed scheme of CNDs surface modification approaches can be found in (Badea 

and Kaur, 2013). 

 

With their low cytotoxicity, dense structure, high surface roughness and surface dangling 

bonds, ultrananocrystalline CND films have been described as an outstanding coating for 

biomedical implants, as reported e. g. by (Bajaj et al., 2007; Auciello et al., 2014).  Another 

area of potential application is biosensing (Yang et al., 2002; Hupert et al., 2003). CNDs have 

been extensively studied for their usage in drug delivery (Chen et al., 2009; Liu et al., 2010; 

Martín et al., 2010) and biomaging both in vitro and in vivo (Perevedentseva et al., 2007; Mohan 

et al., 2010). Their suitability as a carrier arises from their high loading capacity and ability to 

protect/retain the therapeutic effects of their cargo; CNDs as controlled- and sustained-release 

delivery agents are mainly aimed at cancer therapy applications (Badea and Kaur, 2013). 

 

3.2.6. Carbon nanohorns 

Sometimes also called nanocones, carbon nanohorns (CNHs) are conical nanostructures formed 

by sp2 carbon sheets. They can be considered as an alternative to CNTs, although their 

morphology allows for their own unique properties. Their significant advantages are the 

possibility of industrial scale production, no need of potentially toxic metal catalysts during 

their synthesis and the lack of toxicology related high aspect ratio issue (which can be found 

with CNTs).  On the other hand, they tend to aggregate into so called “dahlia clusters” during 

synthesis, which makes their functionalisation slightly more difficult. Despite this fact, it seems 

that CNHs may find their use in bioapplications (Karousis et al., 2016), and there have been 

successful studies exploring CNHs as e.g. drug delivery carriers (Murakami et al., 2008; Xu et 

al., 2008), biosensors (Yang et al., 2014b), biofuel cells (Wen et al., 2010) and photothermal 

cancer treatment agents (Whitney et al., 2011, 2013).  

 

3.2.7. Carbon dots 

Although they were first discovered as by-products during purification of SWCNTs (Xu et al., 

2004), luminescent carbon dots (CDs) quickly gained attention. Thanks to their low 

cytotoxicity, high stability, low cost and tuneable optical behaviour, they have been studied for 

their biomedical application potential (Wang and Qiu, 2016), mainly in biosensing, bioimaging 
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(Kong et al., 2012; Wang et al., 2015) and catalysis (Zhang et al., 2015). Their outstanding 

optical properties can be even improved by means of surface passivation or modification. For 

example, doping CDs with nitrogen considerably enhanced their fluorescence, such doped CDs 

readily entered the cytoplasm of cancer cells in vivo and showed no significant toxicity, 

demonstrating the potential for multicolour live cell labelling, tracking and imaging (Du et al., 

2015). 

 

3.2.8. Toxicity of carbon nanomaterials 

The use of carbon nanomaterials in biomedical applications and their (cyto)toxicity have been 

areas of great interest during the last decades (Zhang and Olin, 2012). Carbon materials are 

generally considered biocompatible and well accepted by the biological 

environment (Blazewicz, 2001); however, cytotoxicity of the graphene-family (including 

nanotubes) (Guo and Mei, 2014; Orecchioni et al., 2014; Alshehri et al., 2016) fibrous (Guseva 

Canu et al., 2016) and fullerene (Trpkovic et al., 2012) materials is still quite a controversial 

issue, which has not been thoroughly resolved yet (Ding et al., 2015). They have the ability to 

e.g. damage the DNA and  cell membrane, cause oxidative stress, modify mitochondrial 

activity, alter intracellular metabolic routes and protein synthesis (Singh et al., 2012).  

 

Toxicity of carbon-based nanomaterials is size-dependent (Magrez et al., 2006; Yamashita et 

al., 2012), but there are also other factors, such as manufacturing methods, surface-to-volume 

ratio, shape, concentration, composition and quality of purification (Alshehri et al., 2016), that 

play an important role.  

 

On the other hand, according to some research works, activated and amorphous carbon 

materials seem to be biocompatible, without any cytotoxic effects (Rodil et al., 2005; Barnes et 

al., 2009; Chen et al., 2012; Jain et al., 2013). However, overall nanotoxicological research has 

shown that the potential risks of using nanomaterials must always be taken into consideration, 

and that more research on this matter is certainly needed (Oberdörster et al., 2005; Fadeel et al., 

2015; Piperigkou et al., 2016; Shvedova et al., 2016) because the interactions between 

nanomaterials and the biological environment are very complex and difficult to predict 

(Alshehri et al., 2016).  
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Valuable reference sources with up to date information regarding carbon nanomaterials’ 

biomedical applications and toxicity have lately been summarised in handbooks by (Chen and 

Wang, 2016; Zhang et al., 2016). 

 

Besides their toxicity issues, another major obstacle to the biological applications of 

carbonaceous materials is their non-degradability (Ku et al., 2013). Nevertheless, although there 

are still many challenges to face regarding these topics, carbon-based nanomaterials are and 

will be highly promising for the use in the field of tissue engineering.  
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4. RESULTS AND DISCUSSION 

4.1. Functionalisation of Commercially Available Carbon Particles 

For this part, commercially available active carbon nanoparticles Darco KB-G from Aldrich 

(batch 4769TH) were used as a substrate. Although the supplier claims that the particle size 

shall be around 45 µm or larger, the TEM measurements showed that the particles were about 

20 to 40 nm in diameter (see Fig. 8 in chapter 4.1.1.). The adsorption-desorption isotherms 

obtained from nitrogen adsorption measurements represent Type H2 hysteresis loop, which is 

typical for micro-mesoporous carbon materials (Thommes et al., 2015). The pore size 

distribution (PSD) was calculated using Density Functional Theory (DFT), for which the 

slit/cylindrical pore model was chosen as the most suitable, and the PSD plot can be seen later 

in chapter 4.1.4.,  Fig. 10.  

 

Fig. 3: Surface oxygen groups present on activated carbon (Figueiredo et al., 1999). 
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Generally, the surface of activated carbon is covered with various oxygen groups, such as 

carboxyl groups, lactones, phenols, carbonyls, anhydrides, ethers or quinones (Figueiredo et 

al., 1999), the schematic drawing of which can be seen in Fig. 3. 

 

The general scheme of the procedure used for amide-amine funcionalisation can be seen in 

Fig. 4 and the detailed descriptions of each step are mentioned later in this chapter. Briefly, the 

CNPs were first oxidised with (NH4)S2O8. The carboxylic groups thus formed were then 

chlorinated using thionyl chloride. The acyl chloride thus formed further reacted with 

oligoamines to form amide-amine groups. The list of the oligoamines used for functionalisation 

and the names of the corresponding materials prepared can be seen in Tab. 5., the structures of 

particular amide-amine functional groups grafted on CNPs in Fig. 5. 

 

Fig. 4: The scheme of amide-amine functionalisation. 

 

 

 

Tab. 5: The list of the oligoamines used for functionalisation and the corresponding materials 

prepared.  

 

 The oligoamine used The material’s name 

a) hexamethylenediamine C-HMD 

b) ethylenediamine C-ED 

c) diethylenetriamine C-DET 

d) triethylenetetramine C-TET 

e) tris(2-aminoethyl)amine C-TAE 

f) tris[2-(methylamino)ethyl]amine C-TMAE 
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Fig. 5: Structures of particular amide-amine functional groups grafted on CNPs.  
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There are many methods to oxidise carbon materials, using e.g. O2 or O3 atmosphere, hydrogen 

peroxide, nitric acid or ammonium persulfate (Gómez-Serrano et al., 1994; Jaramillo et al., 

2010; Guedidi et al., 2013). However, for the purpose of this work, a method leading mainly to 

formation of carboxylic groups was essential. Wet methods using HNO3 and (NH4)S2O8 have 

been proved to work this way (Haydar et al., 2003; Lemus-Yegres et al., 2007). As the method 

using (NH4)S2O8 described in (Lemus-Yegres et al., 2007) was considered well reproducible 

and most straightforward, it was selected as the starting step of the functionalisation procedure. 

 

Another step, i. e. conversion of the carboxylic groups into chlorides, was performed via 

nucleophilic substitution, resp. addition/elimination, using thionyl chloride (Fig. 6). As the 

carboxylic acid attacks thionyl chloride, a chloride ion leaves, resulting in the formation of 

oxonium ion, which is activated towards nucleophilic attack.  The oxonium ion is then attacked 

by chloride ion, and a tetrahedral intermediate chlorsulfite is formed. Chlorsulfite then 

collapses, losing sulphur dioxide and chloride ion, ending up as a protonated acyl chloride. The 

hydrogen proton can be removed by chloride ion, forming HCl and leaving acyl chloride.  

 

The advantage of using thionyl chloride is that the byproducts of this reaction are gaseous and 

can therefore be separated easily. The excess of thionyl chloride is removed by distillation. 

 

 

Fig. 6: The reaction scheme of the chlorination step. 

 

Generally, the reaction of an acyl chloride with an amine proceeds in a similar 

addition/elimination manner (Fig. 7). At first, there is the nucleophilic attack of the lone 

electron pair on a nitrogen atom of the amine on the partially positive carbon atom of the acyl 

chloride. With the double bond reformed, the chloride ion is eliminated, which can then remove 

a hydrogen ion on nitrogen, forming HCl, immediately reacting with the excess of an amine to 

form alkylammonium chloride. However, a hydrogen can also be removed from the nitrogen 

directly by an amine. 
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Fig. 7: The reaction scheme of the reaction of acyl chlorides with amines. 

 

Due to the mechanism of such a reaction with oligoamines, it is advisable to use the oligoamines 

in a high excess, which facilitates the acylation on the primary amino group while surpressing 

the multiple acylation at the same time. 

 

 

4.1.1. Transmission electron microscopy  

There were no significant visible differences in the structure of the particles; the functionalised 

CNPs, however, seem to be less sharp. The size of the CNPs can be estimated from the images, 

varying from 20 to 40 nm (Švorčík et al., 2014). Functionalisation improved wettability of the 

CNPs and therefore facilitated preparation of CNPs suspension in water. 

 

Fig. 8: TEM images of pristine (A) and functionalised (B) CNPs. 

 

4.1.2. X-ray photoelectron spectroscopy 

The chemical composition of 6–8 atomic layers on CNP surface was determined, the results of 

which can be seen in Tab. 6. Nitrogen, chlorine and sulphur were introduced into the structures 

by functionalisation; an increase in nitrogen concentration on the CNP surface indicates 

a successful introduction of amino groups onto the CNPs surface. Trace amounts of chlorine 

on the CNP surface are a result of an incomplete –COCl conversion during the functionalisation 

process.  

 

100 nm 

______ 

A 

100 nm 

______ 

B 
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 Pristine C C-ED C-DET C-TET C-TAE C-TMAE 

Element XPS [at. %] 

C (1s) 89.30 77.06 73.49 78.67 66.37 80.17 

N (1s) - 7.12 10.73 7.44 12.93 4.38 

O (1s) 10.70 11.30 14.81 10.90 17.53 12.31 

Cl (2p) - 2.00 0.57 1.77 2.02 1.31 

S (2p) - 2.52 0.40 1.22 1.15 1.83 
 

Tab. 6: Results of XPS measurements of atomic concentrations of C(1s), N(1s), O(1s), Cl(2p) 

and S(2p)for pristine and functionalised CNPs (ethylenediamine, C-ED; diethylenetriamine, C-

DET; triethylenetetramine, C-TET; tris(2-aminoethyl)amine, C-TAE; tris[2-

(methylamino)ethyl]amine, C-TMAE). 

 

In the case of C-ED, the results might indicate that this least branched and shortest oligoamine 

may mostly be positioned in pores of the CNPs.  

 

In the case of acylation of primary amino groups of DET and TET, the linear structures on C-

DET and C-TET may also be partially positioned in the pores of CNPs. However, in the case 

of acylation of secondary amino groups, which is much less likely, the more branched structures 

shall rather be located on the very surface.  

 

As for the high amount of nitrogen in the case of C-TAE, it can be assumed that these results 

may have stemmed from the combination of three primary amino groups, which positively 

influenced the process of acylation, and the overall higher weight ratio of N/C in this branched 

oligoamine.  

 

On the other hand, as it had been expected, the reaction did not proceed well with the secondary 

amino groups of the most branched TMAE. The weight ratio of N/C in TMAE was also lower 

in comparison to the other oligoamines used. The combination of these features resulted in the 

lowest amount of nitrogen on the surface of C-TMAE. 
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The lower amounts of nitrogen on C-TET and C-TMAE surfaces correspond with the results of 

organic elemental analysis (see Tab.8). 

 

To observe the differences between the composition on the very surface and of the lower layers, 

the following experiment was performed using CNPs functionalised with triethylene tetramine 

(Švorčík et al., 2014): the analysis was first carried out without Ar+ ion etching and then after 

5 min of Ar+ ion etching (ions energy 5 keV), as 5 min etching should remove a few nanometres 

thick surface layer. After ion etching, the concentration of both nitrogen and oxygen decreased 

by 4.9 % and 10.6 % respectively, which confirms that the functionalisation took place mainly 

on the very surface of the CNPs (Tab. 7).  

 

 Element atomic concentrations [at. %] 

 Etching time [min] 

 C (1s)  0 (1s)  N (1s)  

 0 5 0 5 0 5 

Pristine CNPs 97.8 98.5 3.2 1.5 - - 

C-TET 75.5 91.0 15.0 4.4 9.5 4.6 

 

Tab. 7: Results of XPS measurements of atomic concentrations of C(1s), O(1s) and N(1s) for 

pristine and CNPs functionalised with triethylenetetramine (C-TET) without and after 5 min 

Ar+ ion etching. 
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Fig. 9: XPS spectra of the pristine (pristine C) and functionalised CNPs (ethylenediamine, ED; 

diethylenetriamine, DET; triethylenetetramine, TET; tris(2-aminoethyl)amine, TAE; tris[2-

(methylamino)ethyl]amine, TMAE). 

 

 

4.1.3. Organic elementary analysis 

The results of OEA can be seen in Tab. 8. As it has already been mentioned, nitrogen and 

sulphur were introduced into the structures by functionalisation. The lower amount of nitrogen 

in the functionalised CNPs structures of C-TET and C-TMAE suggest that the amines in 

question may be bonded in lower amounts due to their three-dimensional arrangements (Žáková 

et al., 2016) and secondary amino groups.  
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 Pristine C C-ED C-DET C-TET C-TAE C-TMAE 

Element OEA [wt. %] 

C 77.76 58.90 56.65 67.74 58.50 64.44 

N - 11.31 11.33 5.67 11.82 6.01 

S - 0.72 0.74 1.79 0.73 1.32 

H 2.55 4.37 4.61 3.69 5.02 4.42 
 

Tab. 8: Results of OEA of the pristine (pristine C) and functionalised CNPs (ethylenediamine, 

C-ED; diethylenetriamine, C-DET; triethylenetetramine, C-TET; tris(2-aminoethyl)amine, C-

TAE; tris[2-(methylamino)ethyl]amine, C-TMAE). 

 

After a few successfully functionalised batches, some new batches seemed to have slightly 

different properties, which caused problems with grafting the functionalised CNPs on plasma 

treated polymer surfaces (see chapter 4.2.). The results of OEA showed that such batches 

contained cca twice as much nitrogen in comparison to the original nitrogen content (which 

was about 82 wt. %). After a thorough evaluation of the whole process, the oxidation step was 

considered the most probable cause.  

 

 C S H N 

Sample OEA [wt. %] 

original 81.72 - 3.006 - 

2 hours uncooled 73.84 0.577 2.616 - 

4 hours uncooled 71.53 0.777 2.631 - 

8 hours uncooled 71.03 0.769 2.725 - 

12 hours uncooled 70.85 0.680 2.794 - 

24 hours uncooled 68.07 0.454 2.735 - 

48 hours uncooled 67.22 0.394 2.834 - 

30 minutes cooled 77.83 - 2.867 - 

60 minutes cooled 76.89 - 2.935 - 

90 minutes cooled 77.67 - 2.951 - 

 

Tab. 9: Results of OEA of newly oxidised CNP samples. 
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When checking the composition of newly oxidised samples (named 24 hours uncooled) via 

OEA, it was found that the new samples were ‘overoxidised’ in comparison to the original 

batches. The procedure was therefore optimised using various times of oxidation and cooling. 

Examples of the OEA results can be seen in Tab. 9, the adjusted procedure is described later in 

chapter 5.1.3. 

 

It also seemed that (NH4)S2O8 used for oxidation of the first batches might not have been as 

strong an oxidation agent (possibly e.g. due to storage conditions). Nevertheless, the procedure 

was successfully optimised, using always a freshly opened batch of (NH4)S2O8 and cooling. 

The more oxidised a sample, the lower the carbon content in the sample was, as oxidation 

introduced more oxygen into the structures (mainly carboxylic groups, as it has been discussed 

earlier in chapter 4.1.). Surface area and pore size distribution changes are discussed in the 

following chapter. 

 

 

4.1.4. Surface area, pore size distribution and pore volume analysis 

Because oxidation may result in changes in the porous structure of the material, which can then 

affect its behaviour (Jaramillo et al., 2010), PSDs of pristine, oxidised and functionalised CNPs 

were measured and can be seen in Fig. 10. As mentioned before in chapter 4.1., the adsorption-

desorption isotherms obtained from nitrogen adsorption measurements represent Type H2 

hysteresis loop, which is typical for micro-mesoporous carbon materials (Thommes et al., 

2015). The pore size distribution (PSD) was calculated using Density Functional Theory (DFT), 

for which the slit/cylindrical pore model was chosen as the most suitable.  

 

As can be seen in Fig. 10, oxidation did not significantly change the pore size distribution. 

However, due to oxidation, the surface area decreased by 199 m2 g-1. A noticeable change in 

both PSD and surface area can be observed for C-TET, the surface area of which decreased by 

more than 1130 m2 g-1 in comparison to pristine C. The PSD of C-TET followed the trend 

similar to pristine and oxidised CNPs, nevertheless, a prominent decrease in microporosity and 

pores with diametres above 8 nm can be seen. Slit/cylindrical DFT pore model fitted well to all 

three samples in Fig. 10.  



37 

  

 

Fig. 10: The pore size distribution curves of pristine CNPs (magenta), oxidised CNPs (violet) 

and C-TET (green). 

 

Results of surface area and pore volume analyses of the pristine and functionalised CNPs can 

be seen in Tab. 10. Functionalised samples were degassed at 150 °C for several hours, then 

adsorption and desorption isotherms were measured with nitrogen. Five points Brunauer– 

Emmett–Teller (BET) analysis was applied for the total surface area determination and 

40 points Barrett–Joyner–Halenda (BJH) model for pore volume (Žáková et al., 2016). The 

functionalisation caused a distinct decrease in the total surface area from 1518 m2 g-1 (for 
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unmodified CNPs), which indicates the coverage of the surfaces by the grafted amines. In 

addition, the pore volume decrease confirmed the amines grafted onto CNPs surface and into 

their pores. 

 

 Pristine C ED DET TET TAE TMAE 

 Surface area [m2 g-1] 

 1518 74.2 156.5 386.1 150.4 81.4 

 Pore volume [cm3 g-1] 

 0.602 0.154 0.264 0.420 0.349 0.169 
 

 

Tab. 10: Results of surface area and pore volume analyses of the pristine (pristine C) and 

functionalised CNPs (ethylenediamine, ED; diethylenetriamine, DET; triethylenetetramine, 

TET; tris(2-aminoethyl)amine, TAE; tris[2-(methylamino)ethyl]amine, TMAE). 

 

4.1.5. Electrokinetic analysis – zeta potential 

Colloidal samples of CNPs (0.01 g) dispersed in KCl water solution (4 ml of 0.01 mol l−1) were 

tested by dynamic light scattering. The electrokinetic analysis, the results of which can be found 

in Tab. 11, also confirmed the successful grafting of amino-compounds onto the CNP surface. 

While the zeta potential of pristine CNPs of −10.5 mV is negative, zeta potential of all amino-

grafted CNPs shifted to positive values. There is a good correlation between the amounts of 

amino-groups in grafted molecules and the shift of the surface charge to positive values (Žáková 

et al., 2016). It is known that the presence of amino groups on CNP surface results in zeta 

potential increase and shifting to the positive values (Reznickova et al., 2012). 

 

 
Pristine C ED DET TET TAE TMAE 

Zeta potential [mV] 

-10.5 15.9 19.4 21.3 27.5 21.0 
 

Tab. 11: Results of electrokinetic analysis of the pristine (pristine C) and functionalised CNPs 

(ethylenediamine, ED; diethylenetriamine, DET; triethylenetetramine, TET; tris(2-

aminoethyl)amine, TAE; tris[2-(methylamino)ethyl]amine, TMAE). 
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4.1.6. Differential scanning calorimetry 

Differential scanning calorimetry was used to examine the thermal stability of the pristine and 

functionalised CNPs. The measurements were performed in a range of 25–1000 °C in oxygen 

at a flow rate of about 50 ml/min. The heating/cooling rate was 10 °C/min. DSC peak for the 

pristine CNPs at 445 °C is shifted to slightly higher temperatures for modified samples. This 

can be explained by a decrease in CNPs surface area during the treatment. 

Degradation/oxidation of amine groups starts above approx. 150 °C and the relevant parts of 

DSC curves differ depending on the amines used. In the case of pristine TET (not bonded with 

CNPs), complete degradation bellow 210 °C was observed (Silva et al., 2012). Our observation 

of a broad bump (see Fig. 11) with a tiny maximum at 250 °C for TET modified CNPs thus 

demonstrates chemical bonding of TET on CNPs (Žáková et al., 2016). 

 

Fig. 11: DSC scans of the pristine (pristine C) and functionalised CNPs (ethylenediamine, ED; 

diethylenetriamine, DET; triethylenetetramine, TET; tris(2-aminoethyl)amine, TAE; tris[2-

(methylamino)ethyl]amine, TMAE). 
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4.2. Grafting of the functionalised CNPs on polymer surfaces and their 

cytocompatibility testing 
 

As this part was not the author’s own work, the results will be described only briefly. The 

detailed information about the research can be found in the following articles: (Trostová et al., 

2013, 833; Švorčík et al., 2014; Žáková et al., 2016). The scheme of the experiments is depicted 

in Fig. 12. 

 

Fig. 12: The scheme of the experiments: [I] Ar plasma treatment of a polymer, 

[II] functionalisation of CNPs, [III] grafting of functionalised CNPs on the plasma treated 

polymer, [IV] cytocompatibility testing  

 

The functionalised CNPs were chemically grafted on polyethylene terephthalate and high 

density polyethylene the surfaces of which had been treated with argon plasma. The chemical 

composition of the modified polymer surfaces was determined by Raman and X-ray 

photoelectron spectroscopies. Graphitic peaks attributed to CNPs could be observed in Raman 

spectra. The presence of nitrogen on the very surface of the materials was confirmed by means 

of angle resolved XPS.  

 

Surface roughness and morphology of polymers grafted with CNPs was studied by atomic force 

microscopy, surface contact angle was measured by goniometry. AFM images showed that the 



41 

  

CNPs were spread relatively homogeneously on the polymer surface, however, they did not 

form a continuous coverage. As the functionalisation improved wettability of the CNPs 

surfaces, the wettability of the polymers grafted with functionalised CNPs also increased, which 

can be indicated from the increase in water contact angle. 

  

Adhesion and proliferation of vascular smooth muscle cells on HDPE and PET surfaces grafted 

with functionalised CNPs were studied in vitro. Functionalised CNPs grafting on the plasma 

activated polymers had a positive effect on VSMCs adhesion and proliferation. In comparison 

with pristine, plasma treated or methanol etched surfaces there was a significant increment in 

the numbers of cultivated cells on the substrates grafted with CNPs. The viability of cells 

cultivated on all grafted types of functionalised CPs was extremely high. In all cases (except 

for the 1st day, on which the cells were still adapting to modified surface), the cell viability was 

above 95 %. However, there were no significant differences in the numbers of cultivated cells 

among the individual types of the grafted CNPs (Žáková et al., 2016). We can therefore assume 

that the structure of the amino chains did not play an important role in cell adhesion. Some 

deviations were caused by various parts of the samples being covered more densely.  

 

To sum up this set of experiments, it can be stated that grafting PET and HDPE with amide-

amine functionalised CNPs had positive effects on cytocompatibility of these polymers with 

VSMCs.  

 

4.3. Nano-microfibrous Scaffolds Containing Carbon Particles 

Four types of nanofibrous scaffolds containing the aforementioned particles were prepared via 

sputtering CNPs into electrospun polycaprolactone (PCL) micro-nanofibres: three of them with 

three types of functionalised CNPs (C-ED, C-TAE and C-TMAE) and one with plain activated 

CNPs. First, a micro-nanofibrous layer was electrospun, on which the particles were sputtered 

and subsequently covered with another micro-nanofibrous layer.  

 

4.3.1. Surface area 

The surface areas of the scaffolds containing CNPs were determined from adsorption and 

desorption isotherms. Samples were degassed at 40 °C for 24 hours (not to alter the PCL fibres), 

then adsorption and desorption isotherms were measured with nitrogen or krypton adsorption 
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(Linde, 99.999% purity). Seven points BET analysis was applied for the total surface area 

determination.  

 

Incorporation of CNPs caused a distinct increase in the total surface area from 4.3 m2 g-1 for 

pristine PCL nanofibres to 15.9±3.5 m2 g-1 for scaffolds containing the functionalised CNPs and 

235.8 m2 g-1 for the scaffold containing the pristine CNPs (see Tab. 12). The surface area 

increments roughly correlate with the surface areas of the CNPs, except for sample 

PCL+CTAE. It can be assumed that there might have been a lower amount of the TAE 

functionalised CNPs, the scaffold might have been thicker (i.e. consisting mainly of PCL fibres) 

or that the particles were somehow covered with PCL, which could have blocked their 

accessuible surface area. Although there was the same amount of CNPs sputtered into the PCL 

fibres during electrospinning, electrospinning itself is a highly sensitive process and every little, 

seemingly insignificant, change may result in noticeable differences in materials’ properties.   

 

Particles Surface area [m2 g-1]    Scaffolds Surface area [m2 g-1] 

pristine C  1058.9    PCL+C 235.8 

ED 74.2    PCL+CED 15.5 

TAE 150.4    PCL+CTAE 12.9 

TMAE 81.4    PCL+CTMAE 19.4 

     PCL 4.3 
  

Tab. 12: The results of the surface area analyses of CNPs and PCL scaffolds (ethylenediamine, 

ED; tris(2-aminoethyl)amine, TAE; tris[2-(methylamino)ethyl]amine, TMAE). 

 

PCL scaffold exhibited Type II isotherm according to IUPAC classification (Fig.13, squared 

curve in cyan) (Thommes et al., 2015). Adding CNPs in the structure significantly altered the 

materials’ properties and the hysteresis loops measured resembled H4 type, which is 

a composite of type I and II isotherms. Such hysteresis loops are typically found with micro-

mesoporous carbon materials. PCL+C scaffold can clearly be distinguished from the others 

(Fig. 13, x curve in apricot),  as the volume of adsorbed nitrogen is much higher due to the 

much larger specific surface area of the pristine CNPs, the surface of which had not been 

blocked by the amide-amine functions. 
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Fig. 13: Adsorption and desorption isotherms for all fibrous scaffolds: PCL (square, cyan), 

PCL+C (X, salmon), PCL+CTAE (cross, purple), PCL+CTMAE (triangle, green) and 

PCL+CED (circle, magenta). 
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4.3.2. Cytocompatibility with 3T3 mouse fibroblasts – MTT assay 

The cell viability was estimated via measurements of absorbance of a formazane solution, as 

formazane is formed when yellow tetrazole 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide is reduced to purple formazan in living cells by a mitochondrial 

reductase. As can be seen in Fig. 14, cell adhesion on the first day was similar for all scaffolds 

except for PCL+C. On day 3, however, pristine PCL scaffold started to overtake the others and 

on day 8, the absorbance measured for pristine PCL clearly indicated higher cell viability than 

for the other scaffolds. Nevertheless, the performance of the scaffolds with the functionalised 

CNPs was also quite good. The results for PCL+C are really poor in comparison to all the other 

scaffolds, which showed that functionalisation of CNPs had a positive effect on cell adhesion 

and proliferation. The differences among the individual types of oligoamines are noticeable but 

not too big. On day 14, pristine PCL was still by far the most suitable material for 3T3 mice 

fibroblasts while PCL+C seemed to have created the most hostile environment for them. 

PCL+CED and PCL+CTAE ended almost the same, with moderately good cell viability. Again, 

the functionalised CNPs exhibited better results than the pristine CNPs. 

 

 
Fig. 14: Results of MTT assay sorted by days. 

 

Fig. 15 shows the same data from another perspective, i. e. sorted by the scaffolds. It is therefore 

possible to see the different trends in cell viability for all the individual materials. 
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Fig. 15: Results of MTT assay sorted by types of scaffolds. 

  

 

4.3.2.1. Fluorescent microscopy 

The samples were examined via fluorescent microscopy. As more fluorescent dyes were used 

(propidium iodide and DAPI in combination with phalloidin-FITC), the photographs were 

taken using UV, blue and green light filters (i. e. emissions at 420 nm, 515 nm and 610 nm, 

respectively). Generally, when staining one sample with more dyes that are excited at different 

wavelengths, more photographs are taken, each one using a different filter. They are then 

collated into one final photograph, in which the cells and their parts shall overlap. A photograph 

of a cell culture stained with DAPI with phalloidin-FITC can be seen in Fig. 16, which shows 

the pristine PCL nanofibrous scaffold.  

 

The same procedure was applied to take FM photographs of the other scaffolds, i. e. those 

containing CNPs. However, the cells and their parts did not overlap in any of the cases. An 

example of such a phenomenon can be seen in Fig. 17.  
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Fig. 16: Fluorescent microscopy photograph of PCL scaffold with 3T3 mouse fibroblasts on 

day 1, stained with DAPI (nuclei, blue) and phalloidin-FITC (actin fibres, green). Note: the 

larger green structures are fibres of the PCL scaffold. 

 

 

Fig. 17: Fluorescent microscopy photograph of PCL+CTMAE scaffold with 3T3 mouse 

fibroblasts on day 1, stained with DAPI (nuclei, blue) and phalloidin-FITC (actin fibres, green); 

the cell nuclei do not overlap with the actin fibres. 
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As the cells on the images were not just shifted in one direction but simply occupied different 

locations in random directions, it was clear that this phenomenon had not been caused by 

a careless manipulation, e. g. moving the samples. As the cells had already been dead, they 

could not have moved by themselves. The only logical explanation was that something must 

have happened with the material itself during taking the photographs, causing its morphological 

changes and thus changing the position of the cells. 

 

It was then found that all scaffolds containing CNPs were sensitive to irradiation when using 

the blue and green filters. The morphological changes started immediately after the beginning 

of irradiation, leading to literally tearing the materials and holes formation within a few seconds. 

It happened to all the scaffolds containing CNPs, regardless the functionalisation. Irradiation 

with UV light did not have such an effect, which is not surprising considering the fact that 

carbon materials, especially carbon black, are widely used as UV stabilisers in polymer 

production.  

 

Fig. 18: Fluorescent microscopy photographs of 3T3 mouse fibroblasts on PCL+CTMAE 

scaffold on day 8 during irradiation with the green filter after: A) 0 seconds, B) 15 seconds 

 

   A        B 
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Pictures A and B in Fig. 18 were taken from a short film that had captured a structural 

degradation of PCL+CTMAE sample in real time.  In the film, which can be found od a CD 

attached to this work, a few changes can be seen during the first seconds, while larger breaks 

occur in around the tenth second. They then spread wider, joining into one, which continues 

growing with time. 

 

It was further examined whether the presence of the fluorescent dyes and the overall 

methodology of FM sample preparation affected the materials’ selective light sensitivity. No 

such effects have been observed.  

 

The CNPs containing scaffolds were also checked using Raman DXR microscope (laser at 

a wavelength of 532 nm, objective: 10x/0.25 BD). Using the 25 µm pin hole aperture, even 

with the weakest power, i. e. 2 mW, it took only a few seconds to create holes in the substrates.  
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4.3.3. Scanning electron microscopy 

Although all the scaffolds were prepared at the same conditions, the photographs revealed 

significant morphological differences among them. While the pristine PCL scaffold can be 

described as predominantly nanofibrous (Fig. 19), the other ones containing the CNPs were 

rather microfibrous with some nanofibres present in the structures (Fig. 20). CNPs also 

aggregated into larger agglomerates during sputtering into the electrospun fibrous layers. The 

presence of the conductive CNPs might have altered the usual behaviour of the newly 

developing fibres during the electrospinning process, which is extremely sensitive to even the 

slightest, seemingly insignificant, alterations in conditions.  

 

 
 

Fig. 19: Scanning electron photograph of PCL nanofibrous scaffold. 
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Fig. 20: Scanning electron photographs of PCL micro-nanofibrous scaffolds containing CNPs: 

A) PCL+C, B) PCL+CED, C) PCL+CTAE, D) PCL+CTMAE. 

 

The structures of CNPs containing scaffolds after green light irradiation were also studied using 

SEM. The fibres seemed to have melted, which resulted in creating holes in the materials, as 

can be seen in Fig. 21. 

 

   A        B 

   C        D 
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 Fig. 21: Scanning electron photographs of a melted part of PCL+CTAE scaffold (A) with the 

detail of the middle hole (B). 

 

4.3.4. Thermogravimetric analysis 

Samples PCL and PCL-C were analysed via thermogravimetric analysis. Cca 10 mg of each 

material was heated to 650 °C at a rate of 10 °C/min under nitrogen flow at a rate of 60 ml/min. 

It was then kept at that temperature for 10 min. After that, the sample was exposed to synthetic 

air with the same flow rate at the same temperature for 15 minutes. 

 

   A      

   

   B 
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As can be seen in Fig. 22, the carbonisation residue is very low, approximately 0.2 weight %. 

It is therefore possible to assume that all combustible content from PCL-C at 650 °C may 

correspond with the amount of carbon present in the fibres. The amount of non-combustible 

residues for PCL and PCL-C are 1.64 % and 2.25 % respectively. The second significant peak 

in Fig. 23 can be assigned mainly to oxidation of CNPs, which might have formed cca 

25 weight % of PCL-C sample. 

 

 

Fig. 22: The TGA plot for PCL nanofibrous scaffold. 

 

Both materials started to decompose at similar temperatures, i.e. above 280 °C. However, the 

temperature at which the decomposition proceeded at the highest speed was cca 30 °C lower 

for PCL-C material. The presence of CNPs might facilitate decomposition of PCL in PCL-C in 

comparison to pristine PCL. However, the slower speed/higher temperature of PCL 

decomposition in PCL sample may be also influenced by the higher amount of PCL, which may 

have taken longer to heat and subsequently decompose. 
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Fig. 23: The TGA plot for PCL+C micro-nanofibrous scaffold. 

 

 

4.3.5. Differential scanning calorimetry 

DSC was used to examine the thermal behaviour of the pristine PCL s and PCL+C scaffolds. 

The measurements were performed in a range of -20–100 °C in nitrogen at a flow rate of 

50 ml/min, the heating/cooling rate was 10 °C/min. The measurements were based on the 

Boersma and heat flow principles.  

 

The first heating reflected structural properties of a sample, as well as some feature of its 

preparation, such as solvent residues or different conditions. The measurement showed a non-

standard curve for the PCL+C sample; nevertheless, it can be said that a lower 

energy/temperature was needed to change the structure of PCL+C material in comparison to 

pristine PCL fibres.  

 

4.3.6. Antibacterial properties testing 

Because the cell adhesion and viability of 3T3 mice fibroblasts was very poor on PCL+C 

sample, an idea whether this composite might exhibit antibacterial properties came into 

question. Therefore, a series of antibacterial testing experiments was carried out. The procedure 
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was similar to the one described in (Padil et al., 2015). The antibacterial activity of the plain 

PCL nanofibres and PCL-C scaffold was investigated by a qualitative method determining the 

zone of inhibition. Using the bacterial strains of Gram-negative Escherichia coli and 

Pseudomonas aeruginosa and Gram-positive Staphylococcus aureus and Enterococcus 

faecalis, no inhibition zones around the samples were detected. It can be therefore assumed that 

the nanofibrous scaffolds loaded with CNPs possess no antibacterial effect. 

 

 

Fig. 24: Photographs of agar plates inoculated with A) E. coli, B) S. Aureus, C) E. faecalis, 

D) S. Aeruginosa with pristine PCL nanofibers (white, -) and PCL+C micro-nanofibrous 

scaffolds (black, +). 

 

A                                                B 

C                                                D 
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4.4. Templated Mesoporous Carbon Materials 

Several mesoporous carbon materials were prepared via hard- and soft-templating methods. 

The morphology of all the synthesised materials was studied using SEM.  

 

The surface areas and pore size distributions were calculated using ASiQwin software based on 

adsorption-desorption isotherms. The pristine and functionalised samples were degassed at 

300 °C or 150 °C, respectively, for at least 12 hours, after which nitrogen (Linde, 99.999% 

purity) 40-point adsorption and desorption isotherms were measured at the temperature of liquid 

nitrogen. 7-point BET analysis was applied for the total surface area determination. Various 

models of Density Functional Theory were used for the pore size distribution calculations. The 

previously widely used BJH model is no longer recommended for such applications in micro-

mesoporous materials examination (Thommes et al., 2015), as it can significantly underestimate 

the pore size for narrow mesopores (for pore diameter smaller than 10 nm the pore size may be 

underestimated even by 30 %) (Lowell et al., 2012).  

 

 

4.4.1. Hard-templated Materials 

4.4.1.1. Ordered Mesoporous Carbon Materials Based on SBA-15 Silica Template  

Two types of mesoporous carbon materials were obtained using SBA-15 as their template: 

JAK017A, where no boric acid was used, and JAK017B with boric acid used as a pore 

expanding agent.  

 

SEM photographs did not show any noticeable differences, as can be seen in Fig. 25. However, 

it can be seen that the materials are porous.  



56 

  

 

 

Fig. 25: Scanning electron photographs of JAK017A (A) and JAK017B (B). 

 

Surface area and pore size distribution (PSD) analyses provided more information about the 

materials’ morphology. While the surface area of SBA-15 was 522.4 m2 g-1, the surface area of 

JAK017A and JAK017B were much higher, 2234 m2 g-1 and 1927 m2 g-1, respectively. 

According to the PSD curve for SBA-15 (in pink), which can be seen in Fig.26, the structure of 

A                                                 

B                                                 
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the material is ordered, with the slightly wider peak at around 11 nm. The structure of 

JAK017A, represented by the blue curve, can also be considered ordered. There are two 

significant narrow peaks, the first one in the micropore region and the second one at around 

6 nm. Nevertheless, some wider pores are also present in the structure.  

 

 

 

 

Fig. 26: The pore size distribution curves of SBA-15 (magenta), JAK017A (blue) and JAK017B 

(green).  
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 The structure of JAK017B (green curve) is also ordered, with one sharp peak in the micropore 

region, the other at around 6.7 nm, and with some larger pores present. It can be therefore 

assumed that boric acid worked as the pore expanding agent, indeed. However, the structures 

are not as highly ordered as they were supposed to be according to (Li et al., 2011), and the 

average pore size of JAK017A is larger than that of a corresponding material mentioned in the 

study. 

  

JAK017B was chosen for further functionalisation. 

 

4.4.1.2. Ordered Mesoporous Carbon Materials Based on Monodisperse Silica 

Nanospheres (JAK019) 

 

According to SEM photographs in Fig. 27, the template looks monodisperse and the average 

diameter of the silica nanospheres was 60 nm. The pores in the carbon material, which are based 

on the nanospheres and can be seen in Fig. 28, are also spherical (which corresponds with the 

DFT model chosen for the assessment of PSD). However, the PSD is not narrow and the 

material cannot be considered ordered (Fig. 29).  

 

 
 

Fig. 27.: Scanning electron photograph of the silica template for JAK019.  

 



59 

  

 
 

Fig. 28: Scanning electron photograph of JAK019. 

 

The surface area of the material is 155 m2 g-1, which is not very high, taking into consideration 

that surface areas of carbon materials commonly exceed 500 m2 g-1, and even values above 

1500 m2 g-1 are not exceptionally high. It is also possible that some silica spheres might have 

stayed inside their carbon wrapping, which would have increased the weight of the sample and 

thus made the surface area seem smaller. According to the PSD curve in Fig. 29, micropores 

and mesopores are present. The overall shape of the hysteresis loop can be described as H3 

type, which also suggests the presence of macropores that were not completely filled with pore 

condensate (Thommes et al., 2015). The presence of macropores would be in accordance with 

the SEM photograph in Fig. 28.  

 

JAK019 was chosen for further functionalisation.  
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Fig. 29: The pore size distribution of JAK019 based on DFT.  

  

 

 

4.4.2. Soft-templated Materials 

4.4.2.1. Porous Carbon Nanospheres (JAK045) 

Two batches of this material were prepared via a low-concentration hydrothermal synthesis 

(chapter 5.5.2.1.). Although the procedure was the same, the resulting materials, named 

JAK045A and JAK045B, were different. None of them exhibited either a narrow particle or 

pore size distribution, as can be seen from the SEM photographs shown in Fig. 30. and PSD 

curves in Fig. 31. The majority of JAK045A nanospheres were around 40 nm in diameter, but 

larger particles of cca 120 nm in diameter were also present in the mixture. However, in 

comparison with JAK045B, the particle size distribution was much narrower; the smallest 

particles observed in JAK045B were around 70 nm in diameter, while even particles larger than 

1 µm in diameter could be found in SEM photographs. 
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The surface area differed by cca 120 m2g-1 (the surface areas of the batches JAK045A and 

JAK045B were 617 m2g-1 and 737.3 m2g-1, respectively).  

 

 Fig. 30: SEM photographs of JAK045A (A) and JAK045B (B).  

 

These differences could have been caused by the oscillating temperatures during the 

hydrothermal treatment in the autoclave, which was a drawback impossible to fix in our 

conditions. Further experiments with this kind of nanospheres were therefore discontinued. 

 

 

A                                                 

B                                                 
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Fig. 31: The pore size distribution of JAK045A (pink) and JAK045B (blue) based on DFT. 

 

 

4.4.2.2. Mesoporous Carbon Material (JAK040) 

Similarly to the previous case, the resulting structure of this material named JAK040 was not 

highly ordered. Both micropores and mesopores within a wide PSD range were present, as can 

be seen from SEM photographs in Fig. 32 and PSD plot in Fig. 33. In comparison to the 

aforementioned synthesised carbon materials, this one was extremely fluffy. Due to this feature, 

JAK040 was also chosen for further functionalisation.   
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Fig. 32: SEM photograph of JAK040. 

 

 

 
 

Fig. 33: The pore size distribution of JAK040.  

 

In conclusion, hard-templated materials exhibited more ordered structures than the soft-

templated ones. In addition, their preparation was reproducible, without any noticeable 

drawbacks. However, the procedures were lengthy, and dissolving the hard templates was an 
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inconvenient step indeed, after which some residues of the templates may still have stayed 

blocked inside the porous structures.  

 

4.4.3. Functionalised Materials 

Three of the synthesised materials, namely JAK017B, JAK019 and JAK040, were 

functionalised with triethylenetetramine (chapter 5.6), and named JAK017B-TET, JAK019-

TET and JAK040-TET.  

 

Because of the fluffy structure of JAK040, the amount of the oxidising solution used was 

doubled in its case, in order to thoroughly soak the sample.  

 

The results of the OEA in Tab. 13 show that the contents of nitrogen in JAK017B-TET and 

JAK019-TET were similar to that of commercially available CNPs Darco KB-G functionalised 

with TET (see Tab.8  in chapter 4.1.3.). For JAK040-TET, the nitrogen content was lower, 

which may have been influenced by the sample’s fluffy structure and slightly different 

oxidation conditions. In addition, more sulphur, which originated from the oxidation step, was 

found in this sample, despite a vigorous washing procedure.  

 

Tab. 13: The results of OEA analysis of the synthesised materials functionalised with 

triethylenetetramine. 

 

The X-ray fluorescence revealed that all samples contained traces of chlorine (from the 

chlorination step), which had not been substituted with triethylenetetramine, and JAK019-TET 

even some silicon, which could have been caused by blocking the silica precursor inside the 

carbon shells of JAK019. This would also help explain the lower content of carbon in this 

sample. 

 

 JAK017B-TET JAK019-TET JAK040-TET 

Element  OEA  [wt. %]  

C 76.98 62.27 82.08 

N 5.31 4.58 2.25 

S 2.39 2.56 5.58 

H 3.06 1.2 2.13 
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Material Surface area [m2 g-1]    Material-TET Surface area [m2 g-1] 

JAK017B  1927    JAK017B-TET 543.6 

JAK019 155.1    JAK019-TET 64.6 

JAK040 565.5    JAK040-TET 235.6 

 

The results of surface area analyses are summarised in Tab. 14. All functionalised samples 

exhibited a significant decrease in their surface areas in comparison to the pristine synthesised 

materials.  

  

 

 

 

  

 

Tab. 14: Results of BET surface area analyses of the synthesised materials functionalised with 

triethylenetetramine. 

 

Pore size distribution plots of the pristine and functionalised synthesised carbon materials are 

shown in Fig.34-36. While the pore volumes decreased noticeably because of the decrease in 

surface areas, the PSDs of the pristine synthesised carbon materials did not significantly differ 

from the functionalised. It can be therefore assumed that the surface was functionalised 

homogeneously. The best correlation of the PSD curves can be seen for JAK040 and JAK040-

TET in Fig. 36.  
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Fig. 34: The pore size distribution of JAK017B (pink) and JAK017B-TET (cyan) based on 

DFT.  
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Fig. 35: The pore size distribution of JAK019 (pink) and JAK019-TET (cyan) based on DFT. 
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Fig. 36: The pore size distribution of JAK040 (pink) and JAK040-TET (cyan) based on DFT. 
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5. EXPERIMENTAL PART 

5.1. Functionalisation of Commercially Available Carbon Particles 

For the following functionalisation reactions, commercially available active carbon 

nanoparticles Darco KB-G from Aldrich (batch 4769TH) were used as a substrate.  

 

5.1.1. Amine formation 

The procedure was performed according to (Yantasee et al., 2004). 25 ml of concentrated 

sulphuric acid was slowly added to 25 ml of concentrated nitric acid at 0 °C (in an ice bath). 

After that, 4.5 g of CNPs Darco KB-G was slowly added and the mixture was stirred for 1 hour. 

It was then filtered and washed with deionized water (until the pH was neutral) and with propan-

2-ol. The nitrated carbon particles were air-dried at RT for 12 hours. 

 

The reduction step was based on (Redemann and Redemann, 1941). 2.5 g of the above prepared 

nitrated carbon was suspended in 25 ml of water and stirred with 10 ml of 15N ammonium 

hydroxide (0.15 mol) for 15 minutes. 14 g (80 mmol) of sodium hydrogensulfite (Na2S2O4) was 

then slowly added and the temperature of the mixture increased. 10 ml (0.175 mol) of glacial 

acetic acid was added and the mixture was stirred and refluxed at 100 °C for 5 hours. After 

cooling to RT, the suspension was centrifuged and washed several times with water and 

subsequently with propan-2-ol.  

 

5.1.2. Amide-amine formation 

The CNPs were first oxidised according to (Lemus-Yegres et al., 2007). CNPs Darco KB-G 

were added to a saturated aqueous solution of (NH4)2S2O8 in 1M H2SO4 (1g of NPs per 10 ml 

of the oxidising solution) and the mixture was stirred at RT for 24 hours. The CNPs were then 

filtered off and thoroughly washed with deionized water until the loss of acidic pH of the filtrate. 

Finally, the product was washed with propan-2-ol three times and dried at RT. 

 

1 g of dried modified C-COOH NPs was suspended in 100 ml of dry toluene and 5 ml of SOCl2 

was added dropwise within 5 min. The mixture was heated to reflux with exclusion of 

atmospheric moisture (CaCl2 adapter) for 2 hours. Next, pure toluene was added dropwise to 

the reaction mixture, the mixture of toluene and SOCl2 being distilled off by the same rate. The 

reaction suspension was cooled down to RT and was used immediately for a reaction with 

oligoamines. 
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A typical reaction with oligoamines proceeded as follows: 0.0172 mol of an amine a-f) (see 

Tab. 5 in chapter 4.1) was added at once to the above prepared suspension of -COCl 

functionalised CNPs. The mixture was stirred at RT for 12 hours, filtered off and washed with 

three times with 30 ml of toluene, twice with 30 ml of propan-2-ol and four times with 30 ml 

of absolute ethanol. Great care was taken not to expose the functionalised CNPs to any kind of 

acidic vapours, including e.g. carbon dioxide. The solid product was dried above KOH in 

vacuum at RT. 

 

5.1.3. Oxidation of commercially available carbon nanoparticles 

For these experiments, a new flask of (NH4)2S2O8 was always freshly opened and a saturated 

solution in 1M H2SO4 was prepared. 3 grams of Darco KB-G CNPs were stirred in 30 ml of 

this solution for different time intervals (2, 4, 8, 12, 24 and 48 hours) without any cooling.  

 

After these, other experiments with shortened time intervals, during which the mixture was 

cooled in a water bath to RT, were conducted. The reaction mixtures were stirred for 30, 60 and 

90 minutes.  

 

5.2. Preparation of Nanofibrous Scaffolds Containing Carbon Particles  
A solution of 16 wt% PCL in chloroform and ethanol (9:1 by weight) was prepared for 

electrospinning. The whole set-up consisted of an electrospinning device (needleless roller 

electrospinning; diameter 3 cm, length 15 cm) and a sputtering device (see Fig. 37). The roller 

charging was 37 kV positive and the collector charging 10 kV negative. Sputtering was 

conducted at a frequency of 220 Hz and 65 % amplitude. The rolling belt moved at a speed 

of 0.01 m/s. 

The materials were produced at the temperature of 23 °C and relative humidity 45 %. 

 

5.3. Cytocompatibility of Nanofibrous Scaffolds Containing Carbon 

Particles – MTT Assay 

3T3 mice fibroblasts (3T3 Swiss Albino, ATCC) were maintained in Dulbecco’s Modified 

Eagle’s Medium (DMEM, Lonza) with 10% (v/v) fetal bovine serum (FBS, Biosera) and 1% 

(v/v) penicillin / streptomycin / amphotericin B (Lonza). Cells were cultured in an incubator 

(37°C, 5% CO2). The medium was changed three times a week and the 31st passage was used 

for the in-vitro experiments. 
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Concentration of cells seeded in particular wells of 96-well plate was 1·104. Cell viability and 

proliferation was measured by MTT assay on day 1, 3, 8 and 14 after cell seeding. 50 µl of 

MTT solution (Amresco) and 150 µl of DMEM was added to all the samples and was incubated 

for three hours at 37°C, 5% CO2. The formazane crystals were dissolved in acidic isopropyl 

alcohol (IPA) and the absorbance was measured at the wavelength 570 nm with the reference 

wavelength at 650 nm. The samples were diluted prior to the measurement when needed (the 

final absorbance is related to the dilution). 

After day 1, 3, 8 and 14 of cell seeding all scaffolds were processed for a microscopy analysis. 

All the samples were washed with PBS (phosphate buffered saline, pH 7.4) prior to fixation to 

remove unattached cells. The scaffolds processed for SEM were fixed with 

2.5% glutaraldehyde. Samples processed for fluorescent microscopy were fixed with either 

2.5% glutaraldehyde or ice-cold methanol, according to the fluorescent dye used (4',6-

diamidino-2-phenylindole, i.e. DAPI, in combination with phalloidin-FITC and propidium 

iodide, respectively). After the fixation the samples for SEM were dried up with upgrading 

concentration of ethanol (60%, 70%, 80%, 90%, 95% and 100%). After drying, the samples 

were attached to the SEM target, sputtered with gold and analysed by scanning electron 

microscope (Tescan, VEGA3 SB easy probe). For the fluorescent microscopy, the samples were 

rinsed with PBS after the fixation and incubated for 15 minutes with PI at room temperature in 

the dark. After the incubation period, the samples were rinsed with PBS and analysed by the 

fluorescent microscope (NICON Eclipse Ti-e). When staining the samples with the 

combination of phalloidin-FITC and DAPI, after PBS wash samples were first permeabilised 

with 0.1% Triton X-100 in PBS / 0.1% BSA solution for 5 minutes. After permeabilisation, 

samples were washed with PBS and stained with phalloidin-FITC for 30 minutes at room 

temperature in the dark. After the first step of staining, the samples were washed with PBS and 

stained with DAPI for 5 minutes at room temperature in the dark. After staining, samples were 

washed in PBS and analysed by the fluorescent microscope (NICON Eclipse Ti-e). 

 

5.4. Antibacterial Testing of PCL Nanofibers and PCL+C Scaffolds 

The procedure was similar to the one described in (Padil et al., 2015). The bacterial strains of 

Gram-negative Escherichia coli (CCM 3954) and Pseudomonas aeruginosa (CCM 3955) and 

Gram-positive Staphylococcus aureus (CCM 3953) and Enterococcus faecalis (CCM 4224) 

used in this study were obtained from the Czech Collection of Microorganisms (Masaryk 

University Brno, Czech Republic). The microorganisms were cultured overnight in 5 ml of 



72 

  

Luria-Bertani broth in an incubation shaker at 37 °C and 150 rpm until the microbial cultures 

reached an OD600 (optical density) of 1.0, which corresponds to 8·108 CFU/ml (colony 

forming units per ml).  

 

All agar plates were freshly prepared before the antibacterial tests. A sterilized cotton swab was 

dipped into the culture suspension and the cells were spread homogeneously over the agar 

plates. These plates were immediately used for the antibacterial activity tests. The antibacterial 

activity of the plain PCL nanofibres and PCL-C scaffold was investigated by a qualitative 

method determining the zone of inhibition. 

 

5.5. Synthesis of Templated Mesoporous Carbon Materials 

5.5.1. Hard-templated Materials 

5.5.1.1. Ordered Mesoporous Carbon Materials Based on SBA-15 silica template 

(JAK017) 

 

First, the silica hard template SBA-15 was synthesised according to (Galarneau et al., 2003; 

Fulvio et al., 2005). Briefly, 4 g of P123 (Pluronic 123, poly-(ethylene glycol)-block-poly-

(propylene glycol)-block-poly-(ethylene glycol), PEG20-PPG70-PEG20 from Sigma-Aldrich) 

was added to 144 ml of 1.7 M aqueous solution of hydrochloric acid and stirred at 40 °C for 

4 hours. After that, 8.75 ml of TEOS (mass ratio of TEOS:Pluronic 123 was 2:1) was added 

dropwise and the mixture was stirred for two hours. Next, the mixture was transferred to 

a teflon-lined sealed container and kept at 130 °C for 72 hours.  

 

The product was filtered, washed with ethanol and dried at 80 °C for 12 hours. It was then 

calcined at 500 °C for 6 hours, the final temperature being reached with a heating rate of 

approximately 1 °C/min. 

 

Two types of mesoporous carbon materials were prepared by mixing two types of precursor 

solutions similarly to (Ryoo et al., 1999; Li et al., 2011). One precursor solution consisted only 

of sucrose (1.25 g), and distilled water (5.0 ml), the second one was enriched with 0.3 g of boric 

acid. Each type was then divided into two equal solutions, one solution being allowed to 

infiltrate the mesopores of 1 g of the SBA-15 template.  
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The composite materials were mixed with six drops of sulphuric acid before drying at 100 °C 

for 6 hours and at 160 °C for another 6 hours. The infiltration and drying processes were 

repeated again with additional 66% of the other precursor solution of the two equal ones and 

one drop of sulphuric acid.  

 

The composites was carbonised at 850 °C for 3 hours under nitrogen flow. After that, the 

materials were washed twice by using volume fraction 10% HF solutions at RT. Finally, two 

types of mesoporous carbon material were obtained after being filtered and dried in air at 110 °C 

overnight. 

 

5.5.1.2. Ordered Mesoporous Carbon Materials Based on Monodisperse Silica 

Nanospheres (JAK019) 

The material was prepared based on (Lei et al., 2006). First, 14.4 ml of absolute ethanol, 17.1 ml 

of water and 8.9 ml of 25% aqueous ammonia were stirred and heated to 55 °C in a 100ml 

three-neck round-bottom flask with a condenser. 2 ml of freshly distilled TEOS was added to 

that solution and the mixture was stirred at the same temperature for 6 hours. To increase the 

size of the silica seeds thus obtained, 2 ml of TEOS was added seven times at the interval of 

6 hours. 

The solution was evaporated and the silica material obtained was then ground using a mortar. 

The resultant silica particles were further used as a hard template for ultra-large mesoporous 

carbon. 

 

4 g of silica particles was mixed with a solution of 2 g of sucrose (the molar ratio of sucrose to 

silica: 0.088) in 20 ml of water and 1 ml of 96% sulphuric acid. The mixture was heated to 

80 °C in 1 hour and kept at that temperature for 1 hour, then to 100 °C in 1 hour and kept at 

that temperature for 6 hours, followed by heating to 160 °C in 2 hours and keeping at that 

temperature for 6 hours.  

 

It was then carbonised at 850 °C for 3 hours under nitrogen flow. The composite obtained was 

rinsed with 20% HF  for 12 hours,  washed with deionised water and dried at 100 °C. 
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5.5.2. Soft-templated Materials 

5.5.2.1. Porous Carbon Nanospheres (JAK045A, JAK045B) 

The materials were prepared according to (Fang et al., 2010). Briefly, 0.6 g of phenol, 2.1 ml 

of 37% formalin and 15 ml of 0.1 M NaOH solution were stirred at 70 °C. After 30 min, 0.96 g 

of Pluronic F127 dissolved in 15 ml of water was added to the mixture. It was then stirred at 

66 °C at a speed of 340 rpm for 2 hours.  

 

To dilute the solution, 50 ml of distilled water was added and the mixture was further stirred at 

66 °C for 18 hours – no deposit was observed. The total amount of 78.5 ml was then diluted 

with 248 ml of distilled water and placed into the autoclave, where it was treated at 130 °C for 

24 hours (set to 130 °C but oscillated between 120 °C and 143 °C). After the hydrothermal 

treatment, an orange precipitate appeared and was separated via centrifugation. After washing 

with distilled water several times, the product was dried in vacuum. It was then carbonised 

under nitrogen flow (40 ml/min) at 700 °C for 3 hours. 

 

5.5.2.2. Mesoporous Carbon Material (JAK040) 

The material was prepared based on (Li et al., 2006). 8 g of P 123 and 2 g of sucrose were 

dissolved in 320 ml of 2M hydrochloric acid solution and the mixture was heated to 40 °C. 

After being stirred for 3 hours, 18.4 ml of TEOS was added under stirring and the mixture was 

left to age under a reflux condenser at 100°C for 24 hours. The resultant brown precipitate was 

filtered, washed and dried at room temperature. 8.627 g of silica/ P123/sucrose composite was 

mixed with 86.3 ml of distilled water and 8.6 ml of sulphuric acid (96%), and the mixture was 

stirred for 16 hours before being dried at 160 °C for 6 hours. 

 

After carbonisation at 850 °C for 2 hours under nitrogen flow (40 ml/min), the silica was 

removed via rinsing in 20% HF solution for 24 hours. The carbon material obtained was washed 

and vacuum dried. 

 

5.6. Functionalisation of the Synthesised Mesoporous Carbons  
 

The materials’ functionalisation was performed using the procedure mentioned in chapter 5.1.2. 

However, the oxidation step was optimised according to chapter 5.1.3. The reaction mixture 

was stirred for 30 min while cooling to RT in a water bath. For sample JAK019-TET, the 

amount of the oxidising solution was doubled due to its fluffiness. 
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5.7. Equipment specifications 
 

Transmission electron microscopy: JEOL JEM-1010, JEOL Ltd.  

 

Surface element analysis: Omicron Nanotechnology ESCAProbeP spectrometer. 

 

Organic elemental analysis: Elementar vario EL III, Elementar Analysensysteme GmbH). 

 

Surface area, pore size distribution and total pore volume: NOVA3200, Quantachrome 

Instruments, and NovaWin software; Autosorb iQ, Quantachrome Instruments, and ASiQwin 

software. 

 

Electrokinetic analysis (zeta potential): Zetasizer ZS90, Malvern software Ver. 6.32.  

 

Differential Scanning Calorimetry: DSC 404C Pegasus, Netzsch GmbH, and DSC1/700, 

Mettler Toledo, equipped with a ceramic sensor and IntraCooler system.  

 

Electrospinning/particle sputtering: The whole set-up consisted of an electrospinning device 

(needleless roller electrospinning; diameter 3 cm, length 15 cm) and a sputtering device (see 

Fig. 37). The roller charging was 37 kV positive and the collector charging 10 kV negative. The 

sputtering device, based on vibration principle, consisted of three electric motors with the cam 

amounting to a total length of 15 cm, the movements of which forced the particles to fall from 

a gap of 1 mm.  
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Fig. 37: Schematic diagram of the setup for the creation of nanocomposite materials which 

consists of (1) needleless spinning electrode, (2) belt collector, (3) particle conveyor, 

(4) ultrasound sonotrode, and (5) feeder. 

 

Scaffolds’ melting: Raman DXR microscope with objective: 10x/0.25 BD. 

 

Scanning electron microscopy:  Tescan, VEGA3 SB easy probe and UHR FE-SEM Zeiss Ultra  

 

Plus equipped with SE2 and InLens detectors. 

 

Thermogravimetric analysis: TGA Q500, V20.13 Build 39, TA instruments. 

 

 



77 

  

6. CONCLUSIONS 
In the first part of this work, commercially available CNPs were successfully functionalised via 

a novel type of functionalisation, resulting in amide-amine groups on their surface. The 

oligoamines used varied in the length of alkyl chains and the number and type of amino groups. 

Although TEM images did not show any significant difference in the structure of the materials 

before and after functionalisation, the functionalisation modified the materials’ properties to 

a large extent. The successful functionalisation was therefore confirmed via several analytical 

methods. 

 

The wettability of the surfaces increased noticeably, and so did zeta potential. The results of 

XPS and OEA showed that nitrogen was present on the surface of the functionalised CNPs. The 

amount of nitrogen on the surface of the CNPs seemed to be influenced by the structure of the 

oligoamines (as more branched, secondary and tertiary amino groups containing oligoamines 

would not bind as easily as primary, less branched amines). The surface area and pore volume 

decreased distinctively after functionalisation, suggesting that pores were filled with bonded 

oligoamines.  

 

Functionalised CNPs were grafted on plasma treated PET and HDPE. The polymer samples in 

subsequent stages of modification were characterised by various diagnostic methods. After the 

interaction of Ar plasma activated polymer surfaces with functionalised CNPs, an increase in 

nitrogen concentration on the very surface was observed. XPS, Raman spectroscopy, contact 

angle measurements and electrokinetic analysis confirmed that the functionalised CNPs were 

chemically bonded on the surface of the plasma treated polymers. Functionalised CNPs grafting 

on the plasma activated polymers had a positive effect on VSMCs adhesion and proliferation 

tested in vitro. The viability of cells cultivated on all grafted types of functionalised CPs was 

extremely high; except for the 1st day, on which the cells were still adapting to modified surface, 

the cell viability was above 95 %. However, differences in the numbers of cultivated cells 

among the individual types of the grafted CNPs were insignificant (Žáková et al., 2016). It can 

be therefore assumed that the structure of the amino chains did not play an important role in 

cell adhesion. 

 

The aforementioned functionalised CNPs were also used to prepare composite scaffolds via 

sputtering the CNPs into electrospun polycaprolactone (PCL) nanofibers: three of them with 
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three types of functionalised CNPs and one with plain activated CNPs. Plain PCL nanofibers 

and the composite nanofibrous scaffold with plain activated CNPs were used as comparative 

samples. The structure of the materials was studied using scanning electron microscopy (SEM), 

which showed that the materials containing the CNPs consisted of both micro- and nanofibres, 

while pristine PCL samples were nanofibrous. In comparison to pristine PCL nanofibers, the 

specific surface area of the scaffolds containing the CNPs significantly increased.  

 

Cytocompatibility of the materials was tested using 3T3 mouse fibroblasts. Cell viability and 

proliferation was measured by MTT assay on days 1, 3, 8 and 14 after cell seeding. The samples 

were then stained using fluorescent dyes and examined via fluorescence microscopy. During 

the FM analyses, all scaffolds containing CNPs underwent structural thermal degradation when 

irradiated with either green or blue light. No damage was caused using UV light, which is in 

accordance with the fact that carbon materials, especially carbon black, are widely used as UV 

stabilisers in polymer production. The scaffolds with functionalised CNPs showed better 

cytocompatibility than the scaffold with plain CNPs. Nevertheless, the performance of pristine 

PCL fibres was still even better than that of the scaffolds containing the functionalised CNPs.  

 

In conclusion, functionalisation positively influenced the CNPs cytocompatibility, however, it 

would have been more useful to incorporate the functionalised CNPs into a material that is not 

as highly cytocompatible as PCL. 

 

On the basis of the results of MTT testing, the PCL scaffold with pristine CNPs was also tested 

for antibacterial activity (in comparison with pristine PCL nanofibers) using the bacterial strains 

of E. coli, S. aureus, P. aeruginosa and E. faecalis. However, no antibacterial effect was found. 

 

A substantial part of the thesis was also aimed at the synthesis of mesoporous carbon particles 

via soft- and hard-templating. Although there have been many experiments to prepare various 

materials, unexpected issues occurred during autoclaving and carbonisation, so there were only 

a few batches in relatively high yields that were sufficient for further functionalisation. The 

materials were analysed using SEM and gas adsorption analyses.  Selected synthesised 

materials were functionalised using the above mentioned amide-amine functionalisation and 

characterised using OEA and gas adsorption. The results of the OEA confirmed a successful 

functionalisation, showing a distinctive increase in nitrogen concentration. In the case of one 
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hard-templated sample, a noticeable amount of silicon was found, which may have been caused 

by the presence of the residues of the spherical hard template, encapsulated inside carbon shells. 

The surface area of the functionalised templated materials decreased, as it had happened in the 

case of functionalised commercially available CNPs. The pore size distribution changed only 

slightly, showing similar trends and suggesting mainly micropore filling. 

 

The templated and functionalised materials have neither been used for grafting on plasma 

treated polymer surfaces nor tested for cytocompatibility yet. These steps are to be conducted 

in the future, so that we can observe the influence of not only functionalisation but also the 

nano-structures. 

 

The author performed or actively participated in the majority of the procedures and analyses 

throughout the study, from synthesis and functionalisation, production of fibrous materials, 

plasma treatment, gas physisorption, to MTT/cytocompatibility/antibacterial testing (excluding 

testing mentioned in (Švorčík et al., 2014; Žáková et al., 2016)) and scanning electron and 

fluorescence microscopy.  

 

 

 

 



80 

  

7. ABBREVIATIONS 
AFM 

AF-1 

ARXPS 

BET 

BJH 

BMP-2 

BMSCs 

BSA 

C3-F-tris-MDC 

CA 

CaP 

CDs 

CFU 

CNDs 

CNHs 

CNOs 

CNPs  

CNTs 

CS 

CTAB 

CVD 

DAPI 

DF-1 

DFT 

DMEM 

ECM   

Atomic force microscopy 

Amphiphilic fullerene-1  

Angle resolved X-ray photoelectron spectroscopy 

Brunauer-Emmet-Teller 

Barrett-Joyner-Halenda 

Bone morphogenetic protein-2 

Bone marrow stromal stem cells, BMSCs 

Bovine serum albumin 

C3-fullero-tris-methanodicarboxylic acid  

Contact angle 

Calcium phosphate 

Carbon dots 

Colony forming unit 

Carbon nanodiamonds 

Carbon nanohorns 
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Carbon nanoparticles 
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Chemical vapour deposition 
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Density functional theory 
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Escherichia coli 

Enterococcus faecalis 

Functionalised carbon nanotubes 

Fourier-transform infrared 

FBS 

FM 

Fetal bovine serum 

Fluorescent microscopy 
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FT-NIR 

gMSCs 

GO 

HDPE 

HMDA 

IPA 

LMIC 

mAb 

MRI 

MTT 

MWCNTs 

NIR SERS 

NPs 

Fourier transform near-infrared  

Goat adult mesenchymal stem cells 

Graphene oxide 

High density polyethylene 

Hexamethylenediamine 

Isopropyl alcohol 

Lipid membrane incorporated fullerenes  

Monoclonal antibody 

Magnetic resonance imaging 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

Multi-walled carbon nanotubes 

Near-infrared excited surface-enhanced Raman scattering  

Nanoparticles 

NSC 

OD 

OMC  

Neural stem cells 

Optical density 

Ordered mesoporous carbon 

P123 

PBS 

PC 

PDDA 

PEB 

PEG 

PET 

PI 

PL 

PLL 

PLLA 

PMMA 

PSD 

P. aeruginosa 

rGO 

rGONR 

RT  

Pluronic 123 

Phosphate buffered saline 

Phycocyanin 

Poly diallyldimethylammonium 

Paclitaxel-embedded buckysomes 

Poly ethylene glycol 

Polyethylene terephtalate 

Propidium iodide 

Phospholipid 

Poly L-lysine 

Poly L-lactide 

Poly methyl methacrylate 

Pore size distribution 

Pseudomonas aeruginosa   

Reduced graphene oxide 

Reduced graphene oxide nanoribbon 

Room temperature 
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SBA-15  Santa Barbara amorphous 

SEM  Scanning electron microscopy 

SGH 

STP 

SWCNTs 

S. aureus 

TEM  

Self-supporting graphene hydrogel 

Standard temperature and pressure 

Single-walled carbon nanotubes 

Staphylococcus aureus 

Transmission electron microscopy 

VSMC 

XPS  

Vascular smooth muscle cell 

X-ray photoelectron spectroscopy 
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